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FOREWORD 

The noise of modern aircraft and the sonic boom of future supersonic 

carriers pose important problems. Considerable effort has been devoted in 

recent years to studying the generation, propagation and effects of 

aircraft engine noise and sonic boom, with the final aim of developing 

means to minimise them. 

Late in 1967, therefore, the AGARD Fluid Dynamics and Propulsion and 

Energetics Panels decided that it would be timely to organize in Spring 1969 

a joint meeting on “Aircraft Engine Noise and Sonic Boom”, at which broadly 
the PEP would be responsible for presentations dealing with problems of 
engine noise and the FDP for presentations relating to sonic boom. Hie 
meeting was planned to present the theory, techniques and results of the 

most-up-to-date work, covering the rtate-of-the-art in both the aerodynamic 
and propulsion areas of the field, and thus to provide guidance for further 
research and development. 

Of the thirty-four programmed papers, five were review papers devoted 

respectively to the physics of noise, some legal problems relating to sonic 
boom, airport design and operation for minimiiing exposure to noise, the 

effects of aircraft noise and sonic boom on ground structures, and human 
response to sonic booms. The remaining papers dealt with specialized 

aspects, theoretical and experimental, of aircraft engine noise or sonic 
boom, and «.’Oie grouped appropriately in the meeting programme. 

Papers from six NATO countries were included in the programme. 
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SUMMARY 

Th« theory of Aarodyniaic Noite v«s formulated by Lighthill in 1953. Xte application to tha 
theory of noita from turbulent jett vat made by Lighthill, Ffowct Williams, Ribner and othart. 
Tha theory of the noise from rotating machinery such as propallar aid compressor noise can ba 
developed along similar lines by tha introduction of suitable source tans in Lighthill's general 
formulation. Thus in all aerodynamic noise problems the far field pressure distribution is 
found as a solution of the wave equation with a right hand sida forcing function. This applies 
to flow fields at both subsonic and supersonic speeds. 

Tha present paper not only sats out tha unified theory of aerodynamic noisa involving random 
disturbances in tha flow, but also shows how the theory can include the analysis of tha pressure 
fields from bodies travelling through otherwise undisturbed air at subsonic and supersonic speeds, 
and therefore includes the theoretical background for the treatment of the sonic loom problam for 
generalised aircraft motions. 
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2. Introduction 

Aircraft noiia will in tba naar futura be subject to rigid control in tba fon of Moisa 
Certification in ralation to aubaonic transport aircraft operating into and out of conventional 
airports. Legislation with respect to aircraft noise from other types of aircraft such as 
V/STOL and supersonic aircraft will almost certainly follow. Legislation with respect to ground 
over flights of supersonic aircraft will almost certainly ba discussed within a reasonable time. 

All these movements to control aircraft and angina noise reflect back on us and demand that 
we exert and exploit our scientific understanding of the aerodynamic noise to the full, and with 
great urgency, in order to guide the development of noise ettenuation schemes by control of the 
main noise generating machanisms. The problem is, of course, not just one for the acoustic 
scientist or engineer but has repercussions throughout every branch of angina and airframe design. 
In addition acoustic control by itself is meaningless unless it can achieve ita aima with no 
influence on the aircraft parfonaance and hanca on its operating economice, and this we know to 
our cost is not a reality. Thus noise control and engine and aircraft performance must proceed 
together and, as experience has shown, aircraft operating techniques do indeed by themselves alone 
offer possibilities for ground noise control, elthough, in conjunction with noise suppressors, 
lias the solution to our task. The one dominant question that has still to ba answered, beceuse 
of the complex interaction between noise control end aircraft perfoiwnce and aircraft economics, 
is by how much has aircraft noise to be lowered. This is in itself a gigantic pyscho-human - 
sociological problem and demands attention to detailed study of tba role of aviation in society. 
The range of problems in this sphere is vast and includes tha whole financiei cost to the com¬ 
munity in its demand for quiat aircraft. Tha cost must include that of land toning near airports, 
noise control of buildings as well as the cost to the aircraft operator, which is indirsctly borne 
by the commit y in the seat price paid by the air traveller. These closely woven problems can 
indeed lead to the production of an answer but that answer will be a function of the level aet 
for human annoyance, and the reletion between any aircraft noise nuisance and other noise nuisances 
of our tima. Here lies one of the great imponderables. What we need to know, and to know quickly, 
i* what level and character of noise is judged to be annoying and how far these limiting charac¬ 
teristics change with time, when the characteristics of the noise are known and recognised. These 
remarks apply to that of tha aonic boon as well. 

The futility of studying any one of these problems in isolation is thraught with danger end 
an attack on a broad front is of vital importance. However the problem facing us does not even 
begin to make sense unless we fully understand the sources of noise we are dealing with. Much 
progress has baen made in studying the physics of aerodynamic noisa but even today many aspects of 
this vast subject remain a completa myatary and the areaa in which detailed underatanding haa 
bean obtained are few indeed. Aerodynamic noiaa problema aasociated with turbulent flow fielda 
are difficult to study and prenant great challengas to the theoretical worker and the experimen¬ 
talist. Aerodynamic noisa problems giving rise to discrete tones present in general sufficient 
identification of tha sound to enable rapid progress to be made in understanding the physical 
nature of the source and its control. However in most aerodynamic noisa work turbulence intro¬ 
duces i'self either as the dominant noise generator or acts to distort the noiae wave form as it 
propagates through turbulence. (We are continuously reminded that noise is unwanted sound end 
the natural atate of the environment is turbulent). ~ 

The problems that arise in aviation physical acoustics include: 

(a) jet noisa at sub and supersonic speeds including shock cell noise and wake noise. 
(b) compressor fen and turbine noiae 
(c) combustion noiss 
(d) boundary layer radiated noise and turbulent wall pressure fluctuations including 

structural reeponae 
(e) radiated noise from cavity flows and from separated flowa in general 
(f) engine/airframe interaction effects 
(g) propeller and helicopter rotor noise 
(h) ground attenuation and atmospheric absorption 
(i) propagation of noise in the presence of wind and temperature shear and turbulence 
(j) propagation ol noisa in ducta with and without acouatic aplitters and abaorbent 

linings 
(k) characteristics of cabin noise 
(l) sonic boom generation including the effects ot veriable flight conditions 
(m) shock wave-turbulence interaction 

Many of these problems as named could be subject to further breakdown and, as stated above, 
present problems in all branches of engine-airframe study. From this list I have purpoaely exclu¬ 
ded all reference to the excitation of structures exposed to noise radiation and problems of 
acoustic fatigue. 
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ln Chi* paper I wish to explora the connecting link* with son* of these problems notably 
that of jet noise and the sonic boom without attempting in anyway to review, both the extensive 
and detailed progress that has been made so far and the detailed comparison betwean theoretical 
and experimental results. 

3. Theory of Aerodynamic Noise 

Aerodynamic noise is associated with the unsteady flow of a compressible fluid. If the 
unsteadiness is confined to a volume of fluid immersed within an extensiva region of fluid at 
rest, noise generated by the unsteadiness is propagated outwards into the ambient fluid at the 
speed of sound. 

The unsteadiness in the fluid inside a volume V, bounded by a surface S, (Fig. 1 ) could be 
the reault of an aircraft flying through V along a certain trajectory, in which case the volume V 
would embrace the fluid surrounding the flight trajectory and would extend outwerds to those 
regions in which the disturbance velocity, due to the aircraft motion, had fallen to a negligible 
level. At this distance from the flight trajectory the disturbance velocity field would be 
entirely due to the outward propagation of sound. The field outside V is, however, not neces¬ 
sarily at rest. It will possess the general motions of the atmosphere and must therefore include 
both wind and temperature stratification both vertically and horisontally which in turn involve 
turbulent motions. This problem, that of aircraft motion, can therefore be divided up into a 
source problem, in which the aircraft lift and velus* is represented by a distribution of sources, 
or multlpoles, and a propagation problem in whú the sound waves generated within or near the 
boundaries of the source region suffer refraction, absorption and dispersion as a result of their 
interaction with the atmospheric field. At subsonic flight speeds the pressure disturbence in 
the eircraft's distant field is a regular function of time, apart from the influence of atmos¬ 
pheric turbulence, at a given observation point as the aircraft sweeps past overhead. At super- 
supersonic flight speeds disturbances no longer travel far in front of the aircraft except at the 
time, when after a period of supersonic flying, the aircraft returns to subsonic flight speeds. 
Under supersonic flight conditions sound waves generated at different times along the flight 
trajectory coalesce, end shock weves are formed resulting in the sonic boom as heard at ground 
level. The generation of shock waves, albeit weak shock waves, in the far field of the aero¬ 
plane introduce significant non-linear acoustic ray distortion but in theoretical work useful 
solutions are obtained in which, following Whitham, a complete linear solution to the problem 
is first obtained, and than only the distant sound field is adjusted to allow for the finite 
disturbance field associated with this sound field. Allowances can be made for all the various 
atmospheric effects previously referred to but the role of atmospheric turbulence in distorting 
the wave pattern remains more or lesa en unsolved problem. 

The introduction of the linear approximation to the acoustic field of an aircraft in motion 
arises from the fact that when the atmospheric scale height is very large compared with the 
aircraft's dimensions, the entropy disturbance arising from the aircraft's motion can be neglec¬ 
ted to first order. Thus to a first order approximation the disturbance created by en aircraft 
in motion at both subsonic and supersonic speeds siay be regarded as iaentropic. In the case of 
an aircraft flying through an atmosphere at rest, but allowing for the variation of temperature 
and pressure with height, the linearised form of the equation for the pressure disturbance is 

where p is the perturbation pressure. 

ao is the aad>ient speed of sound (assumed to be a function of a only 

where s is measured vertically downwards) 

P is the ambiant air density, 
o 

PM and rF are the distribution of mass and force sources, respectively, per unit volume, 
representing "the aircraft geometry its aerodynamic forces. 

Other terms have their usual significance. 



The disturbance pressure, p, leads to an acoustic disturbance velocity v/p a in the direc 

of shock waves, can be evaluated. This non-linear problem can however be easily dealt with by the 
introduction of an effective ray tube area function A, which is a function of the distence travel¬ 
led along the sound ray, the flight trajectory, and the variation in che atmospheric density end 
temperature with altitude as well as the variation in wind velocity with eltitude. If further e 
set of curvilinear orthogonal co-ordinates (7) are introduced with origin at the intersection of 
a given sound ray and the wave surface,/\ - :onstant, associeted with, say, the noise of the 
aircraft (and measuring x. along a normal to the wave surface. Fig. 2, the problem reduces to a 
solution of the non-lineaf Burgers' equation 

where viscous effects are neglected and 

Furthar distortion of the weve form by atmospheric viscous and turbulence interaction intro¬ 
duce axtra terms in Burgers' equation. 

In the absence or the non-linear convective distortion, associated with the te» 

vaw 
ax, Burgers' equation shows 

that W - constant along a given ray and tha disturbance pressure or velocity are inversely 
proportional to A. Tha effect of convective distortion, involving steepening of the wave- 
front, leads to the introduction of shock waves. In a simple case the pressure signature 
in the aircraft s distant field reduces to the fon of a simple N-wave. For aircraft in 
accelerated motion the resulting shock wave pattern suffers considerable modification and 
indeed the simple theory described above breaks down. This results from the effective ray 
tube area function tending to aero as a point of focus of the shock waves is approached. 
The reduction in A leads to an augmentation of the shock waves and the increased strength 
of tha sonic boom under these flight conditions is referred to as the super boom. The theory 
up to the point where A tends to sero is simply an application of geometrical acoustics 
associated with the given motion of a multipole source field. However as A tends to sero the 
changes in the flow field are no longer small over the effective acoustic wavelength and 
geometric acoustics fail in giving an adequate representation to this problem. In this domain 
diffraction theory must be applied and in such an approach the effective rey tube area always 
remains finite. The complications in the description of shock waves approaching e point of 
focus and in amerging from the focus impose many difficulties in a theoretical treatment of 
the problem and similar difficulties are not entirely absent in measurements of this phenomenon. 

. . S? *,r.* ^*v* c°n,idered a fairly simplified picture of the sonic boom problem associated 
with aircraft in motion at superaonic speeds. Some may argue that what I have described is not 
aerodynamic noise but I respectfully maintain that in tana of my definition of aerodynamic noise, 
aircraft in motion through the atmosphere presents just as much a problem of aerodynamic noise 
as the case, I will now consider, of noise due to turbulence. We will see that the essential 

*n th# i“ the description of the sources rather then in any major 
modifications to the physical dascription of the two problems. 

In the theory of aerodynamic noise due to turbulence, Lighthill found that the unsteadiness 
in the flow could be replaced by an equivalent set of acoustic sources of strength 

per unit volume 

inmersed in a unifora medium at rest in which the speed of sound is everywhere constant and 
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•qoal to • . In thi» nodal tbo lourcat novo but not tho fluid. Tho »trat« temor, T^j, includes 

•11 source offsets ss well ss refraction and scattering within tho flow and includes also both 
viscous and entropy fluctuations in the flow. The resulting equation for the radiation of sound 
fron within a turbulent flow field is 

with 

- o* = AGs.t) 

“fT. = fU.^,3 ♦ ($-coi) - Tÿ 

(3) 

(4) 

where is the viscous stress tensor. 

If there are fluctuations in nass sources, Q, heat sources E, end body forces X, 

(5) 
*(„) . Ö . 

while (<*£) includ. the heat source tens E. These tens are, reading fron right to 

laft, representative of aunopolas, dipoles and quadrupoles respectively. 

He now see that if we allow for the variations in the stnosphere when considering the props- 
gation of the sound rays outside the region of turbulent flow the problena of aerodynamic noise 
•rising fro* turbulence and that associated with the sonic boon, ere similar and both ere repre¬ 
sented by tha solution of the weve equation associated with a certain multipole source distribu¬ 
tion. In nany turbulent flow problems however shock waves in the external flow ere absent whereas 
it is only whan these are present that the problen of aircraft as opposed to ensina noise is 
important. 

4. k Unified Treatment of Aerodynamic Noise Probiens 

A solution is required to Lighthill's wave equation for a turbulent flow 

□V - A u.t) 
D* 5 where 

JL* - a J V’ 
(6) 

/4{s.k) = 
tilu (7) 

Let us assume that the turbulence is being convected but the convection speed does not 
remain constant along tha convection path. For simplicity we will assume the convection path 
is a straight lins but this will, not be a necessary restriction to this formulation. 

Consider (Fig. 3) the pulse waves as in a sonic boom problem which are generated at a point 
F, having co-ordinates £ relativa to a fixed set of axes, at a time W and which are received 
at a point Q, having co-ordinates x relative to the same fixed set of axes, at a time (t). 

Therefore in terms of the space-time function V (P,T S Q, t) we find that pulse waves are 

described by 

where r(p,r j o, t) = ft-’f - vq\/o¿ 
(8) 

(9) 

PQ 5 ! * ~ l\ i»* distance from P to £ but for muy purposes, including tha case where ao is 

not uniform, it is more convenient to write (9) in the form 



- (-V - Œ ár 

a. (10) 

whar« do* i* «n element of the 'rey' from P to £. 

In term* of the function Tth. Bolution of (6) given by Guireud ^ is, 

P(9.fc) -5¾ ííí^f ■ A^—- 
. ■ 9.0( 

r(p. \ ,?,0 - o 
•od ^ *re the n • 1 to n ■ N roots of equstions (12). 

(11) 

(12) 

Also 2 • »«t of moving exes moving with the sources. 

From (9) we find 

- (t-1') + \Mfv ■Ç/o. (13) 

where d f E V «nd 8 is the direction of the rsy from P to £. 

dr 
Hence provided thst Vr O 

Lr / r = o 

where't-K 

U 
O. 

[PQl 
<3s 

(U) 

the locel 'scoustic* Mach number, the Mach number based on the uniform speed of 
sound in the region outside the turbulence. 

When the motion is uniform there is only one root satisfying (12) and this is 

y = t - |p<3,/q8 

so that with (14) and (IS) the solution of (11) becomes 

pM = /-, fff 
^ 7 4*0. Ill Ifçl Isj-i-ij 

where the denominator can be written , 

R = I I “ M toi e( y ^ 
since & mskes in angle © with the direction of motion along or parallel to g(1 

No¥ ¿y s d y — 08Mdr 

(15) 

(16) 

so that ( ly ') =8 (¾-¾. ) wllen M • luaction of r only. 

Thus the value of ^(-y.t^in (16) is given by 

when M is uniform (17) 

where the differentistion with respect to then's is performed with 
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fc 
* 

■ constant. Further on specifying that 

and its derivatives vanish beyond some finite distance aurrounding the domain of turbulence, 
and raking use of tha divergence theorem we find 

which is Lighthill's result. Thus the solution of the wave equation in the fnm given by 
equation (11) has, in the case of uniform motion of the sources, led to the identical result 
found earlier by Lighthill. We reiterate however that the solution given by (16) or in its 
equivalent form (Id) is not correct when p, PT» O and this case will be treated in some detail 
in what follows. 

We note from (14) that when ^ , with P« 0 , 

or, M cos© ■ 1. (19) 

Thus for all aubaonic 'acoustic' Mach numbers and the solution to (6) given by (16) is 
satisfactory for the case of uniform motion of the sources, or, what is more correct, fluctuate 
randomly in a moving co-ordinate system, which itself is in uniform motion. 

In paasing we note when the sources are at rest 

|r„(r.o) JSls-ül 
0# (20) 

or 

»‘Xj/j.f) 
31:¾ 3; 

(21) 

the well known retarded time solution of the wave equation. 

We now turn to the solution of (6) when ■ 0 and where the solution ia required in the 
region around P • ■ 0. First we note that whenf - 0 we have a pulse wave at £ generated 
at a time earlier at P. When both P and fV « 0 we have the condition for an envelope of pulse 
waves at £ which is the condition for Mach waves to appear at £. If we go further and find 
the result of puttingP ■ Pr "Crvo we find that this is the condition for the generation of 
a caustic asaociated with the focussing of rays in unsteady motion or a non- 
uniform environment. However for the moment we will aaeume C is finite. 

Let, as before 

r 
Consider the pulse waves passing the distant point £, outside the domain of generation, 

at time t associated with the point of generation £ (jr) at time The corresponding point 

in the moving co-ordinates is 7 Q. 

Such pulse waves are governed by 

r r[y.'T. ; ?,t) 

For a Mach wave to appear at £ 

r (v-’X ) o,t) o 

0 
(22) 

(23) 
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Lat r* r* defina the tima off generation of pulae and Hath wave* which reach Q*and t*. 

Than 

r[l. , ; o', f) « C ^ . r* ; Q\ fc*) *» O 

while ; $. t) ■ o 

(2*) 

denotea a neighbouring point at which pulae waves, but not 
Mach waves, appear, (sea Fig. 4). 

Let be nearly but not exactly equal to sero than we can replace P by tba following 
approximation 

on writing 

and 

r - i ç.r, fr- ï)' - ^ L (r- *) » L (n) 

>9>') * ir Cr 0’,f) 

L (- *?•) 5 'i- * ^¿) 

(25) 

(26) 

(27) 

where the derivatives ere all evaluated at p . ^ a /~,+ , 

Terms in can be neglected since as will be shown later thsy are order Xr4 
relative *’ to L, which is a magnitude very small compared to unity when Q*is in the I 
field. Ä 

But r* 0 for pulse waves so 

jtLr-ry P +• ¿rfr.rj C-r. + L s 0 

far 

while -Z) r o / r* T» 
A r r Tmr, 

(28) 

(29) 

(1) If following Guiraud , who solves the related problem near a caustic, we put 

- jL 

&ra r r«r. 
then 

and 

The solution is 

/1 

^ / 

V -X 
X 

c 

Ar C / = 
O 

I" 

and 

In what follows we put 

or 

Since y n / C.r* 

V 
7 

G,(x) 

+ I 

C. 

- i(x * ') 

S*W * '/JiXtl) 
¿■(x) 

[¿f ^r.r« ( 

(30) 

(31) 

(32) 

(33) 

(34) 

(35) 

(36) 

In the neighbourhood of a Mach wave ûr-a o and X-r ao , so that in this region 
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Ve 

wich 

î/x 

1 /( Jx lírC-r-l) 
Also from r» w« find 

Ar 

( r.-T.) , ir -* 

~ t LrJX as Ar O ' 

Th« valu* of L i« found u follow*. From che defining relación for P 

* • It* ^ 

where g.ç^ « «ince ^. * c asaoeieced wich a Mach wav*. 

f ¿O’* 

L * õn 
h-l,) +(1-h) 

and on wr icing 

V ' 7. * ^ ♦('i-y?«,«* 

(37) 

(38) 

(39) 

(40) 

(41) 

(42) 

find 

X m 4- <r- (*., - t) 

Ar ^r»r» 
(43) 

(44) 

where 41 denoce* condiciona aC Che aource correaponding Co Che gen«raCion of hoch pula* and Mach 
wave*. 

When a ia conacanc 
o 

2 

where Che acceleration 

(45) 

On aubacicucion of (44) and (45) inco (11) nociag Chat there are two roota, (39), having Che 
tame nodulua, we find on the Mach wave 

(46) 



•■d it nail coapartd with unity when in tb* far field the aiae of the aource region ia ana 11 
coapared with <T. 

Figura 5 ahowa the poaition of the aourcea at and r2 which anit diaturbancea and which 

are received aiaultaneoualy at (Q,t). Aa (Q,t) approachaa (Q*, t*) ao r and T. li, equiapaced 
•boot T • 2 1 

In place of (41) we can write 

L * V'' ^ - *0 
where y' ia a new co-ordinate ayaten with yx parallel to P Thua on the Mach wave 

integration ia along the direction of the raya in the aource region and ia therefore 
perpendicular to the raya. Since the retarded tine differencea between ^ and can be neglec- 

r(a\ r) - _ 
-<irQ* Jl&~M J (t- W*) + 

Tha integiation ia oyer all valuta of / in the aource region and the diatribution of preaaure 
ia found by varying / 

Thia inportant reault for the denaity fluctuation in the direction of Mach wave eniaaion 
can be extended to other anglea. The reault ia 
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ayl indicates a snooth transition froa that pertaining to Mach Mva caisaion iron that associated 

with tha no real Doppler factor (Mcoi© -1). 

(2) 
Our result agrees with that obtained independently by Ffowcs Williams and Hawkings in a 

recant paper. In fact the result above is one of a number of inportant results obtained by tha 
above authors who have considered in detail the fonulation of the acoustic radiation fron regions 
in which the boundary surface noves and which includes the case of moving surfaces in tha flow 
across which discontinuities in fluid velocity occur. The above result for the perturbation density 
is valid for both subsonic and supersonic convection speeds provided discontinuities in Ty do not 
arise within the volisse of flow. If we replace 

(ie - ir<?i / 
(3) 

k'M* 

we recover the result given by Lighthill v',/ Ffowcs Williaas and Ribner . The inporten ce 
of non-unifora convection velocity over the life-tine of an eddy appears to be worthy of further 
study especially in and around tha directions of Mach wave eadssion. 

The order of nagnitude __ __of the square of the density perturbation is easily found if r. 
order fjQ* and the turbulence scale is typically t • It follows that on the Mach wave 

is of 

P - 

In the absence of acceleration 

Ï9 
O* 

P4 i (J!L 
r l M*- 

(50) 

(51) 

showing that the Mach wave decay falls like whereas at other angles the decay follows the inverse 
r 

square law. These results were also obtained by Ffowcs Williaas and Hawkings who point wut that 
for a confinad distribution at sources M^-l would be replaced byJ¡[m2 - 1). 

Having established that sonic boon theory can aid the development of the theory of other 
problens in aerodynaaic noise we note the possibility of the developnent of caustics in the Mach 
wave radiation froa jets and the estimation of the perturbation edensity on the caustic using 
the results of Guiraud. 

Further the introduction of non-linear effects together with the effects of ataospheric 
distortion as well as flow field distortion on the sound ray pattern can all be treated in a 

sr analogous to the treataent of these problens in sonic booa theory. 

5. Concluding Remarks 

This brief introductory note shows that the broad features of aerodynanic noise theory in 
problens as diverse as the sonic boon and jet noise have much in colon such as with respect to 
the effects of source convection. These problens however differ in one inportant feature in that 
whereas the source (aultipole) strength distribution for an aircraft travelling at supersonic 
speeds can be evaluated froa tha geometry and forces on the aircraft, the source strength distri¬ 
bution in turbulent flow problens relies heavily on thair experimental da taraination. Other aajor 
differences are that the aircraft surfaces are rigid to all intents and purposes during flight 
while turbulence has no fixed boundaries. 

Although progress can be nade in the understanding of any aarodynaaic noise problem by the 
accumulation of noise neasureaents in the radiated field the deep understanding of tha distribu¬ 
tion of the equivalent acoustic sources and their strengths can only be established by detailed 
probing of the unsteady flow in the source region. In the jet noise problea the accusulated 
experinental data on tha structure of the turbulent shear layer in all flight conditions is very 
sparse indeed even though the average bulk properties of these flows are known and can be calculated. 
For instance, in the case of a fan blade subjected to interaction with a turbulent flow field it is 
surprising how little is known of the fluctuating forces and their spectrua, and this is a doainant 
problem in all work non the noise froa turbofan propulsive and lifting fan engines. 

In awny cases of aerodynaaic noise a lack of detailed understanding of the flow unsteadiness 
producing the radiated noise will not preclude the developnent of noise attenuating davices. 
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Hovevar the full potentiel of any noise suppressor, and bearing in sind the need to liait the 
perforaance penalty involved, can only be derived when the strength and distribution of the 
equivalent acoustic sources is known. The theory of aerodynamic noise is still in its infancy 

! “ny important and basic results have already been derived. It provides and will 
mtinue to provide a basic framework on which the experimentalist can build and explore those 

früT1”* *,rofyn4,li‘: noi,e which the theoretician finds almost impossible, without guidance 
from experimental results, to develop. gmuance 

6. References 

1. 

2. 

3. 

4. 

5. 

Guiraud, J.P. Remarques sur le bruit balistique au Voisinage d'une Caustique. 
La Recherche Aerospatiale No. 98 (1964) 

hÎÎ*?' Wll¿\*B1,J‘E' H0und G*n*r,tion hy Turbulence and Surfaces in Arbitrsry Motion. 
Hawkings, D.L. Proc. Roy. Soc. Trsns. (A) Vol. (1969) 

Lighthill, M.J. The Bakerian Lecture 1961 Sound Generated Aerodynamically 
Proc. Roy. Soc. A267 147 - 182 (1962) 

Ffowcs Williams,J.E. The Noise from Turbulence Convected at High Speed 
Phil. Trans A255 p.469 - 503 (1963) 

Ribner, H.S. The Generation of Sound by Turbulent Jets. 
Vol. 8 (1964). 

Adv. in Appl. Msch. 

r 



i-12 

Fig.l 

Atrodynaaic Mola* Eaiaaion and Sacaption 

observer 
Q(t.x) 

Fig.3 

Aerodynamic Noiee - Notation 

source movement 

Fig.S 

Source Location for Far-Field Point 
Near to « Mach Wave 

Fig.2 

Diagram of Raya and Wave-Front* from an 
Aircraft in Suparaonic Motion in a Non- 
Honogenaoua Atmoaphare 

Fig. 4 

Source Location for Far-Fiald Region 
Neighbouring a Mach Hava 



2 

Note: 

The contents of this 
which they work. 

A BRIEF LEGAL HISTORY OF THE SONIC BOOM IN AMERICA 

By 

J. P. and E. R. G. Taylor 

paper are solely the responsibility of its authors, not of the organizations for 



2 

SUMMARY 

Leading world air carriers are now making detailed plans involving commercial supersonic 
transports (SSI's). The legal consequences of such flights may well tum out to be as com¬ 
plex, in their own way, as the development of the aircraft itself. This new form of rapid 
transportation will develop a body of law to cope with its special problems. Decisions of 
the courts can well determine the degree to which SST's will be able to fulfill their poten¬ 
tial in the conduct of world commerce during the critical decades ahead. 

Legal precedents already established in connection with military supersonic flight opera¬ 
tions bear on the disposition of one of the important potential problems of commercial 
travel at supersonic speeds — sonic boom damage claims. American jurisprudence does 
provide some guidelines of consequential liability and responsibility within partially 
defined ranges. 

In this paper sonic booms and their effects on man and his structures are examined 
through material available from administrative claims and court cases. Several recent 
Congressional actions and early response thereto by the Department of Transportation, 
and Federal Aviation Administration insofar as the sonic boom is concerned, are briefly 
described. 

Recent rapid progress of science and engineering in such fields as transportation, 
communications and medicine has brought about and will continue to create novel 
problems to which, in time, civilization in its legal processes has and, hopefully, will 
continue to accommodate. 
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A BRIEF LEGAL HISTORY OF THE SONIC BOOM IN AMERICA 

"Soon shall thy arm, unconquered steam) afar 
Drag the slow barge, or drive the rapid car; 
Or on wide-waving wings expanded bear 
The flying chariot through the field of air. " 

—Erasmus Darwin, "The Botanic Garden" - 1791 

’’For I dipt into the future, far as human eye could see. 
Saw the Vision of the world, and all the wonder that would be; 
Saw the heavens fill with commerce, argosies of magic sails, 
Pilots of the purple twilight, dropping down with costly bales. " 

—Alfred Tennyson, "Locksley Hall" - 1842 

Intfodviçtiçn: Poets of the 18th and 19th centuries, having known neither Blériot nor the brothers 
Wright, projected our 20th century jets in "argosies of magic sails" and "wide waving wings" of 
"flying chariots. " Their eloquence scarcely foresaw the many aviation based problems of engineering, 
psychology, physiology, and law that concern us today. After almost six decades of flight, aviation 
law, for example, finding its way through admiralty, statutory, the several national laws, international 
law, and law affecting surface transportation, has indeed "soared into a different realm than any that 
has gone before." (Chicago $ Southern Air Ljnç.s y. Waterman SS Coro.. (USSC, 1948), 68 S. Ct. 431). 

lustlnian's Roman law phrase of £ulu_s est solum élus est usoue ad coelum et ad inferiors (to whomso¬ 
ever the soil belongs, he owns also to the sky and to the depths) was adopted into English law by 
Lord Coke in his 1832 Institutes and restated by Blackstone and Kent in their Commentaries. The 
phrase res iBfifi loquitur (the thing speaks for itself) was early utilized in the now century old 
Rylandq y, Fletçfrçr doctrine. In essence this doctrine states that if a person has anything likely to 
do mischief if it escapes, he keeps it in at his peril or is liable for all damages that are the natural 
consequence of its escape. Thus, the 1815 Pickering v. Rudd British case concluded that an aeronaut 
was liable for trespass, a conclusion based on the analogy that any overhang over another's property 
could be a trespass. 

Anglo-American concepts of common law tort, contract liability regarding operator, manufacturer, 
bailee or injured party, expanded by statutory law on utilization of airspace, acquisition of land for 
airports and zoning regulations led to some necessary accommodation, on the basis of public policy, 
between aircraft operation and private rights. 

The New York state decision in Guille v. Swan (N. Y. Sup. Ct., 1822; 1 Avi.l) involved a suit by a 
landowner for damages to his garden caused by an aeronaut in a free balloon; the latter was held 
responsible for the physical trespass of persons in the garden in which he had inadvertantly landed 
in that he should have foreseen that a curious crowd would follow the balloon, investigate and 
assist. But by the early 20th century, U. S. courts were using such phrases as: "The upper air is 
a natural heritage common to all of the people... " (Johnson v. Curtiss NE Airplane. (D.C., Minn., 
1923) 1 Avi. 61); that surface owners have rights and may be compensated for nuisance but not every 
overflight is a trespass as ".. .absolute ownership of private property may to some extent be limited 
and curtailed in a greater public interest... " (Swetland v. Curtiss Airport. (41 F 2d 929 (D.C., N.D., 
Ohio, 1932); 55 F2nd 201, (6th CCA, 1932); that the "landowner no more possesses a vertical control 
of all the air above him than a shore owner possesses horizontal control of all the sea before him. 
The air is too precious as an open highway to permit it to be 'owned' to the exclusion or embarrassment 
of air navigation by surface landlords who could put it to little use. " (NW Airlines v. Minn. (USSC. 
1944) 322 US 292,303); and that "The air, like the sea, is by its nature incapable of private ownership 
except Insofar as one may actually use it." (Hinman v. Pacific Air Transport Corp. 84 F. (2d) 755,758 
(CAA 9th, 1936); USSC denied cert. 300 US 655 (1936)). However, the 1944 Chicago Convention, to 
which the U.S. acceeded and is a party, states in Article 1 that ".. .every State has complete and 
exclusive sovereignty over the airspace above its territory. " 

Change is the life-blood of the law; increased speed has long been one of the magic touchstones by 
which new forms of transportation have found wide acceptance. Now, however, in this period of 
growing individual expectation, increasing public interest in clean air, pure water, and freedom from 
manmade noise may well cause changes in future forms of transport considered unthinkable even a 
decade or two ago. Scientific developments in aeronautics, astronautics, organ transplants, birth 
control, floridation, etc., all create problems both in jurisprudence and morality, but the essential of 
Justice remains accommodation of interest to serve the common weal. 

Since the law can sometimes be slow in its response to rapid change, the orderly and rapid development 
of commercial aviation over the last half century called for the establishment of national bodies to set 
forth requirements of and effect certification, accreditation and standards; international agreements 
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on routes and rates; and treaties such as those on liability for passengers and luggage (Warsaw, 
1929 (TIAS 876)), overflights and landings (Chicago, 1944 (TIAS 1591)), and surface damage (Rome, 
1933 and 1952). Indeed comm srcial aviation has by now become one of the great forces at work in 
the world to bring about a common set of rules and agreements by means of which nations, states 
and municipalities can better enjoy and profit from those "wide waving wings of flying chariots" 
foreseen so long ago. 

But now, commercial supersonic flight, tomorrow's reality, brings with it additional problems 
operationally and, in time, possibly, legally, in such diverse directions as airport facilities, air 
traffic control, scheduling, crew salaries, and areas of special concern, such as high altitude 
radiation, clear air turbulence, vapor trail condensation and sonic boom. These factors in turn can 
have an Impact on adequate safety, equitable rates, viable Insurance, economical operation and 
public acceptance which are of primary interest to the airline operator and also attract the special 
attention of the civil aviation regulatory agencies and Congress. In America these matters tend to 
become involved in varying degrees in the legislative, administrative, and judicial processes. Of 
the problems which are m apparent part of the supersonic transport (SST) operation, the sonic boom 
has at times received more attention from mass communication media in the States than any other 
single problem. 

THE SONIC BOOM: We are all familiar with the charming analogy that Joshua of the Old Testament 
created and recorded the first sonic boom. Captain Charles Yeager, piloting the Bell XS-1 at Edwards 
Air Force Base on 14 October 1947, became the first man to exceed purposely the speed of sound in 
level flight in an aircraft instrumented for the purpose, and thereby produced the first pre-planned 
sonic (actually supersonic) boom. This is the N-shaped pressure signature on the ground of the 
approximately conical bow and stern shock waves that any body moving supersonically produces in 
atmospheric flight. In subsonic flight pressure waves propagate outward in all directions from a 
moving body; approaching the speed of sound, the body overtakes its own disturbances; above the 
speed of sound, the body travels faster than its own pressure waves and a cone of disturbance fronts 
forms with the nose of the body at the apex of a cone. In the case of an airplane other local shocks 
may also be formed at the several transition points of airframe and engine. As the distance from the 
aircraft moving supersonically increases significantly these local shock waves coalesce into two 
shock fronts, bow and tail, producing an N-shape wave. Hence, a structure or person at ground 
level can be subjected to two abrupt pressure discontinuities and, on occasion, two distinct booms 
may bo heard. The boom can extend 20 to 30 miles laterally on each side from the flight track if the 
aircraft is flying supersonically at a sufficiently high altitude. 

The first formally recorded boom incident in America is believed to have occurred during 1950 test 
dives by a jet fighter when a ground tadar operator noted an explosive like noise after each dive and 
the sound was correlated with supersonic flight. Although physical principles of production of shock 
waves by a body moving in air were well known, it had not been generally anticipated that the shock 
wave formed at high altitude would reach the ground with such intensity as to cause a plainly audible 
signal. 

As we are now learning, local meteorological conditions can significantly affect sonic boom N-wave 
shape and maximum overpressures reached at ground level. Such conditions include differences in 
seasonal and dlumal temperatures, air mass relative humidity and dust particle content, speed 
and direction of wind at various altitudes, and more particularly, temperature inversions, low 
altitude mechanically induced turbulence and the rate of change of wind sheai between different air 
masses can cause deflection and distortion in the classical N-wave shape. Several design para¬ 
meters also affect the sonic boom: e.g., aircraft shape, weight, altitude, speed and maneuver¬ 
ability are particularly important. Although the phenomenon has been the subject of much study in 
laboratory and field experiments, over the last decade, at the cost of a considerable outlay of time, 
talent and money, there is'still much that must be learned before the final textbook version of the 
sonic boom in all its variations can be written. 

A popular American reaction developed over the years is that the sonic boom must have destructive 
consequences. Much publicity has been given the more spectacular although generally inadvertant 
type of sonic boom. In 1957 Marine Major John Glenn, later Project Mercury Astronaut, during a 
record making cross-country supersonic jet flight, reduced altitude over the mid-west for refueling, 
creating a boom. LIFE magazine (29 July 1957) included a picture of a collapsed ceiling of a Terra 
Haute, Indiana, house, which, it was claimed, resulted from the generation of this boom. Low 
level accidental sonic booms are infrequent but not impossible, despite constant vigilence. On 
June 9, 1966, over Washington Court House, Ohio, an F-4 with an apparently faulty Mach 
indicator barely exceeded the speed of sound at about 1,000 feet above the ground without the pilot 
being aware of it; result: over 300 complaints and 200 claims. In June, 1968, the pilot of a USAF 
F-105 fighter aircraft over the U. S. Air Force Academy at Colorado Springs, Colorado, cut in his 
afterburner a second or two toe soon to increase his power output for fast climbout and in so doing 
went above Mach 1, causing a sonic boom at an altitude of approximately 150 feet above the ground. 
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SincG all supersonic flight in America can be traced to military operations whose conseouences are 

counterpm^neSerthilels111?8' I'11“"'' S0"lc boom experlence only portend for its civil aviation 
heinf i P, ' "everth®less' 3 review of such experience, administrative and Judicial, may prove 
helpful in understanding current trends in sonic boom Jurisprudence in America. 

^MmiSmilV. SETTLEMENT of sonic boom claims in America generally stems from Federal leaisla- 
tlon which permits a claimant to be paid for damages under the Military Claims Act when the damaaes 

dTa;red bV:0Iî;■C00mbat,' actlvities of the forces ‘"d undeyr tie foreign cfaims AcUor 
damages caused by U. S. military forces abroad. Negligence is not specificaUy necessarv the 
crux is causation by military aircraft and consequential, proven damages * ^ 

ShtïrvilaZ1*;«^ CUlv7 WT considered and pa‘d the basis of an evaluation of what damage a 
military claims officer working alone or with the assistance of an engineer estimated that a sonic 9 

deca^sT "h m,llltary alrCraft C0Uld haVe been 6xpected t0 have'caused By now Zost two 
decades of practical experience in the sonic boom claims field have been reinforced by a studv of 

ind'ZáLÍ,.“ b“'Y 0f CO'"roUed f““ over ¿ 
the “.t .v. l.hle Z' T“Ut‘C!1' ’,ructura1' »«ouricei, medical end other expens. utlSa™ 
human retooní T -d ' 6 checked in varying degrees the effect of sonic booms on 

sXsoZZg^ emPl0ying mllltar^ ranging in size from small 

In the administrative claims procedure used by the United States Air Force (USAF), certain reauire- 
ments are basic to settlement. Initially it must be established that there was in fact a soniAonm 
propagated by an instrumentality of the government. Glass damage may be favorably considered if 
investigation indicates that it occurred coincident with a sonic boom- at present a US^ Z- n - 

t0 COnCrete tlOCk mUSt be a--Pan‘ed by gÍLTdamigeTmÍt alo Te 
«ud‘.T° ^ ‘"C0Ml,t",t ‘n ,Ype' lxàUm a"d "«>™ «»> «i« cased by see 

By now a considerable amount of money has been paid by the U. S. Government to settle claims of 

sZmedZTSrrtlHypes'ofZT'b 1 ^ 1956 ^ 3° Jun6 1968< 38'831 clalms were 
14 nnfi ouiL !! yP f SOnlc boom dama9e Evolving a total of $22,539,000; of these 
ofiZTor ‘nrh°le 0r ln part in an amount °f ^-51^00^ This is an approval rate 
of thefii. 71 in 1956' 36 claims were presented to the USAF for a total of $12 000- 
of these 21 were paid for $2,000. By 1968 the great increase in USAF supersonic flyTng ísulted in 
3,402 claims presented for a total of $2,565,000; of these it is estimated that some l Sg^ were oaid 

for plaster °f$191'000- ‘he fiaiiclaims about 65% were for gl'ass damage- 21% 
for plaster; 8% for fallen objects such as bric-a-brac; and 6% for miscellaneous. (USAF JAG data Lank) 

ÍíaÍlZtmint^6 ^SAFauftihorlt‘es charged with responsibility for claims investigation and payment 
fnd ? y a ft flylng under normal operating conditions do not cause the followinrdamaae 
ZOR Le y"6 n0t Payable' S° n° invsstigatlon is required: • cracked concrete driveways waîîs 
safer * 'emenTv retainin9 walis- bric,c or Stone chimneys, mortar Joints, automobile glass TV 
safety screens TV picture tubes, stereo components, water closets, commues, or broken seLlI in 
thermopane windows These USAF instructions also state that claims for glass Zages !n residential 

meítTst K r " ff d0°rS ^ Wlnd0WS may be CaUSed b^ Sonlc booms a"d may be^Tle Z™ZcÍ- ment cost but not for improvement or enrichment. payacie tor replace 

“Z13? C0ILSide" that S0Und Plaster ProPerly Placed will not ordinarily be cracked by sonic 
nZtlaat d h Craf i/ ? aopersonically under normal operating conditions; such claims must be 
ra8rZby dUaliiied engineers who estimate overpressures involved, study other complaints in 
dama h th® aggravation of plaster cracks caused by the boom and the like Mien plaster 
damage has been determined to have, in fact, been aggravated by a sonic boom for which the USAF 
h», responsibility, payment ,s l,„„.d 50* of the re„omble pZL 

lesser ïmô“,'0»^beC.°ptoiprlZ“‘n'' *“* Th‘S >"d » ' 

hîamL081^ 0f hU,T reactlons mysterious damage of unknown or unexplained origin is sometimes 
fhe mlaV "Z0 b00i.n ‘he occurrenoe or discovery is within the same genial time span thus 

e military sonic boom has been blamed for such unlikely events as shifting bedrock withered 
gardens, dried up wells, and severely cracked irrigation ditches. “aXlon to uUUzaUon S the 
. ?rv ®,®s ® an angloeerlng expert to ascertain the cause of damage, the USAF investigator must 
Identify the aircraft or the causal factor as of USAF origin. As an investigative lid the^SAF Ín 
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October 1967, directed that all USAP supersonic flights were to be conducted at above 30,000 feet 
over land and above 10,000 feet over water areas; that a sonic boom may be intentionally generated 
below these altitudes only in specific Instances and that USAF and National Guard pilots who fly 
supersonically keep sonic boom logs whose entries are transmitted at frequent Intervals to a Central 
Sonic Boom Repository in the Pentagon at USAF Headquarters. The data in the Repository Is computer¬ 
ized and available for Interrogation by properly authorized USAF personnel. This administrative aid 
has proved most helpful. In general, then, the Department of Air Force, and to a lesser extent, the 
Department of Navy, have developed a time tested system for processing sonic boom claims. 

In those cases where the claimant Is not satisfied when notified of the disposition of his claim, he 
may choose to institute suit against the Government. Generally prior to such court action, the party 
claimant has attempted administrative settlement and declined to accept the amount offered, or been 
denied recovery because the type of damage Is not that contemplated in the terms of the phenomenon; 
e.g., there was no military aircraft known to have been flying supersonically overhead at the time 
the damage was said to have happened, or, rarely, because the supersonic aircraft was still in the 
custody, control and operation of the contractor-manufacturer prior to being turned over to the federal 
government and military authorities. 

OOURT ACTIONS have generally been brought under the terms of the Federal Tort Claims Act, permit¬ 
ting recovery against the Government through a limited waiver of its sovereign immunity, for negligent 
or wrongful act of its employees or agents, acting in the scope of employment. At this point it may be 
useful to state that American tort law, liability for wrong, is based on standard principles of justice, 
stemming from the French "vous avez tort, " "you are wrong. " It is the civil wrong for which compensa¬ 
tion is demanded. Justice Holmes of the Supreme Court stated the elements as a finding of "who hit the 
boy in the eye with the stone, " indicating the requirements of proper parties of wronged and wrongdoer, 
method or causation and resultant damage. 

To establish a Judicial claim, experts, qualified and accepted by both parties and the judge must 
present evidence by required legal standards. Expert opinion must be based upon specialized knowl¬ 
edge, experience and/or training; if not, it is as speculative or conjectural ar that of a layman and 
the expression of opinion is then founded on reducing possible choices to the most probable. (Hartman 
V. U.S.. (USDC, CD, Calif., 31 Oct. 1967) Civil No. 62-760F). 

In a practical sense because of the diversity of citizenship of the parties involved, federal courts 
have been utilized to try sonic boom cases. In a word, federal courts follow procedures prescribed 
by law and are grouped into ten circuits, which are persuasively, but not required to be, in conformity 
with decisions of the other circuits, at least until the U. S. Supreme Court decides to and acts on the 
subject matter, thus providing the law which all must follow. To one unacquainted with its detailed 
workings, this complexity of judicial affairs may at first seem difficult to follow but in due course all 
suits can be resolved within the existing judicial framework. In general, legal suits involving a 
sonic boom do not come before the courts unless the claimant is dissatisfied with the disposition of 
his administrative claim, and he seeks judicial redress. 

Since courts are interpreters rather than innovators of the law, and since applicable clarifying legis¬ 
lation often follows rather than precedes points at issue in the courts, the judicial system in render¬ 
ing substantial and rational court judgments within the terms of existing legislation may arrive at 
different interpretations in its several jurisdictions on the same general issue. Following are several 
sonic boom cases involving different courts which illustrate this point. 

Sonic Boom Cases - Structures: At an air show at Oklahoma City's Will Rogers Field on 3 Sept¬ 
ember 1956, certain USAF and U. S. Navy supersonic flights, made according to specified and pre¬ 
planned flight patterns, resulted in supersonic dives with the focal point of the booms being the 
intersection of the runways. During a practice session the week before the show, one low level 
supersonic flight broke some glass in the airfield terminal building and did other damage. An insur¬ 
ance company had contracted in writing with the Government (US) to pay all damages caused by 
breaking the "sound barrier, " whether caused by negligence or otherwise. The plaintiff (Llovds of 
London v, Blair and USA (10th CCA, 1958) 262 F(2d) 211; 6 Avi. 17,232) claimed structural damage; 
some 300 other home owners intervened in the case for their own damage claims in amounts from 
$25.00 to $3,973.00. Although the U. S. admitted the activity the court held for the U. S. on the 
basis it was improper to join a tort action against the U. S. with a contract action against the 
insurer. 

On January 4, 1958 a barn was destroyed by fire ir Alabama; the owner (and other witnesses) 
heard two loud sounds in the nature of explosions, a few seconds apart. The owner got off a bed, 
put on his shoes, went out, saw the bam, 50' away, burning, looked up, saw an aircraft at 600'- 
1200' in altitude and the circle and star on its wings (Cook v. U.S. (DC, Ala. 1958) 163 F. Supp. 
784). There was no evidence a U. S. agent was the operator of the aircraft, no evidence what 
causeo the explosions that destroyed the barn or that the aircraft caused the explosions, or, assuming 
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it did, how it caused them. The court held that there was no res ipsa loquitur: l.e., that the con- 
comitance of events and the sighting of the aircraft did not, other evidence imply 
the aircraft caused the barn to bum and fall. P y 

In another case (Brown vf U, S, (DC, Mass, 1964) 230 F. Supp. 774) the U. S. admitted that 
its employees in the scope of their employment did exceed the speed of sound in the Boston arer. on 
3 November 1959,but denied any negligence in their actions; the plaintiff failed to recover his suit 
for 90,754 damages. 

Mr. Sanders (Sanders v. Fireman's Fund Ins. r.n¡ 
$2,770 from his insurer for damages by 
1960, and the Jury trial resulted in his favor, 
plaint is of interest: 

1912, Bedford Co., Tenn., June 1967) asked 
several jet aircraft" flying at supersonlc speed on 22 June 

The pleading, the lawyer's phraseology in the com- 

.. .extensive damage to plaintiff's aforesaid dwelling house; that at said time and 
place the exterior walls of said dwelling house shook and trembled and cracked due to 
the aforesaid pressure wave created by the aircraft exerting the force directionally 
pushing against the said exterior walls on the side from which they approached and 
pulling said walls on the side the aircraft receded; that the aforesaid shaking, trembling 
and cracking of the exterior walls of the said dwelling house was directly and solely 
caused by the speed of the aircraft passing overhead... " 

ÍoikiriTeh» f 6 h i u g ly executed a ^nlc boom over Hico, Texas, that reportedly 
«Teít H th ! I ?" area and br°ke them- ^ insurance company witness categoric¬ 
ally stated that a sonic boom of sufficient intensity can cause structural damage to a building. " 
In the same town another building owner asked the full amount of his $3,000 insurance policy for 
7 fi hTTi°f h1S 1954/ tw°‘year“old frame and metal warehouse, used for storing lumber, with a 

8 boxcar load capacity; there was no visible evidence that it was unsafe or had deteriorated in 
any manner prior to loss. It was alleged that the aircraft flight was at supersonic speeds, creating 
¡Íh oTT' rrs and comPresslon waves which "unseated the girders beneath the building 

nd capsized it. A finding against the plaintiff was reversed on anneal (T. E. A'exanH»r v Pirom»«'« 
317 SW 2d 752, 5 Avi. 18,218; 328 SE 2d 350, 6 Avi. 17,7^ reh^n^ed 5 November ' 

1959). One interesting aspect of the case Involved the insurance company which argued that the 

09 "T96 by alrCraft COmprehended onlV falling aircraft or objects falling from aircraft 
nd that the sonic boom was not an explosion in the other terms of the policy. The court held that 

such a policy containing words "shall include... “ were not words of limitation but of enlargement 
and the Policy did not limit recovery thereunder to falling aircraft or objects therefrom; "... since 
plaintiff alleged a loss occasioned by aircraft, he is entitled to recover if he can prove that he has 
a ioss which was proxlmately caused by aircraft... " 

A™! T1"* j°r ®°nic boom damage- i" an agreed amount, is generally capable of administrative 
settlementand, if disputed, a court action by the injured party, on occasion can result unfavorably 
for him One such case (McMurray vt US (DC, Mo., 1968) 286 Fed. Supp. 701; 10 Avi. 18,114) was 
brought under the Federal Tort Claims Act for damages allegedly caused by USAF aircraft operating 

ÍildTnT SP!e,K,n th® Tinlty 0f Kansas City' Missouri, during July-September 1962. The court 
held the U.S. not liable and that the flights, in accordance with USAF regulations within prescribed 
corr dors, were authorized in the "discretionary function or duty on the part of a federal agency or an 
employee of the government. " y y * an 

dTaCaa1ZírJTKeXÍeriVely lnt0 matters °f substance and utllizes lore of controlled testing data, although with the judgment contrary to the technical evidence submitted (Neher v ns p»h 
Supp. 210 USDC Mln„., 1967), 10A,1. 17.271) a„ apanme„t 

the center line of a corridor used by B-58 aircraft from Indiana making some 49 flights over the 
Minneapolis - St. Paul area between 5 April and 6 August 1962. The plaintiff-owner asked $10, 000 
damages , the property differential before and after the sonic booms occurred; repair estimates and 
mSl rT "9 !VaÍ «„I" índÍCated Pre-boom cracks and an offer of administrative settlement was 
made in the amount of $750. Parenthetically, the court held the USAF negligent, and therefore 
1 , ® S*íit' ln desiSnatin9 ‘his metropolitan area as a supersonic corridor when it could have used 
uninhabited or sparsely populated areas or bodies of water for overflight, inasmu:h as radar tracking 

Ci?Uld have bfe" located anywhere, due to its mobility. The court quoted testimony of 

durlnTlhl. ««“ad .Äh^,,,he U- S- GOV,"““nt ^ ^ T"st ^ 
(1) structures work elastically under a sonic boom pressure, returning to their original 

shape after the pressure subsides, rather than having any type of permanent set; (2) that 
the threshold level of pressure for plaster cracks and glass breakage was ten pounds per 
square foot, except that predamaged glass might crack at six or seven pounds per 
square foot... " 

Utilizing these premises the court rejected part of the claim for structural damage, holding that 
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"since sonic booms do not cause permanent set, any squeakiness attributable to the booms would 
have occurred Immediately," rather, such an effect was due to "the normal cycle of expansion and 
contraction due to temperature changes and repeated traffic over the years." However, the court 
did award a $750 Judgment (perhaps Influenced by the fact that this was the initial offer of adminis¬ 
trative settlement) and stated that It was: 

. .unable to accept the expert opinion that the booms did not cause plaster damage 
and glass breakage. 
".. .Perhaps the most compelling influence on this Court's rejection of the expert 
opinion regarding plaster and glass damage is the apparent distinction between cause 
and effect as viewed by scientists and legal causation. Although Dr. Wiggins and the 
various test reports acknowledge the triggering and accelerating effect of sonic booms, 
from a scientific standpoint these do not seem to be considered a cause. For example, 
In d.scusslng a window broken by a boom of very great strength.. .the window did not 
break because of excessive pressure per se, 'but because the window, which was 
opened at the time, was slammed by the boom and the slamming broke the window, 
Throughout the reports.. .this type of approach to cause and effect Is apparent. But 
this type of cause Is not the same as proximate cause, which is the efficient cause, or 
the one which necessarily sets in operation the factors which accomplish the damage. 
Applying this test, I conclude that the sonic booms did cause plaster and glass damage 
to plaintiff's building.* (lOAvi. 17,271, 17,276) 

However, another court did accept the uncontradicted expert testimony of the same Dr. Wiggins. 
Several homeowners fl-orlck et al. v. US (DC. SC, 1967) 267 F. Supp. 96; 10 Avl. 17,412) with 
relatively new houses, alleged hairline cracks In brick and mortar, bathroom tile, concrete founda¬ 
tion, and damage to a pond and damslte, as a result of three military aircraft flying jub.-sonically 
on 20 July 1963, at about 200-300 feet above ground so tnat their markings were clearly visible. At 
the time of overflight an explosive sound was heard. No glass breakage was alleged. The expert 
testimony Included statements that such traffic would produce noise and rattling, but no damage; 
that the human being Is sensitive to some vibrations to which structure Is not; and that "the lowest 
threshold of damage to a building from a sonic boom Is the shattering or breaking of glass windows 
and the causing of bric-a-brac.. .to fall. " It was concluded that such pressure would not produce 
cracks in concrete block or exterior wall and that the cracks In the pond were probably caused by 
dry weather resulting in shrinking of sol's in the damslte. There was a failure to prove causal con¬ 
nection between overflights and property damage. 

Several cases of structural damage resulting from the FAA-USAF Oklahoma City sonic boom test pro¬ 
gram of 1,253 flights during the six month period 3 February to 30 July 1964 have aroused special 
Interest. From the Inception of the tests, the U.S. position was to pay for any damage administra¬ 
tively and from the inception of litigation, to pay for any damage which could be shown was a result 
of the program. Therefore, the U.S. did not Judicially assert defenses normally available to it under 
the Federal Tort Claims Act, but limited argument to causation, and. If causation be found, to the 
amount of damages. One class action, on behalf of residents and property owners (Bennett vt 
(DC, WD, Okla., dismissed 29 Aug. 1965) 266 F. Supp. 627, 10 Avl. 17,410) claimed that th®V- • 
had taken a temporary avigatlon easement over their property and that of all the residents of Oklahoma 
City and asked unspecified monetary compensation. Another class action (Gravelle v. UrS. (USDC, 
WD, Okla. 14 April 1967) heard on appeal, 10th CCA, 19 Nov. 1968) for structural damage, on behalf of 
97 property owners, who made individual Judicial claims In amounts from about $100 to $9,000+ for 
a total of $123,257, continues In litigation after a judgment favorable to the property owners, on 
appeal by the U.S. Almost all of these Individuals had filed administrative claims with the USAF 
which were denied on the gtounds that the facts did not substantiate sonic boom as a cause of damage. 
Another suit (Liberty Bide. Corp. v. U.S. (USDC, WD, Okla.)) alleging damage to a building and 
glass breakage in the amount of $5,439 as a result of these tests, is being delayed pending the 
results of the Q-avelle case. In two other federal court cases from the Oklahoma City tests, decided 
by Jury, two opposite results obtained. One (Smith v. Valiev Forge Ins. Co. & U.S^USDC, Okla., 
17 Feb., 1967)) asked damages In the amount of $40,000; the Issue was whether cracks In masonry 
walls of a house was due to sonic boom activity and whether It was In the terms of an insurance 
contract. There was a thorough defense with comprehensive, detailed explanation of sonic booms, 
over-pressures, how created, energy involved, soil mechanics and effect of booms on structures and 
buildings in the Oklahoma City area. The plaintiff testified that the cracks did not exist prior to the 
start of the tests but developed during the course of It. The jury was unconvinced by the expert, 
chose to believe the plaintiff and awarded him $10,000. In a parallel case (Beckham v, Hartford. 
Fire Ins. Co. (USDC, WD, Okla., 21 June 1967)) the only issue was causation. Damage, alleged 
in the amount of $18,984 was essentially the same type: massive cracking of foundation, cracks 
in brick veneer, plaster cracks, roof damage and broken glass, but the Jury verdict was In favor of 
the U.S. on the evidentiary conclusion (after hearing the same expert witness as in Sr^th) that «ia 
damage claimed resulted from weathering, aging, expansion ana contraction of soli and possibly 
earthquake tremors in the early 1950’s. 
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carefully considered case (U.S. v. Hartman (DC, Calif. 1967) Civil No. 62-730, 31 Oct., 
1967) for structural damage was decided for the U.S. on failure of the plaintiff “to prove causation, 
negligence or government connection with the sonic booms. ' The structure was a 35-year old stucco 
house in Hollywood; the owners heard and felt sonic booms which were, in fact, recorded on a Cali¬ 
fornia Institute of Technology micro-barograph, in Pasadena, several miles distant. The owners 
reported seeing the "smoke trail" of the aircraft and the court calculated, on the basis of meteoro¬ 
logical data and the fact that since the width of the sonic boom trail or carpet is about 2-1/2 times 
the altitude of the plane, with a 20 mile lateral spread, the altitude of the aircraft wa. .bout 40,000 
feet. The damage to the house, apparent from photographs and the Judge's personal examination, 
included a two-inch separation of a porch, cracks in concrete steps and Interior ceilings, cracks' in 
interior concrete floors and broken windows. The court could have disposed of the case on the failure 
to establish that it was a U.S. aircraft; however, it concluded that the damages were the result of 
natural forces, progressive and continuous, before and after the boom. Adhering to engineering find¬ 
ings and utilizing the results of a decade of sonic boom research, the court held that the nature of 
the damage could not have been caused by a sonic boom as "concrete is too strong a material to be 
damaged by sonic booms, and.. .no damage to concrete had occurred in any test program. " In its 
findings of fact, the court stated: 

*7. The overpressures resulting from the sonic booms in question were about one pound 
per square foot. 
"8. A sonic boom can cause damage to a structure. However, not all booms can cause 
all types of damage. Sonic booms of certain magnitudes are capable of causing certain 
types of damage. Different structural elements have different thresholds of damage. The 
threshold for glass is lowest, with higher overpressures being required to cause cracks 
in plaster, movement of bric-a-brac or loose objects, cracks in gypsum board ('sheetrock'), 
or damage to other stronger materials. 

The threshold for sonic boom damage represents the level at which incipient damage 
occurs, and to cause more than, for example, an extension of an existing crack, signifi¬ 
cantly higher over-pressures are required. The type of material which is damaged is 
also highly significant when considering whether the cause of the damage was sonic 
boom. For example, in all the scientific sonic boom test programs the government has 
conducted, no damage to concrete has occurred, regardless of the magnitude of the sonic 
boom. 

The scientific research relating to structural response to sonic boom has shown the 
threshold for all materials to be in excess of five pounds per square foot. Glass damage 
has a minimum threshold of about 7.9 psf per square foot, with 6.5 psf being the lowest 
level at which an existing crack in glass has been extended. The threshold for extending 
existing cracks in stucco, bathroom tile, or sheetrock is about 7.9 psf. The threshold 
for incipient plaster damage on various types of lath is about 10 psf. These threshold 
figures for the slightest damage when compared with the one psf figure and the gross 
damage involved in this case show that sonic boom could not have caused the damage 
in question. 

The type of damage which sonic boom is capable of causing is of a limited nature. The 
damage occurs, if at all, simultaneous with the boom. Damage occurring after or continu¬ 
ing after a sonic boom has no causal relationship with the boom. The cracks which sonic 
boom can cause are small, hardly discernable, hairline cracks. If a crack is larger than 
this, sonic boom is disproved as a possible cause. " 

SONIC BQOM CASES: HUMAN: There have been relatively few cases of actual physical injury 
adjudicated as a result of sonic boom activity. Of these few, the most prevalent are those of individ¬ 
uals injured by falling or flying objects or glass splinters. The occasional claims for hearing loss, 
nervousness or shock, without some physical contact, have not been favorably considered by thti 
USAF. Between July 1966 and March 1968, ten such claims were processed by the USAF for a total 
amount of $261,000; of this amount one single claim for $200,000 was disapproved. Of the ten -.nly 
th,ee were paid in a total amount of $1,850.74 and two of the three involved persons cut by glass 
broken as a result of a sonic boom. It is Air Force experience to date that approximately 1 in 1,000 
claims presented is for personal injury, with an approval rate of about 6%. 

Mrs. Adeline Huslander (Huslander v. U.S. (USCD. WD, NY, 1964) 234 F. Supp. 1 004; 9 Avi. 
17,288) was kneeling on the floor of her home in Elmira, New York on 13 January 196. when a sonic 
boom allegedly broke a window pane near her, causing her personal injury. Her demand was denied 
administratively and she sued under the Federal Tort Claims Act, again losing on the ground that the 
supersonic flights were within the discretionary function or duty exemption of the Act, as the USAF 
aircraft interceptor supersonic flights were simulating wartime defensive situations for training pur¬ 
poses. The court added that 

.. .while this decision points up the necessity for alternative means of honoring valid 
claims against the Government, it also avoids a quagmire of varying results under the 
Federal Tort Claims Act which is dependent upon local law. " 
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During the Oklahoma City tests a plaintiff alleged that he cut himself with a razor while shaving 
during a sonic boom occurrence; that shock waves damaged property and affected health and well 
being; that under state law the flights were a continuing trespass and public nuisance; that the 
tests offended due process and violated constitutional rights. The defendant U.S. Government 
denial Included a statement that such claims were compensable and could be satisfied in monetary 
damages. The state court granted plaintiff a temporary injunction against the tests; this was vacated 
on removal of the case to a federal court; on an expedited appeal, the matter was returned to lower 
federal court for testimony on the evidence (Coxsev v. Hallaby (CCA, 10th, 17 July 1964) 334 F. (2d) 
286). The appellate Judge added that "Speaking generally, the public must submit to inconvenience am 
discomfiture caused by legitimate governmental activities which do not offend constitutional require¬ 
ments. " (at 287). On rehearing, plaintiff failed to prevail (Coxsey vf Hallaby (DC, Ok la., 6 Aug 
1964) 231 F. Supp. 978). The court held that the FAA was authorized by statute (49 USC Sec 1353(b)) 
to conduct tests on improved aircraft, such as the SST; that the statute was not "unreasonable, arbi¬ 
trary cr capricious;" and that the means (i.e., tests) had "real and substantial relation to the object 
sought to be ol :alned;" and that there was no denial of due process. The Judge stated that sonic 
booms had not caused physical or mental harm to the plaintiff or others, and ... 

",..Furthermore, this testimony established that tests neither did, nor could, aggravate 
or precipitate any pre-existing or latent physical, mental, psychological or neurological 
condition of these residents. “ (at 980) 

The opinion concluded that there was a lack of Jurisdiction as the government had not consented to 
suit; even had the court had Jurisdiction the plaintiff failed to establish personal physical damage or 
other irreparable injury but had an adequate remedy at law and no right to equitable relief. 

Other Oklahoma City cases Included: an allegation that the plaintiffs were being used « unwilling 
guinea pigs in the tests in violation of Constitutional rights and that the booms impR\r¿ 
of a child and aggravated an existing inner ear condition of the father (Bussey v, Hallaby.(USDC. WD, 
Okla filed 14 Feb 1964; dismissed 28 March 1964)); a request that tests be enjoined as they caused 
“i*ho», and health (mtoo, fM ¢. Dept. UjftLWSDC, Okla) mad 
27 Feb 1964; dismissed 13 March 1964); and another attempt by Mr. Bussey, having failed t0 h®v® 
tests stopped, asking monetary damages in the amount of $101,250 alleging he and his daughter h 
sustained profound mental and physical damages as a result of the booms, losing a second time for 
failure to plead the proper party (Bussey ", TrRatnfta Tnh"?on- Resident. U.S. (USDO, wu, 
Okla, filed 12 June 1964; dismissed 15 Aug 1964). None of these three latter cases were heard on 
the merits nor was there consideration o‘ the issue of actual physical harm to 
America in the field of community probien s an equity suit for injunctive re 
used rather than the filing of a legal actf >n for monetary damage. 

Arousal from sleep, particularly with daytime sleepers, causing insufficient *nd 
to reduced efficiency, health and well beim has been of increasing concern in connection with th 
possibility of frequent sonic booms. Of special interest is the possible startle of mise as 
it relates to such activities as the operating surgeon, the munition hand loader, or the girder stridi g 
construction worker. Based on present evidence, sonic booms generated by commercia supersonic 
aircraft flying in accordance with preplanned flight profiles are unlikely to cause aHy direct damage 
to human hearing. Considerable field testing has been accomplished on the effects of certain llmits 
of sonic booms on human reaction, but more work needs to be done to determine sonic boom thres 
holds of human annoyance. 

Prom trends in the aircraft noise abatement field, courts may in the future draw analogies for use in 
sonic boom litigation. The following three cases serve as examples. , ar ... 

A California Superior Court (New York Times, 2 July 1968) ruled invalid a Sa^® ^lc“ 
Anaeles) city ordinance barring Jet aircraft takeoffs between 11 p.m. and 7 a.m. without special p 
mission. These conglomerate (232 families) Jet noise suits totaling SU.S million against the city are 
to be processed on the sole basis of property damage claims (Aviation Daily, 23 Oct ^6 j' p‘ J8J* 

Another clue to possible future handling of sonic boom claims may be seen in a related noise 
problem of surface transportation. The New York Court of Appeals in a decision (fta apd Dpfghy 
Dennison v. V^w York. Judge Keating presiding, N?w York Tlme¿, 2 July 1968, pp. 37 and 70), 
otherwise prevailing in other Jurisdictions, awarded a $37,000 Judgment to a property owner o a 
colonial home in a remote wooded, essentially resort lake area of the state, not for loss of prlvacy' 
seclusion or view, but solely for traffic noise from the construction of a 
The state, presumably, will appeal. Accommodation is the major clue and premise here, it remains 
a community problem without definable criterion, save public interest. 

Also, of possible import to future sonic boom suits is a case favorable to aviation operators and 
airport owners which, essentially, held invalid a 1964 Unnecessary Noise Ordinance of the City of 
Hempstead, Long Island, aimed at Jet aucraft from Kennedy International Airport; the 150,000+ 
residents of Hempstead live within three miles of the airport. After 4,000 pages of testimony, 
affidavits and exhibits (American Airlines. Inc.. Port of N»w ^ ft'ithorlty, Ruby <?t a 
Hempstead (USDC, ED, NY, 1967) 272 F. Supp. 226, 10 Avi. 17,337) the District Court held (30 June 
1967) the airlines entitled to a preliminary injunction against enforcement of town ordinance stating. 
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tlvVtoVrn, nH t H partlculorly lon« distance air transport, is not an optional altema- 
"The dimTn « andfwater ^ansport but is indispensable. " (10 Avi. 17,337, 17,338-9) and 

man!fo d of f 0Í ^ problem cannot be minimized. It is, however, one of the 
izât on steadilv «Tf?“ problems that press on a society in which the pace of industrlal- 
m„n¡° f t dily ° ‘r ps he caPaclty t0 deal With its modification of the total envlron- 
U appeal tob? ÍZJ existence- Perhaps the aircraft noise problem differs in that 

18 02QV th» n g q t ' inr' ß 1 V| HSPMtMd (2nd CCA, 1968) 398 F. (2d) 369- 10 Avi 
18.029), the V. S. Supreme Court denied certlorerl (Mew York Time.. H mh) ^ 

«X u.iTd‘0n,b1'l0W Hlohts directly end lledl.tely ImerferlT 
“fth toendrn«, “Kr"' larid' the?e ennoyances are not compen.able under the 
wíL^ñtMwVo.» 9 ladlcated that the Interference 
JîS plaintiff s property was consequential damages and not a taking. Further the court 

* haüüdthTeS' Sh0^k WaVeS' and Sm0ke Pervade Property neighLing tha 'on whTch 
they have their source but the disturbance caused thereby is only a neiahborho^ iñnon 

venience... (Nshet v, U.S. (USDC, Diet. Minn. 1967) MsTsup“ ÍlW^ 

possible sonic boom damage. 6886 P°SSible trends in the disposition of cases involving 

longer term impact on the law Because oublie'int«r<. t ^ 6 at leaSt touched uPon because of its 

»XÄ“™ 

to include the sonic boom ' Supersonic flicht tl i’ Department has interpreted aircraft noise 
.6 also a äma„ hu, .portan, 

for signature legislation (PL 90-411- 82 Stat 3181 vu h V aiaj96 ma^ority' sent t0 the President 
part as follows: ’ 95) WhiCh amended the Federal Aviation Act of 1958 in 

"gr^c1, a"d Abatement of Aircraft Noise and Sonic Boom 
£>EC. 611 (a) In order to afford present and future relief and protection to the oublie fmn, 

unnecessary aircraft noise and sonic boom, the Administrator of the Federal Aviation 
Administration, after consultation with the Secretary of Transportation shall orescribe 

ra,S .="!? f0rk,he « aircraft noise añSCc boíí “d^haT8 
P escribe and amend such rules and regulations as he may find necossary to provide for 
tt. con,ro¡ and aba,aman, of Mrcaf, nols, and sonic boom. Including the IppTicarf'n ” 

si s.rX'oc= r- 
aS “XyitSTar"' 0' Tr»“W“‘» »OT» »»d ^ ™ -a™ «'ountad a consldatabla 
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transport program Itself. Indicative of the tenor of the times are several bills which have been 
Introduced into "the hopper" of the current session of Congress (1st Session, 91st Congress), the 
following bills are the same or similar to earlier bills, introduced but not acted on, during the last 
Congressional session. Because of their potential significance, key sections of these bills are 
quoted below although no attempt will be made to cover all points or provisions of these bills. On 
27 January 1969 Mr. Brown of California introduced H.R.4565 into the House, "A bill to establish a 
sonic boom damage fund to provide payment of damages caused by sonic booms. The bill to be 
known as the "Sonic Boom Damage Recovery Act, " was referred to the House Committee on the 
Judiciary. The bill states in part: 

"SEC. 2. The Congress hereby finds that the Nation is entering into a new era of aviation 
development of profound significance, the era of supersonic aircraft. Recognizing the 
lessons of the past from the unexpectedly rapid growth of subsonic aircraft and the 
environmental and noise problems thereby created, the Congress finds that it is necessary 
to provide adequate means for the recovery of damages for personal injury or death and for 
injury or loss of property caused by sonic boom. It is additionally the hope of Congress 
that legislation providing for recovery of damages for injuries and losses caused by sonic 
boom will also serve as an Incentive to those entrusted with the final development of 
supersonic aircraft to incorporate such engineering features as may be available to reduce 
the Incidence of sonic boom and thereby prevent undue noise and boom problems in popu¬ 
lated areas..." 
and 
"SEC. 4. (a) If there is any injury or loss of property, or any personal injury or death, 
caused by a sonic boom resulting from the operation of any aircraft within the United 
States, money damages shall be paid to any claimant in an equal to the money damages 
which would be payable to such claimant if such injury, loss, or death had been caused 
by a negligent or wrongful act or omission of the owner or operator of the aircraft at the 
place where the injury (including an injury resulting in death) or loss occurred. Such 
compensation shall be paid out of the sonic boom damage fund provided for by section 6 
of this Act... " 
and 
"SEC.5. (a) Payments. The owner or operator (including any government other than the 
United States) of every supersonic civil aircraft which - 

(1) carries persons or property (Including mail) for compensation or hire, or 
(2) is operated in the conduct or furtherance of any business or vocation 

within the United States or between any place in the United States and any place outside 
thereof shall pay to the United States, with respect to the operation of such aircraft 
within the United States, for deposit in the fund, the amount determined pursuant to sub¬ 
section (c). " 

This bill then describes how the sonic boom damage fund is to be created, maintained, managed and 
safeguarded. 

On 7 February 1969 Mr. Javits of New Kork, on behalf of himself and other Senators, introduced S.942 
in the Senate, "A Bill to amend the Federal Aviation Act of 1958 in order to provide for regulation of 
public exposure to sonic booms by certain aircraft over the United States. " The bill which was 
referred to the Senate Committee on Commerce states in part: 

"Regulation of Sonic Booms. The Administrator (FAA) shall (1) prohibit nonmilitary aircraft, 
singly or in any combination thereof, from being operated over the United States (including 
territories and possessions thereof) in such a way as to produce sonic booms, but such 
prohibition shall not apply to aircraft used in the investigation and study herein authorized; 
(2) conduct a full and complete investigation and study for the purpose of determining 
what exposures to sonic booms (amount and trequency) are detrimental to the health and 
welfare of any persons,... " 

The bill then calls for the Administrator, Federal Aviation Administration, to consult with several 
other Interested Cabinet members, the Administrator of NASA and the President of the National 
Academy of Sciences and to carry out an investigation and study for the purpose of submitting a 
preliminary report to Congress in one year and a final report in two years after enactment. 

Regardless of future Congressional action on these bills, their very existence is noteworthy particu¬ 
larly in view of the recent Federal legislation creating a Department of Transportation (one of whose 
specific responsibilities is to "promote and undertake research and development relating to transpor¬ 
tation including noise abatement, with particular attention to aircraft noise,") and the more recent 
specific law concerned with "Control and Abatement of Aircraft Noise and Sonic Boom. " The Congress 
is clearly demonstrating a real and continuing concern in the potential impact of the boom. 
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ZZISZIT ï ?e C0ngreSSlOnal actions described above had transpired, the FAA, NASA, 
n«lih USfF i d W°rked C0°Peratively in seeking to understand the sonic boom and its impact on 
people, animals and structures. Although much useful information had been obtained as a result of 
on SSt'SonTr Bn ^ experlments' studies by the National Academy of Sciences Committee 
on SST Sonic Boom, the Department of Transportation's Interagency Noise Abatement Program the 

use^by DOT/FM^oTsisï^h"'8 °f N°iSe Abatement and other groups in 1967 and 1968 were 
of $6 S2?TnnT esta?llsl? an intensive three-year sonic boom research program involving a total 
ïn^m nù . pressionai Rec?rd, 11 July 1968, S8530). Of this total the FAA Fiscal Year 1969 
fs in add-on to9lmnoía 7 an e^endit“re of $2,025,000 for several new projects (ibid). This amount 
sianiflcant ^n i r <ST 00m restarch bein9 conducted in NASA laboratories and several 
significant University sonic boom research efforts funded by NASA. 

b«.laf»Dm/pY.U^' r Prïposed sonl<: •I'ould ,o fa, in providing a sound 
.h. conrply »,th Congrasslonal edlcl 10 . .prescribe and amend stanLds for 
the measurement of.. .sonic boom and.. .prescribe and amend such rules and regulations as 

Tf f h Ï6 C0ntr01 and abatement 0f* • • sonl= " (82 Stat 395 (SeC‘ ¿il (a))), 
fullv ind f 6 hP SOniu b00m research efforts of interested nations can continue to be 
Standard/ f eXchanged is being 30 ablV accomplished by this Joint Panel meeting of AGARD if 
líe to ht n« measurement and control und abatement of the sonic boom when finally accomplished 
are to be generally acceptable worldwide. F 

SSeí arlef' thlS h!S ettempted t0 provlde some background on the sonic boom in the 
in /haldn a;rmary U admlnistrative history; procedures and guidelines used by the USAF 
booms oe e at h K 9f, numbers of sonlc boom claims; a series of court cases resulting from sonic 
of Con«™ ? Íby mllltary aircraft t0 provlde an indication of judicial trends; the continuing interest 
data°on whioh" /6 7 T and a reCent actl0n taken by D0T/FAA that should lead to improved 
data on which rules and regulations pertaining to the sonic boom can be based. Space does not oermit 

onThe futurTof no1 ^ WhiCh WU1 alS° determlne in Part the impact of the sonic bJom on the future of commercial supersonic flight over the United States. 

uaíanTrat/^3/' clarlfles how the Courts in the United States attempt to ronder substan- 
1 and rational judgments on military sonic boom experience and its legal consequences administra¬ 

tive and judicial within the terms of existing legislation, at least, until such time as th¿^islatTve 

on^^íL feS PUbllC lntereSt ln new ways* As publlc rareness of noise and its impact 
ieveï in ïh^™rI?inSP0rt8t«n "f16"13 °n Which the publlc depends must attain acceptable noise levels in their operation or suffer the inevitable results of an aroused public consciousness. 
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Summary 

Regulatory action in a number of countries and standards in the 
International Civil Aviation Organization (ICAO) will result in 
significantly reduced maximum noise levels for new aircraft 
entering the world's air carrier fleets. Modifications to many 
of the existing aircraft can be made to significantly reduce 
their noise output within the next few years. Alleviation of 
the aircraft noise problem requires that new airport designs 
and modifications to existing airports be tailored to take 
maximum advantage of the potential noise reductions soon to 
become available. This paper examines the expected noise 
exposures to be generated by commercial aircraft operating 
in the next decade and reviews significant considerations in 
the location of new airports, the land requirements of existing 
and new airports as a function of the type service, and airport 
design in terms of runways and necessary support facilities to 
minimize noise exposure. The potential of existing and 
developing operational practices and restrictions to minimize 
noise are assessed. Finally, the forecasting of aircraft noise 
exposure near airports and its relationship to the development 
of compatible land use programs and public relations/education 
programs are discussed. 

f 
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AIRPORT DESIGN AND OPERATION FOR MINIMUM NOISE EXPOSURE 

I. INTRODUCTION 

The rapid growth of air commerce in the United States since the end 
of World War II, and in many other countries as well, has resulted in 
the development of strong public reaction to the increasing noise 
exposure near busier airports. The market growth rate has outpaced 
the development of new airport capacity and attempts to develop needed 
capacity are frequently inhibited by public fear of and opposition to the 
noise exposure which normally follows the construction of new runways 
and/or airports . 

Under current United States judicial decisions, a landowner in the 
vicinity of an airport may recover compensation for interference with 
the reasonable use of his property caused by aircraft noise. In the 
case of social costs, however, they are generally neither recognized 
nor reimbursed and that inequity is a root cause of the noise problem 
which has developed near most major commercial airports in the world 
today. Social costs are not measurable in dollars and consequently 
difficult to reimburse. 

Engine noise reduction technology is advancing rapidly and offers, for 
the first time, the promise of practical and significant reductions in 
areas affected by noise. This paper first examines the noise reduction 
potential available through technology and operating procedures. It then 
relates the remaining or residual noise exposure to the design and operation 
of airports to show how the undesirable social impact of civil aircraft can 
be minimized. 

The discussion in this paper is based on a number of fundamental 
premises: 

a. That modern societies have come to recognize the social and 
economic benefits of commercial air transportation as essential, 
rather than merely desirable. 

b. That flight vehicles which provide such transportation presently 
adversely affect the enviionment around airports with noise and 
soot, inflicting social and, sometimes, economic costs on 
communities near airports. 

c. That noise exposure should be reduced to the practical minimum 
because it both degrades our environment and inhibits the development 
of new airport capacity necessary to accommodate the rapidly 
expanding demand for air transport. 

d. That if economic or social costs must be imposed on an airport's 
neighbor so that the benefits of air commerce may be made available 
to the entire metropolitan area served by the airport, and to the 
aviation system, in general, then those costs should, in some manner, 
be recognized and reimbursed. (In the United States, the courts 
have placed liability for aircraft noise on the airport operator who, 
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in determining the type of service to be provided, brings the noise 
to the nearby communities and effectively determines what the noise 
levels and total noise exposure in those communities will be). 

H. NOISE LEVELS 

Ten years ago, a revolution in commercial air transportation began 
with the widespread introduction of turbojet powered civil aircraft. At 
about the same time, turbo-propeHer aircraft were introduced, but the 
passenger preference for the jets with their faster, smoother, and 
quieter ride was soon evident. The jets, though quieter inside than 
propeller aircraft, generally created considerably higher noise levels 
during flight operations around airports and during maintenance activities 
on the ground. Vast sums were spent on the development of suppressors 
to achieve large reductions in the jet exhaust noise without imposing 
large performance losses, but the manufacturers were, in general, 
unsuccessful in both instances. 

Low bypass ratio turbofan engines soon replaced the pure turbojet 
engines on new production aircraft, because they offered greater 
efficiency and, in most cases, slightly lower noise levels, particularly 
on takeoff. The jet exhaust noise was reduced some, but the fan 
generated more noise at the front of the engine than had the earlier 
compressors. In general, acoustical treatment and jet exhaust suppressors 
were not used on thOoC engines even though such devices were occasionally 
developed and, at least in one case, offered to airlines as a sales option. 

In the past five years, noise reduction technology has developed at an 
impressive pace. During the same period, engine technology advanced 
to the point where large high bypass engines are being developed to power 

a complete new generation of larger, more efficient aircraft. Those 
aircraft, which will supplement the existing fleet and replace certain 
elements of that fleet, offer the potential of significantly reduced noise 
levels during all flight and ground operations. The noise reductions 
will come primarily from three sources: (1) reductions in the jet exhaust 
noise; (2) reductions in fan inlet and exhaust noise through detail design; 
and, (3) reductions in remaining turbo-machinery noise through extensive 
use of acoustical treatment in the nacelle inlet and fan ducts, in the engine 
fan section, and possibly in the tailpipe area. 

Aircraft noise certification standards being developed in the United States 
and a number of other countries will assure that the lowest levels 
practicably attainable will be achieved. Action in the International Civil 
Aviation Organization (ICAO) is expected to follow and result in the 
development of compatible international noise certification criteria. 
There will, of course, be a cost associated with achievement of the 
lowest practicable noise levels; however, the new high bypass ratio 
engines represent such an improvement that the "quiet propulsion systems" 
should still be 20 percent more efficient than their predecessors. 

Future Subsonic Aircraft 

Noise certification plans under consideration in the Unites States, 
the United Kingdom, and France, define three measurement points 
at which specified noise limits should be met: (1) 1.0 nautical miles 
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from the runway threshold on approach; (2) 0.25 nautical miles to the 
side of the runway centerline during takeoff; and (3) 3.5 nautical miles 
from the start of the takeoff roll under the takeoff flight path (Figure 1) 

Figure 2 shows the maximum noise limits as a 'unction of certificated 
gross weight proposed by the Federal Aviation Administration for 
adoption in the United States (Reference 1). The maximum noise levels 
decrease from 108 EPNdB as aircraft decrease in size from 600,000 
pounds certificated takeoff weight to lower values at the lower cutoff 
certificated weight of 75,000 pounds. 

The decreasing levels reflect the reduced thrust requirements for the 
smaller aircraft as well as the reduced number of engines and the 
resulting increase in takeoff performance capability. 

In showing compliance with certification criteria, the maximum values 
must not be exceeded under a difficult combination of circumstances 
(maximum takeoff weight, hot day, no wind), so the average takeoff 
noise levels should be lower in actual day-to-day scheduled operations. 

The unit of noise used throughout thio paper is the "Effective Perceived 
Noise Decibel" (EPNdB) as defined in "Aircraft Noise Evaluation, " 
Federal Aviation Administration Report No. FAA-NO-68-34, September 
1968 (Reference 2). This unit is recommended as the most appropriate 
unit for evaluation during noise certification of new aircraft. It has also 
been used as the basis for calculating Noise Exposure Forecasts-NEFs 
(cumulative noise exposure) in the United States. 

Present Subsonic Aircraft 

The existing air carrier fleet for which data under the conditions specified 
in the proposed United States noise certification rule (Reference 1) are 
available,create noise levels as shown in the upper shaded bands of 
Figures 3 and 4. The crosses represent approximate noise levels of a 
few popular executive jets used in the United States. The maximum noise 
levels proposed in the rule are also plotted for reference. Very 
little reliable data on sideline noise values under the conditions specified 
in the rule exists. 

Present Subsonic Aircraft Modified 

During the past three years, intensive research and development has 
been conducted in the United States on acoustical treatment which could 
be installed in engines and nacelles to absorb part of the turbo-machinery 
noise before it is emitted from the aircraft. This effort has been 
unusually rewarding, particularly in relation to the absorption of the 
most annoying pure tones generated by turbofan engines. A National 
Aeronautics and Space Administration (NASA) sponsored flight demon¬ 
stration program, using a Douglas DC-8 with modest acoustical treatment 
in the nacelles and a Boeing 707 with considerably more treatment, 
successfully demonstrated the effectiveness of such treatment in flight. 
The lower shaded bands on Figures 3 and 4 represent the levels to which 
the existing turbofan powered fleet could be reduced if efficient acoustically 
treated nacelles were installed on those aircraft. 
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Studies of achievable noise reductions, the servicability of acoustical 
treatment, and the impact of acoustically treated nacelles on operational 
efficiency and operating economics are underway at the present time. 
If it is determined that the installation of acoustically treated nacelles 
on the existing air carrier fleet is technically practicable, economically 
reasonable, appropriate to the particular type, and in the public interest, 
the Federal Aviation Administration will propose rulemaking action to 
require such modification to the United States air carrier fleet on the 
fastest practical schedule. Estimates of the time required for a complete 
fleet retrofit program indicate that such a program could be completed by 
the end of calendar year 1973. It is recognized that pure turbojet 
powered transports are not amenable to such large noise reductions 
short of both reengining and the addition of new acoustically treated 
nacelles. Modifications of that magnitude on airframes nearing the end 
of their useful life are generally considered impractical. 

Future Supersonic Transports 

Developers of all supersonic transport aircraft are faced with two critical 
problems - range and noise. All supersonic transports in the foreseeable 
future will generate high noise levels during the initial takeoff operation 
when afterburning thrust is used. It is expected that the maximum noise 
levels proposed for subsonic transports at a .25 nautical mile sideline 
distance will extend to approximately one nautical mile for supersonic 
transports. Prior to over-flying noise sensitive areas, they will be 
required to make thrust reductions which will result in large reductions 
in the jet exhaust velocity and resulting noise levels. All supersonic 
transports have controllable inlets which provide the potential for choked 
(sonic velocity) flow to control forward radiated noise on approach and after 

thrust reduction on takeoff. 

The difficult decision that the supersonic transport designer must face 
is that of whether or not to put a horizontal tail on the aircraft. A tai1 
carries the disadvantage of a drag penalty in cruise thereby intensifying 
the range problem which is critical for all supersonic transports. The 
horizontal tail, however, offers the designer the distinct advantage of being 
able to balance aerodynamic moments, thereby permitting the installation 
of high lift devices on the leading and trailing edge of the wing. The 
resulting improvement in low speed aerodynamic performance permits 
supersonic transports with horizontal tails to achieve approximately the 
same approach and takeoff flyover noise levels as proposed for subsonic 

transports in Reference 1. 

There is little doubt but that supersonic transports will be restricted to 
those airports where their noise characteristics are acceptable. The 
developers are then left with the difficult choice of increasing the number 
of airports they can serve (and their potential market) by achieving lower 
noise levels and paying a price in range, or achieving the longest range 
possible (to develop a larger potential market) and pay a price in being 
restricted to service at a smaller number of airports in any geographical 

area. 



3-5 

Figure 5 shows the approximate 105 PNdB takeoff noise contour for 
the United States prototype SST using the engine presently being 
developed under a Federal Aviation Administration contract. The dashed 
line represents the 105 PNdB contour for subsonic intercontinental 
Boeing 707. Based on data furnished by the developers of the Concorde, 
that aircraft's 105 PNdB contour is expected to fall slightly inside the 
SST contour except that it would not close at 3.5 miles but would have a 
trail extending in the direction of the takeoff similar to that of the 
Boeing 707. Developers of the Concorde and the United States SST have 
aggressive noise reduction programs underway in an attempt to reduce 
the noise levels of their aircraft and production versions may possibly 
demonstrate smaller contours. 

Military Aircraft 

Military aircraft sometimes share use of airfields with civil aircraft 
but more frequently are operated from exclusively military airfields. 
The noise characteristics of some operational United States military 
aircraft are depicted in the Technical Report "Land Use Planning Relating 
To Aircraft Noise" (Reference 4). Noise levels for more modern aircraft 
would have to be obtained from the military services which use the 
particular types for which data is desired. It should be noted that low 
noise levels are not a design objective for which operational penalties 
are paid on most aircraft in military inventories. 

VTOL and STOL Aircraft 

Large vertical and short takeoff and landing aircraft will someday come 
into widespread use, particularly for short range service (less than 500 
miles) in areaë of high population density if their designers can produce 
aircraft that are safe, have high cruise speeds, reasonable operating costs, 
and noise characteristics that will be accepted by neighbors of small 
"city center" airports from which they must operate. The noise require¬ 
ments for such aircraft have not been established; however, it is obvious 
that verti-port or STOL-port noise requirements must be sufficiently 
strict that VTOL and STOL aircraft will impose no significant increment 
of noise exposure when operated into and from airports served by 
conventional air carrier aircraft (Reference 3). 

Intensive evaluation of a number of STOL configurations using various 
propulsion cycles has been underway for the last few years in Europe and 
the United States. It appears that smaller, quieter propeller-driven 
aircraft should be able to operate from STOL-ports build over railroad 
yards and along certain rivers without exposing the noise sensitive 
neighbors to unacceptable levels of noise. However, even the quietest 
larger aircraft (100 to 150 passengers) driven by propellers would 
probably be restricted to those STOL ports having relatively large areas 
around them insensitive to noise. Configurations without propellers 
generally appear to be approximately 10 EPNdB noisier than those with 
propellers (on the logarithmic scale used to measure and evaluate noise , 
a reduction of 10 dB requires that approximately 90 percent of the noise 
energy be eliminated). 



3-6 

III. NOISE EXPOSURE FORECASTING 

The development of new airports or new or extended runways on existing 
airports requires that the cumulative (total) noise exposure from projected 
operations be defined if the noise pollution resulting from the new 
development is to be identified and minimized. A number of adequate 
and very similar systems for describing noise exposure have developed 
in the United States and Western European countries (Composite Noise 
Rating-CNR; Noise Number Index-NNI; Q-Rating; Noise Exposure 
Forecast-NEF; etc.). The United States is in the process of transitioning 
from use of the Composite Noise Rating (Reference 4) to the Noise Exposure 
Forecast (Reference 5) system which is conceptionally identical but 
incorporates three improvements; (1) the EPNdB replaced the PNdB as 
the unit for describing a single flight noise exposure; (2) the total exposure 
from all operations and the penalty for night operations is calculated in 
smaller increments; and (3) the numerical scale is changed to avoid 
confusion between single flight noise level rating and the cumulative noise 
exposure ratings. Additionally, the interpretation of Noise Exposure 
Forecasts in terms of compatible land uses is being signigicantly improved 
to provide a more useful tool for the development of zoning and land use 
or land conversion plans. We have also found the Noise Exposure Forecast 
a useful tool in evaluating the effectiveness of proposed operational 
procedures, hardware changes, and regulations (Reference 6). 

The Noise Exposure Forecast is usually plotted in a series of at least 
five contours of equal noise exposure, five units apart around the runways 
for which traffic is projected. There is a tolerance on the accuracy of the 
contour lines but, in general, they portray a fairly reliable picture of 
gradually decreasing noise exposure as they are crossed going away from 
the runways (Figure 6). Given a situation where an average airport was 
surrounded by level terrain on which an average mixture of residences 
were populated by average people with average living habits in their area 
which has average weather conditions, etc.; it might be fair to say that the 
critical zone in which people should not live is bounded by the 40 Noise 
Exposure Forecast contour and the noise affected area was bounded by 
the 30 Noise Exposure Forecast contour. Naturally, that hypothetical 
situation does not exist anywhere and, in real life, a number of significant 
factors are present which require adjustments to or selection of different 
contours when developing land use (zoning) plans and planning suitable 
airport boundaries. 

Terrain near airports frequently slopes, occasionally has topographical 
features which can focus or shield sound, or has large areas of water 
which affect sound transmission. General weather conditions can vary 
frequently or seasonally and specific conditions such as temperature, 
humidity, winds, inversions, etc., effect noise exposure. The sound 
attenuation qualities at residences vary considerably with the type of 
construction, whether they are multiple or single family dwellings, and 
other features such as air conditioning. 

People also vary considerably in health, patterns of living, activities, 
individual sensitivity to noise, affluence, and other factors which effect 
their reaction to noise. The most annoying characteristics of aircraft 
noise, however, seem to nearly always be interference with communication 
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(face-to-face, telephone, radio, television, etc.) and interference with 
Bleep. There are, of course, many noise sensitive uses of land near 
airports other than residential. 

Factors which complicate the interpretation of Noise Exposure Forecasts 
in terms of compatible land uses and public reaction are mentioned to 
make it clear that all airports require individual analysis if meaningful 
land use programs are to be developed. 

Type Service 

An early step in development of any airport is the determination of the 
type and amount of service that will eventually be offered from the airport 
at that point in the future for which plans are being made. For noise 
purposes, the most useful definition of type service is in terms of flight 
ength. This is because the flight length generally determines the 

performance characteristics of the aircraft which will determine the 
distance exposed to high noise levels (the distance at which a suitable 
altitude is reached for thrust reduction after takeoff). Short flights (less 

an 600 nautical miles) are generally served from at least 6,000 foot 
runways by two or three engine aircraft which can reach a 1,000 foot 
altitude above the runway approximately 2. 5 miles from the start of 
takeoff roll. Intermediate range flights (600 to 2, 000 nautical miles) are 
generally served from at least 8, 000 foot runways by three or four engine 
aircraft which can reach a 1,000 foot altitude in approximately 3.0 miles. 
Long rang« flights (2,000 to 4,000 nautical miles) are generally made from 
at least 10,000 foot runways by four engine aircraft which require 
approximately 3. 5 miles to reach a 1,000 foot altitude. Four engine 
aircraft in extreme range service (greater than 4,000 nautical miles) 
generally operate from runways at least 12, 000 feet in length and require 
approximately 4. 0 miles to reach a 1,000 foot altitude in hot weather 

The importance of determining the type of service to be offered rests with 
the fact that a significant decrease in noise level occurs at that point 
where a takeoff thrust reduction is made, whereas all other changes in 
noise level occur very gradually. This suggests that point as a logical 
dividing Une in any land use or zoning plan since a step from very high 
takeoff power noise levels to lower climb power noise levels occurs. A 
rule of thumb" sometimes used in the United States is that a suitable 

altitude for thrust reduction will be reached at approximately twice the 
runway length (or twice the balanced field length for any particular 
aircraft, as appropriate). 

Supersonic Transports 

Supersonic transport aircraft require individual analysis and attention, 
t is expected that the first generation supersonic transports will serve a 

relatively small number of large international airports. During full 
power takeoff and initial climb operations, they are expected to expose 
areas a mile to the side to noise levels undesirable in residential neighboi 
hoods. Those aircraft having high lift devices on the wings can comfortab 
operate within the 3.5 mile distance previously listed for long range flight 
Highly swept delta winged aircraft without high lift devices, however, mut 
achieve higher speeds for reasonably quiet and efficient cümbing fUght. 
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Therefore, greater distance (preferably more than 4.0 miles) should be 
identified for noise compatibility if hot weather supersonic transport operations 
are contemplated. The longer the distance at full thrust, the lower the noise 
levels will be following thrust reduction. 

Supersonic transports will force one other consideration that has generally 
been ignored in the past; that of possible hazard from single exposures to 
very high noise levels near or under the takeoff flight path. During the 
takeoff run and shortly after lift-off when the aircraft are climbing at full 
thrust, all first generation supersonic transports are expected to generate 
very high noise levels at close distances. It will be necessary to restrict 
people without adequate protection from such exposure; therefore, such 
areas will have to be identified. Generally speaking, these areas can be 
confined within the boundary of the airport. 

Operational Procedures 

Operational procedures can vary the pattern of noise exposure on the 
ground and can frequently make a significant reduction in the area within 
noise exposure contour. The most commonly used procedure after 
preferential runways have been employed to minimize noise exposure over 
populated areas is the takeoff thrust reduction (Figure 7). A modest 
thrust reduction (to that required to maintain approximately a six percent 
climb gradient) at the edge of the noise sensitive area, but not before 
reaching a safe altitude, generally results in significant noise level 
reductions under the flight path without increasing the total area within a 
noise contour. The reduced thrust should be maintained until the aircraft 
is clear of the noise sensitive areas or has attained an altitude where 
reapplication of climb power will not result in the creation of unacceptable 
noise levels on the ground. Greater thrust reductions can produce 
slightly lower noise levels immediately following the cut, but result in 
long extensions to the noise affected area and higher noise levels further 
from the airport. Turbofan powered aircraft with dominant fan noise 
characteristics sometimes achieve little noise reduction directly under 
the flight path but do cause significant reductions one-half mile or more 
to the side where the high frequency fan noise has been attenuated by the 
atmosphere. 

Takeoff procedures can be optimized for maximum noise reduction at any 
airport; however, a proliferation of procedures does not enhance the safety 
of operations and, at most airports, "standard" noise abatement takeoff 
procedures can be used with very little decrease in effectiveness. 

The quietest operation comes from achieving the highest possible altitude, 
a "clean airplane" (landing gear and flaps retracted) and minimum thrust; 
however, the close proximity of residential communities frequently prevents 
the attainment of either a clean airplane or significant altitude. 

On approach, noise is minimized by using the steepest glide slope that 
can be safely utilized to minimize thrust requirement and keep as much 
altitude as possible. Using minimum flap settings also reduces thrust 
requirements but causes a slight increase in landing runway length 
requirements. 
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A concept of minimum noise approach called the bent glide slope or two- 
segment approach is presently being evaluated in the United States and 
shows considerable promise. In this procedure, the inbound aircraft 
maintains a higher altitude than normal and intercepts a synthetic five 
or six degree initial glide slope (derived from altitude and distance 
by an onboard computer) at from 3, 000 to 5, 000 feet. At approximately 
a 1,000 foot altitude (three miles from the runway threshold), the final 
(conventional) two and one-half to three degree glide slope is intercepted 
and followed thereafter (Figure 8). The procedure can significantly 
reduce areas affected by approach noise greater than three miles from 
the airport and still be compatible with minimum visibility operations. 

IV. AIRPORT DESIGN CONSIDERATIONS 

Present technology does not indicate that the noise assc :iated with aircraft 
can be eliminated entirely, although it can be reduced s. gnificantly. 
Unfortunately, the residual noise will undoubtedly be bot.'ersome to some 
airport neighbors. With the foregoing in mind, there appear to be two 
alternatives in locating new airports; they are (1) locate thï airport where 
there are no neighbors, or (2) locate the airport so that it has the type of 
neighbors who are not bothered by the aircraft noise. With respect to 
existing airports, there are also some modifications that can be made 
within the airport boundaries that can partially alleviate existing aircraft 
noise problems. 

Airport Location 

When locating a new airport to serve a metropolitan complex, it is extremely 
important that the airport be located for the convenience of the flying public 
using the facility. Unfortunately, most airport sites cannot provide both 
convenience and a lack of neighbors. Therefore, airport planners are 
usually faced with the problem of locating the airport in a manner that will 
provide a balance of the following: 

a. Convenience to users 

b. Availability of airspace 

c. Economy of acquisition and construction 

d. Noise compatibility with neighbors 

Airport Configuration 

The location of runways, holding aprons and maintenance facilities can 
have a major effect on noise annoyance in the airport environment. 
Whether developing a new airport or expanding an existing one, runway 

alignment is a critical factor for both maximum utility and control of 
aircraft noise. Runways should be aligned insofar as possible (1) to 
provide aircraft with the most favorable wind conditions, and (2) to 
avoid noise sensitive areas with approach and departure paths. Selective 
runway alignment can minimize problems from noise in the potentially 
most ncise sensitive areas adjacent to the airport. 
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Placement of holding aprons and alignment of holding aircraft must also 
be considered. Noise can be selectively directed to areas having the least 
impact from noise. Likewise, aircraft maintenance and engine testing 
areas should be located well within the interior portions of an airport so 
that noise effects will be minimized for airport neighbors. Although 
improvements can be made by airport configuration, it must be recognized 
that airport design cannot be the total answer in controlling the effects 
of noise. For example, noise generated at an airport during the day may 
not be objectionable while the same noise at night may cause serious 
complaints from airport neighbors. In this case, operational control 
rather than airport design may provide the solution. 

Land Requirements 

To effectively perform the function for which it is created, an airport 
must include adequate land for both present and future airport development 
and airport protection purposes. Land for airport protection purposes 
includes the land necessary to provide close-in aircraft approach and 
departure protection and land to act as a buffer for noise control purposes 
between the airport and its neighbors. Land for development purposes is 
normally controlled by airport ownership. Land for airport protection 
purposes may be controlled by: (1) ownership; (2) easements; and (3) 
zoning. These are dealt with in greater detail as part of Land Use Programs. 

V. AIRPORT OPERATIONAL CONTROLS 

An airport operator has several potential means of controlling noise through 
operational restrictions. These include controls on flight operations and 
controls on ground operations. 

Flight Operations 

Three principal controls potentially available to the airport operator are: 

a. Limitations on the amount of aircraft noise permitted in the takeoff 
and landing paths related to the airport; 

b. Night curfews; and, 

c. Limitations on classes of aircraft utilizing the airport. 

These limitations, when exercised, are done so on the basis of "landlord 
rights" or contractual authority, or both. They are not exercised at many 
airports, however, because of either legal authority questions or political 

policy decisions. 

The establishment of noise limitations for takeoff and landing carries with 
it a related commitment for monitoring and enforcement. The location of 
points at which noise is monitored, the levels established, and the 
availability of effective enforcement determine very precisely the minimum 
noise performance characteristics that must be possessed by aircraft 
operating from that location. Maximum range limitations and sometimes 
maximum weight limitations can be used in the same manner to control 
aircraft performance, but with less preciseness than specific noise limits. 
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At a few airports in the United States, the use of night curfews has proved 
to be an effective way of reducing public reaction to noise since sleep 
interference is a primary source of noise complaints. Night curfews 
can work very effectively at commuter type airports offering short range 
airline service, particularly if there is a nearby non noise sensitive airport 
that can serve as an alternate when scheduled flights are running late. 
Such curfews, however, impose a very significant, and sometimes prohibitive, 
penalty on long range operations, particularly if the flights cover several time 
zones. Night restrictions at both ends of a heavily travelled route like 
the North Atlantic would cause very severe scheduling problems for the 
airlines who base their economics on a high utilization rate. 

Figures 3 and 4 indicate the noise levels generated by different classes of 
aircraft and the potential reductions available by restricting the type of 
service to, for example, two and three engine aircraft. 

Ground Operations 

Airport neighbors sometimes find ground running of engines at high power 
more bothersome than flight operations, because of the indefinite and 
relatively long time periods involved. In contrast with flight operations, 
changing noise levels and a doppler effect give an indication to the listener 
that the noise will soon stop. The airport operator has a number of 
effective tools to control the noise problem from ground operations, 
particularly the night operations which generate the strongest reaction. 
In the United States, the use of carefully selected locations for runups 
with the aircraft pointed in a specific direction have been used. Restrictions 
on the hours of operation are also effective but pose a hardship on airlines 
who normally must perform maintenance during the most sensitive night¬ 
time hours. Effective noise suppressors are also available. 

The establishment of a relatively low noise level not to be exceeded at 
the airport boundary (comparable to industrial noise standards existing in 
many city codes) is probably the most reasonable type of restriction with 
which to get compliance, particularly if there is some variation in the noise 
level with the time of day and if there is some remote location on the airport 
where full power runups may be made at any time of the day or night. With 
specific noise levels at the airport boundary, carriers with considerable 
scheduled maintenance can acquire portable sound suppressors and take 
advantage of shielding from topographical features or structures so that 
maintenance runups may be conducted at their normal maintenance site, 
whereas smaller or unscheduled maintenance operations might be more 
economically conducted using a remote site or waiting until a time period 
when higher noise levels were permitted. 

VI. LAND USE PROGRAMS 

Aviation provides services to society in the form of secu-ity, economic 
benefits, direct social benefits, and a host of intangible benefits. Aviation 
also imposes costs on society. These take such forms as noise, vibration 
and soot, generally claused as environmental degradation; and fear, which 
is psychologically associated with aircraft noise. Aviation can and will 
thrive so long as the benefits to society outweigh the costs to society, 
providing that a significant burden is not placed on that minority of people 
near airports who must pay, without compensation of some sort, the pre- 
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dominant portion of the social costs. With the benefits more widely 
distributed but the costs borne by a small minority of the people, equity 
demands that those costs be minimized. As noted earlier, technology 
should be fully exploited to minimize the environmental degradation at the 
source (the airplane); but even after completion of those efforts, there will 
still remain large areas on the ground exposed to high undesirable levels. 
The purpose of land use programs is to achieve a state of compatibility 
between the noise exposure in such areas and the manner in which the land 
is used. 

Many attempts have been made to define human reaction to noise under a 
great number of circumstances and uses of land which are compatible with 
frequently occurring high noise levels. In the United States, such efforts 
are continuing and useful refinements are being developed but, as explained 
in the section titled "Noise Exposure Forecasting," many variables are 
involved and the definition of compatible land uses near an airport will 
always require individual attention and analysis. Some of the potential 
methods of land use control are through: (1) purchase for direct airport 
use or conversion to a compatible use; (2) avigation easements, under some 
circumstances; (3) zoning, under some circumstances; and (4) building code 
applications. 

Ownership of Land 

Public ownerrhip of land is the most positive method of providing space 
between noise generating areas on airports and surrounding noise sensitive 
area« such as residential developments. 

Such publicly owned land may be acquired for future airport expansion or 
for other public purposes. If for airport development, it can be utilized 
in the interim for agriculture, recreation or aviation related activities. 
If acquired for buffer purposes, it may also be used for agricultural, 
recreational and aviation purposes, or for industrial uses that are non 
sensitive to aircraft noise. Highways, parking lots, railroads, and other 
non sensitive uses should also be encouraged. 

At existing airports in built-up areas, land conversion programs may be a 
suitable method to obtain compatible land use. For this method to work, 
the use of the land may be converted to a purpose which is both noise 
compatible and of a higher economic value than the existing one. For 
example, low cost, low grade housing might be replaced by industrial 
warehouses, manufacturing facilities, etc. 

There are many financial, legal, and social obstacles to such a program, 
not least among which are the local legal and fiscal restraints which inhibit 
the availability of public funds to acquire the property for conversion. 
Nevertheless, the rapidly developing requirements for business and 
industrial property near major airports should permit residents who 
object to their noise exposure to sell and relocate without suffering any 
economic penalty in the transaction. 
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Avigation Easementa 

A method for controlling land use short of outright purchase is the 
acquisition of an avigation easement. This is the purchase of the right 
for aircraft to fly over a property without recourse by the property owner 
against either the aircraft or airport operator. This method has been 
used both by United States, military, and civil authorities. It has serious 
drawbacks, however, since the United States courts have held that the 
property owner can recover from the easement holder if the character 
of use of the airport has changed substantially. For instance, easements 
purchased when piston engine airplanes were using an airport were held 
unenforceable when jets later used it. And likewise, when heavy bombers 
replaced fighters at an airbase, the easements had to be purchased again. 
The net result is that easements may, in the long run, cost more than 
outright purchase unless legal ways are found to purchase greater protection. 

Zoning, in general, falls into two distinct categories. One is a "police" 
type zoning, which is based upon safety. A typical example is zoning 
to limit the height of tall buildings, towers, or other structures which 
penetrate the flight path of aircraft taking off or approaching an airport. 
These are generally upheld by the courts except where the property is so 
close to the airport that the effect of such a zoning law is to prohibit 
almost any practical economic use of the property. 

The other type of zoning is an "economic use" type of land use zoning. 
It normally protects residential areas from encroachment by industry and 
business. In a few cases, it protects industry and business from residential 
encroachment. It is the latter type of zoning that is desired near airports. 
It is practically unattainable if the area is already built up with homes or 
apartments. It is even difficult to obtain for new airports if the land 
developers wish to promote residential development, and they have more 
politically persuasive powers than does the aviation interests. This 
problem is even greater when one political jurisdiction owns the airport 
and the surrounding property is in other political jurisdictions as is 
frequently the case at major airports serving large cities. 

In addition to the purchase of land most seriously affected by aircraft noise, 
both types zoning - height restrictions and compatible land use - should be 
acquired near airports whenever possible. 

Compatibility in Peripheral Areas 

Noise decreases very gradually as the distance from the airport increases; 
therefore, there will be large areas subjected to undesirable noise levels 
(outside the critically affected areas) where residential areas do or will, 
in the future, exist. Acoustical insulation can provide considerable 
attenuation of noise inside residences; therefore, building codes can be 

t0 minimize the impact of the noise environment. The same 
building qualities which provide thermal insulation are usually effective for 
acoustical insulation and vice versa; therefore, the cost of improved 
acoustical qualities can be shared with other benefits. The financing of 
improvements in the acoustical attenuation of residences subject to high 
noise exposure would be materially assisted by programs to recognize and 
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reimburse the social costs of aircraft noise whether through direct "token 
payments" or reductions in taxes in proportion to the total noise exposure. 
However, it must be stressed that in the more critically affected areas, 
any actions taken in respect to non-compatible uses should, in some way, 
contribute tov/ard the eventual conversion of that land to noise compatible 

usage. 

VU. EDUCATION/PUBLIC RELATIONS 

Education and communications are important factors in establishing and 
maintaining a state of tolerant compatibility between an airpo-1 and its 
neighbors, both in terms of helping those who can, to adapt to the noise 
exposure, and for those who cannot, to recognize that fact and relocate 
to a more acceptable environment. This will remain true so long as the 
noise exposure is so great as to interfere with some portion of the daily 
activities of those neighbors. For the foreseeable future, there appears 
to be little doubt that such noise exposure levels will exist around major 
airports, even if the existing fleet is modified to reduce its noise output, 
and the new generation of quieter aircraft now being developed, are 
substituted for the noisier vehicles in use today. Therefore, it is desirable 
that major airports maintain an active program of public relations and 
education to keep the nearby communities aware of a number of important 

factors relating to the airport and its operation. 

Among the important areas to be accurately and factually reported through 
the news media, schools, speeches, participation in civic groups, 

newsletters, etc., are: 

a. The social and economic benefits chat aviation provide to the 
community - If a direct link between the citizen's welfare and the 
role of air transportation and the operation of the airport can be 
identified, this is extremely desirable; however, the value of the 
airport to the total community is also an important factor. 

b. Maintenance of an up-to-date history of past operations, a description 
of present operations and resulting total noise exposure, as well as 
projections of future operations and noise exposure - New or extended 
runways change noise exposures, and land use planners should have 
as long a lead time as possible to account for significant changes. 

c. The steps that have been taken and are being taken to minimize 
noise exposure over noise sensitive areas, and the reasons why other 
actions are impractical or of no benefit - Useful steps normally 
include preferential runway systems, minimum noise departure 
and arrival routes, noise abatement takeoff and approach procedures, 
operational restrictions, maintenance or ground operation restrictions, 

construction on the airport, land acquisition, etc. 

d. The compliance with noise reduction requirements and results 
of noise monitoring if such systems are used. 
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e. The state of technology in noise reduction - Hopes for future 
improvement are valuable but false hope is very detrimental 
(Confidence that the airport operator, the airlines, and the 
government recognize the impact of aircraft noise on airport 
neighbors and that everything practical is being done to reduce 
noise exposure safely ia an important factor in public acceptance 
of the "necessary noise"). 

Experience in the United States has shown that an honest candid relationship 
between an airport operator and aviation interests and the airport neighbors 
will go a long way toward creating an atmosphere in which necessary noise 
is accepted with minimum complaint by neighborhoods near airports as 
long as they understand that they are listening only to necessary noise and 
that all unnecessary noise has been eliminated or is in the process of being 
eliminated. 

VIII. CONCLUSION 

There is little question but that air transportation significantly contributes 
to the well-being of the majority of the population in the United States 
and throughout the world, whether or not they have ever flown. While 
its rapid growth to meet an ever increasing demand for services over the 
last decade or so has brought many benefits, both tangible and intangible, 
so too has it brought certain unwanted side effects not least of which 
has been intrusive and objectional levels of noise. We have seen that 
the noise problem has grown to such a magnitude that there is a real 
potential for inhibiting a continued flow of national and international air 
transportation benefits. In fact, at many major airports, air commerce 
has already felt some negative impact from the aircraft noise problem. 
We have also seen that technology exists, and continues to advance, in 
the area of aircraft noise alleviation. Considering all relevant factors, 
it is obvious that a concerted effort must be made now to apply every 
practical aircraft noise alleviation method both to the vehicle and on the 
ground if we are to insure the continued orderly growth of air commerce 
and its contribution to the social and economic betterment of mankind. 
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SIDELINE MEASURING POINT 

WHERE NOISE AFTER LIFTOFF 

IS GREATEST 

NOISE MEASURING POINTS FOR AIRPLANE 

TYPE CERTIFICATION 

FIGURE 1 

CERTIFICATED TAKEOFF GROSS WT. (LB X 1000I 

FAA PROPOSED MAXIMUM NOISE LIMITS FOR CERTIFICATION 

FIGURE 2 
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O 100 200 300 400 

CERTIFICATED TAKEOFF GROSS WT. (LB X 1000) 

APPROACH NOISE LEVELS - PRESENT AIRCRAFT 
(1.0 N. MILES ON 3° GLIDE SLOPE) 

FIGURE 3 

100 200 300 
CERTIFICATED TAKEOFF GROSS WT. (LB X 1000) 

TAKEOFF NOISE LEVELS - PRESENT AIRCRAFT 
[3.5 N. MILES 6% CLIMB @ 1000 FT.) 

FIGURE 4 
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PROPOSED U. S. SST 
'(CONTRACTED ENGINES) ERCONTINENTAL 

B-707- 

2 3 

NAUTICAL MILES 

105 PNdB TAKEOFF NOISE CONTOURS 

FIGURE 5 

\ 

NOISE EXPOSURE FORECAST (HYPOTHETICAL AIRPORT) 
FIGURE 6 
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NOISE ABATEMENT TAKEOFF PROCEDURE 

FIGURE 7 

TWO SEGMENT NOISE ABATEMENT APPROACH PROCEDURE 

FIGURE 8 
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Summary. 

Buildings are calculated for certain static deadlcads and payloads, presoripted 
by buidling standards. Aircraft noise and sonic booms are transient supplement 
loads, neglected in calculation. Scope of this paper is the evaluation of the 
ratio of calculated static main stresses to dynamic supplement stresses .Induced 

by aircraft noise and sonic booms. 

Aircraft noise with, sound pressure levels from 81 dB to 92 dB produced stresses 
up to a = 0,8 kp/cm¿ in glass panes of a multistory building allowable stresses 

in glass panes a = 300 kp/cnf . 

For an old church and a residential structure excitations producing limit atresses 
were calculated and compared with overpressures measured in booms. Boom generated 
supplement stresses in primary parts of buildings will reach less than of 
allowable stresses, in roofs less than 10^, in glass panes up to 50£, unfavourable 

circumstances presupposed. 

Damages therefore will follow a certain order: ^ . . .. 
Primary structures like walls staircases etc. only could be influenced if before 
parts of the roof would be damaged. Tiles on the roof would crack before purlins 
and rafters would reach their stress limit. Glass panes would break before damage 
on roofs would happen. Unsound plaster with adhesive atrength approaching zero 
wou.d fall of at first. Damages on primary structures of buildings are till now 

known and are not to be expected. 
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®ui¿dí“§? are calculated for certain static deadloada and payloads orescrinted 
by building atanaards. Aircraft noise and sonic booms are transient sSpnleSent 
loads, which are not considered in the calculation of buildings Scope^of this 

Œi’ *ÏV’'alïat of ,he r8’10 osloulaMd «taiïo iS M 
5upp}emS?t ®tre8Sefl induced by aircraft noise and sonic booms Aircraft 

ÍnaU^elefíect! t0 P8nes of glaBS installed in a multistory building will 
be regarded first and than the response of buildings and their narta +n nnnin 
booms will be theoretically explained in their mail features to show wl?h?í 
tha?r lim|;tationB Predictions of the effects of sonic booms to buildings and 
their parts are available. These considerations will be completed by the results 
of the structural response of a residentia structure and a granary locSJd Sn 

controlled s”IcnSoSms?PPen 8 teBtln<i pr0grsm C0n8iatia« twenty-five 

dama«ee of «laBS Panes installed in a multistory spinning-mill 
fÍvÍM1lañadof0«bn c®used.by ^rcraft noise. The building locatedPin thf M 

lane of a Buudeswehr-air-base was passed over in about 1 so m hv 
lltl™ ÄPe 8tar,fi«hter p 104 after starting and be?oS Ân^^Sr ÍbSÍS^ 
onfth^ measurements and in connection with these strain measurements 
anfew*centimetersSníípna 8^eated. The evaluation of the sound records picked up 
! K ^ ^ Í the glasB Panes of the third floor of the building shows 
SnnnHe~^8nd nolae wlth a chief area between 200 and 2000 o/s. (See Pig 

pressures8from WW ^ 8nd 92 dB were recorded and »«Ä 
»h.« »fSM an oicïuUiis i.«'"« 
2oTinP8a«SaeaÎ"-nia2aSard?60L/Uildira,1?ni0ï ”°rmal buUdln«s fr»» B ‘0 noise. ude w - 1.2 80 = 96 kp/m , about 500 times that of the aircraft 

8?n fv¡?aS Panes «ormally have natural frequences in the range from 2 
í/4n0nf "f® the appropriate sound pressure attains only 1/20 to 
nf? °L+he total 80U“d pressure. Thinkable resonance effects are therefo-e not 

°'k aealnat tha tha f011»»1"« 

Window in concrete frame 
Panes in « w M h 

n ti 
>' n it h steel-frame 

14,7 Hz 
62,5 " 
¿2,4 " 
59,0 " 
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2îrdreravbia ;ad " Ä-a5a.^ 

" F “ “Fa “u«îaaa8"“" there is no damage on glass panes to expect by aircraft noise of this kind. 

“ Boíic boom1ín reg8rd buildin«B a slowly increasing and decreasing 

JtSlS F °¥L r17*8“-“8'8»”^8“» * œrL ill™’™' 

saa!s L r i%ra;8aiVFK'a"'b'7^ “aaa7°”- 
in reaction to °W the buildin«* The total movement of buildings 
«.I mw»Ci,«.0n t0 “ran8ient loads is composed from three partis! movements- 
™ b°r r?íate? 08 8 8tiff body on the elastic ground, b) thS houM 

one“¿d free11 î^tÂoniî^infT^ 88 8 bendin« beani with one end clamped, 

InabSa/îninÂm “«“'irtiâî ^iïHÎÎoS"^ 
W 0 are shorter than the total rotary bending shear period T. (See Fig. 2)\ 

is vI?îrshîrtthWhenytiSnmT.n+iUr8i P8rio<\T’ the riae time r 0f boom overpressure 
annroa^hea Íw atio 0 steP riBe time to system natural period 
approaches z. o and the overpressure than would stay constant the n+nr. wm.na 
resnonne Í«8 aimple rectangular step in shape and the amplification ofPthe 
of ? reSard to static loads of equal size would approach the upper extreme 
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only £ne degree If frlSm.00^181^ excitationB and responses of systems with 



4-2 

cycle^uloes^ [forcë-timeeittegrain= SfmarhaîeXpUcatfd Ï??ect8nrelated to half 

Single full-oycl. v“ti;.í'Íwnt end 

™8îî0LiÂÆIî”U?vï° îhp-éîâ Séfîreiene 

iiSiifSlp. 
loudness, as a sonic boom, but ist has not the same effects to buildings. 

W>,«n the ratio 2t/T pulse duration to system natural period is a known Q^tity 

about 6 mbar, are small quantities. 
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limit by a single full-cycle triangular pulse with vertical rise and ending of 
60/2,1*10,2 = 2,8 mbar overpressure, with the ratio 2t/t = 0,875 presumed. 
A pulse with an amplitude of only 1 mbar could induce additional stresses of 
about 36# of the allowable stresses. Recommanded for the calculation of thickness 
of panes are safety factors of 2,5 and morç and the allowable design sxress limit 
is only o = 300 kp/cnr , the average breaking stress for short timo loads from 
tests was o = 590 kp/cn/ . Therefore design wind loads and sonic booms may coincide 
without harm for panes. In cane of cumulation of unfavourable circumstances 
breaking of panes accidentally cannot be excludet. These conditions might bes 
Excitation of panes of minor quality with suitable system natural periods, 
uncorrectly installed panes, excitation by more than one pulse by reflections 
or double bangs from accelerated flights, accelerated flights in lower altitudes. 

From all damages claimed to be caused by sonic booms cracked plaster ist most 
numerous. Special static tests with plaster have shown the factors significant 
for the adhesive strength. Sound plaster was determinated by adhesive strength 
greater than o = 1 kp/cmz, plaster with adhesive strength below o = 0,2 kp/cmz 
was classified as not sufficient, but adhesive strengths below o = 0,05 kp/cm? 
were even in the test not very rarely. The variation of the atmospheric pressure 
by sonic booms is usually less than one millibar or less than a = 0,001 kp/cm‘ . 
Sound plaster, prepared according to code of practise will not be damaged by 
sonic booms. But the adhesive strength of plaster decreases in the course of time 
and minimum adhesive strength is not prescripted by standards. Sonic booms could 
cause loosened plaster to peel of. 

These theoretical considerations were completed by the results of the structural 
response of one small residential structure and one granary in the testing area 
near Meppen during a testing programm consisting of 25 controlled sonic booms. 
In connection with structural response measurements, overpressure and wave lenghts 
of the sonic booms at three fixed stations where recorded. The roof of the 
granary with a base of 48 x 12,5 m was comparable in size to roofs of churches. 
A total of eleven pickups measuring velocity amplitudes were available for the 
granary, the locations of the instruments are to be seen in Fig. 4. For the 
testing program favourable were two circumstances: There were excitations of the 
roof with two full-cycle pulses, generated by two aircrafts in unaccellerated 
flights in altitudes of 9000 m, velocity 1,4 Mach, distance about 6 m, and the 
ratio 2t/T pulse duration to system natural period of the roof was about 0,9. 
Double pulses caused approximately double amplitudes of the roof with maximum 
amplitudes of about d = 0,15 mm in vertical direction, measured on a rafter. The 
booms produced additional stresses in the rafters up to about o = 4 kp/cnr . 
Fig. 5 shows a record of the boom induced velocity amplitudes of the roof, the 
first trace beeing a microphone response. This microphone was mounted plane with 
the roof covering tiles on the north slope of the roof. Another microphone was 
mounted ahead a window of the residential building, a third one on earth level 
on free field. 

These shock wave measurements of the 25 booms showed pressure amplitudes from 
Ap = 0,1 up to Ap = 0,95 mbar, with pulse durations from 2t = 0,09 see to 
2t = 0,16 sec. The time-history of the pulses was approximately of N-form in most 
of the cases, but sometimes great divergences happened without visible reason. 

Locations of instruments in the residential structure were a rafter, a window sill 
of a first floor window and the middle of the living room floor for velocity measur 
ing instruments and a strain gage on the glass pane of the living room window. By 
pushing the window the natural frequence of the pane was determined to f=41c/s, ora 
period of T = 0,0024 sec. The boom induced stresses in the glass pane went up to 
c = 2 kp/cm', [allowable stresses o = 300 kp/cn/]. Amplitudes of the rafter of 
this building were smaller than those of the granary roof. All strains and 
stresses recorded in this program correspond with the theoretical considerations 
and are comparable with the results of other test programs, f.e. tho American 
test program of Oklahoma-City. 

Review of all calculated and measured overpressure values and the calculated and 
measured structural response indicates that the levels of stress produced in 
structural elements of primary structure can be considered negligible. The 
additional stresses will be less than 1# of the allowable stresses. In rafters of 
roofs additional stresses up to less than 10# would be possible under unfavourable 
circumstances and in glass panes up to about 50#. Sound plaster will not be 
influenced by sonic booms, but if the adhesive strength decreases to zero, no 
prediction can be made. 
Evaluation of alleged damage from sonic booms therefore is iaciliated by the fact 
that damage would follow a certain order: Damage in structural elements like walls 
floors, staircases are only to be expected if tiles on the roofs and most of the 
panes of glass had been broken before and parts of loosened plaster are dissolved. 
Damages of this dimensions ere till now not known and are not to expect. What 
happens is cracking of unsound plaster and falling out of mortar from roofs. 
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Fig. 1 Aircraft noise, Wilhelmshaven 
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Fig.2 Movements of buildings 
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HUMAN RESPONSE TO SONIC BOOMS 

by 

Dr H. E. von Gierke and Dr C.W. Nixon 

Aerospace Medical Research Laboratory, 
Wright-Patterson Air Force Base, Ohio 



Bwanr 

Thia papw rrrlavs the reiults of the wloua obeerTatione, orarflifht progra«, axparlaantal 
flald and laboratory taata, «hieb fora the baala for praaent day eatlaatea ragardlng the 
ability of aonlc booaa by aan. The loudneaa and anaoyance of Individual booaa and thalr dependence 
« the boca overpreaaur7and preeaure tiae function aa veil aa the coaçlex reaction of Individúala, 
£oum and cltl« «tpoaad to Sonic booaa of varied a^tude and frequency are dlacua.^. The fee 
experlaanta available proving that even aonlc booaa of the aazlaua Intenalty 
cannot produce any direct aedical Injury are deacrlbed. Baaed on the Integrated body of 
of recJrtÿiyolological, paychoacouatlc, behavioral and aoclological atudiea In varloua coun aa, 
eatlaatea of the effects and acceptability of regular, frequent supersonic coaaercial overland 
nightãchedulea Ir.^rv.«ted ank dlacua— in t^ of aircraft nola. pollution In general and 
of potential certificate of aircraft vlth respect to noise and aonlc boon. 
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EUHAI RESPOSSE TO SOSIC BOOMS 

Dr. H. E. Ton Gierke* 
Dr. C. W. Bixon** 

Aeroapace Medical Research Laboratory 
Vright-Patterson Air Force Base, Ohio 

Introduction 

existí“^.1,t* IT104 'I?" ?ri?r t0 the co-ercl‘1 •upersonic transport era widespread concern 
exists about the possible undesirable effects on people of repeated scale boon exposures. Many 

t th* natur# “d ext8nt ot ^ese projected exposures. Based upon the integrated 
^ «»«it» f«* Physloj.ogical, psychological and sociological response promus conductor 
▼arious nations in «cent years estimates hare been nade of the acceptability of frequent, regular 

r?U1 J“??”01110 °T,r populated areas. In this report, laboratory, field and 
con®*™*dtiPf1,“rllF »“h huaan response actiTity which were conducted in France, 

th* UB*t6d SUtM renewed and considered in terns of present founda- 
SÍ*, e l T *fCeptability- «■Çhasis and interest in sonic boo- 

research over the last 5 years has been primarily dictated by the prospect of comercial supersonic 
transport operation, military requirements are in need of the game data even if not with thTsane 
SfSw <. ÍT^dr*,,ln* i*P°rt“c*- A««- »U. »onic boons in increasing mabSs hare been an 
^tribute of military training flights for almost 20 years and all experience gained today with 

SthSilitaESESaÎT^ÎT1’ r,‘Ctl°“ “d F°tenhl*l «Umage to .trucares was Stained 
with military aircraft. Eren without a commercial SST in sight the assignment of areas for suner- 

ÔSibiuS'trîrîlSfS 'i1*“*' T“ k,,0,'1#d«* of of sonic boons on people «d thT 
th* •fTlr0B“nt* “<* human responses to then mandatory. The same way 

as in the airport - conmunlty noise problem area, -*iere military noise research preceded the 
present.iarge ^ i»ternational effort in this area, military sonic boon research has formed the 
foundation for the present efforts in support of civilian aviation and has remained in most 
eSSti!? E/íü^fí*1 Par! °f th“- therefore, the data to be presented are useful to and 
essential for both types of requirements. 

.tinuS*nJr?2!!«t? "“I? b00B Í“ C0*“lty 11 •«»•Singly complex. Involving the physical 
, *nTlron**nt• the ambient noise conditions, the experiences, attitudes and 

opinions of those exposed as well as various factors not related directly to the stimulus. Con¬ 
sequently the poesibllity of formulating a completely satisfactory method for reliably estimating 
th! C0*mitle, t0 °P«r*tional sonic boon exposure, on the büîT of^ 

•timulus alone is recognised as asbitious and perhaps unattainable at this tine. 
■evertbelass, knowledge gained from various observations, overflight progrsow, experimental 
laboratory and field studies of noise and sonic boon effects on people does formabas is for 
present day estimates of the acceptability of sonic booms by man. 

f*P* “lut in t#chnical taowimg. regarding this matter guidance is needed 
today, and is in fact overdue, for authorities responsible for certification, regulation and 
operation of supersonic vehicles, for rendering legal Judgments and for general planning purpoeee 
The urgency of the need for measures to allow population, to be protected from powibl. ad™. 

°ür,Xp0,Ur* t0 •onlc bo°“- dictate, that provisional recoHendations and guidelines 
be established now and continually refined as our technical understanding is increased by future 

fr1! In following the methods and results of laboratory^ con¬ 
trol! ^fieid studies and uncontroUmi overflight field studlee on Individual subjects, groups and 

Ttri"* (rlgUr# 1K ,*cti°° «1^* the best present 
for estimating sonic boon acceptability taking ell experimental evidence and experlenceinto 
account. 

Laboratory Studies 

°r ,0niC b0°* the »tl-ulu. as well a. other important para- 
Wthl! VdeKree ««»ttainable in any other Investigative situat^n conside^!d 

k”ovled*e ha* b*en provided regarding effects of stimulus characteristics 
on subjective psychological responses such as loudness or noisiness- comparative Judsments of 
sonic boo. and aircraft noise, «d so« physiological responses ^iJ^artíeí 

Loudness and Annoyance Jurtflaent 

It is well known that the loudness and annoyance of an impuli 
sonic boon are directly related to its energy spectral dtiwity functi« 
ful attempts have been made to calculate these attributes fro» the bo< 

type noise such as the 
and qualitatively success- 
pressure time function (19). 

Chief, Blodynanlcs and Bionics Division 

Chief, Biological Acoustics Branch 
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aine* no__ accepted Mthod for thee# calculation# exlata laboratory Judgaent teeta 
verê^oòdôcted “o SSS U d^Sl «rUtto» In loudn... «d ^cyanc. with the boo. algnature. 

The perceived loudn... or annoynce of .onic bo«-. 1. pri^rlly r.lated to cc-ponent. of^ 
the preeaure-tlM-hiitory of the went, i.e., the peak pr...ure and rl.e P“\°^ 
nreaaure 1. the —t obrlou. contributor to loudn... for in general, the higher the peak prea.ure 
Sl ater S tSTjuSId loudn... of the hoc. Annoyance or loudne.. 1. incre-ed a. ri.e tia. 

Î» rl.. «1» ft- M - to 1 - (n^r. 2) cOft-P— ... 13 « 

Increaae in loudne... 

The pre.ence of a p^ factor «mich extend, the ri.e tl« of a with 
the_i-a— 0f the aignature unchanged, inerea... the pcitive peak orerpree.ure and the °1ZI 'Stive loudn«.. A. .hovn in Figure 3 the peak factor alone increaaed the 
loudne« hy^ dB and 6 dB relativ, to the .tandard reference .ignature. Relati« annoyance an 
loudne.. are irrnt”'l1y unaffected by I-wave aignature durât lone. Figure •* di.plv* 
duration, ranging fro. 100 na to 500 n. for Which the annoyance or ioudnea. vn« reported aa 
...entially the aane. The relatioMhipa between sonic boo. .ignature characteri.tie. and a 
Jactive Judíente of loudn«. or annoyance are reasonably well ..tabli.hed. 

2. t«w- .T«d»Mnta of Boo« vs Aircraft golee 

Method, for «tinatlng the co-unity «ceptability of aircraft noi.e «P0««« 

situation, quite good agree—nt in Judg«nt t..t. hu be« found in the laboratory « veil 
field atudlM to be discussed. 

Paenan A Irrter (13) found (Figure 5) that a .inulated Indoor .onic boo. of 1.7 Y“ 

J^oS^oJS- 
direct extrapolation vu appropriate, the level of the 1.7 P-* BO~ ' J 
renge of eceopteblllty u defined by the aircraft noi.e control guidelin«. 

The two najor .onic boo. exposure .itnation, experienced by resident. ln * 
the indoor ud thlToutdoor expoeurw.. The outdoor exposure is nc*lnally » 
»«eh a vanid initial rise tine. The Indoor sonic boo. exposure i. quite different because 

boo. heard indoor, and outdoor, uphuit« the i^wrtance of ruogni.ing the .ignificutly gr« 
unacceptability of indoor boo. exposure*. 

3. Physiological Bwpomm 

-1 of huu. to .onic boo. ud other inpul.ive acoustic .tlnuli have 

of sonic boo. exposure. 

.. ««1. -‘■’"“«J3- *£2¿n3Sr-*(3!í S-”ní‘l“43i3 “* 

SS FSSHSI ît 
Z. 

.C-P.U. .„i.. »..ï« («»i i.. P—««. «.r.w 

on huau behavior. 



5-3 

appair directly related to the boos exposures es evidenced by their relative absence froa the 
control group data. Soae adaptation in this auscular startle response aey be observed as a 
decrease in the aean difference values with successive seesions, however, after the four sassions 
(36 bocas) the IMOs were still greater than those recorded by the control group. An extrapolation 
of those data, based on the assunptlon of a continued linear growth rate with successive sessions, 
would suggest that Groups 1, 2 and 3 would reach the Control level naan difference values around 
sessions 7 to 9. It would be of particular interest to pursue this response behavior until 
adaption staballses either at or soaevhere above the Control Group level of response. Inciden¬ 
tally, the tracking performance was not significantly Influenced by the boon exposures. 

b. The huann auditory systen is adapted to respond to very snail fluctuations in pressure 
snd as such nay be considered the hisun Mchanlsn most sensitive to sonic boon type acoustic 
Inpulses. In a recent laboratory (1) study 91 subjects (12 fanales) were exposed to an impulsive 
acoustic stimulus with a positive peak pressure level of 168 to 170 dB, a median rise tiM of 
about 5 Mac and a asdlan duration of about 20 Mece. This acoustic exposure was very similar in 
signature and overpressure level to the Intense near field sonic boons generated by a fighter type 
aircraft at very low altitude. Otologics! and audioMtrlc examination of the subjects exposed to 
this laboratory stimulus revealed no adverse effects on the tympanic membrane or on auditory 
acuity. The sonic boom type acoustic Impulses of I68-169 dB, were shown to be safe for the 
participating subjects, thus indicating a very wide margin of safety for coasnanlty populations 
which experience nominal sonic boons of about 130 dB or so. 

Rice and Coles (lU), Mesurad temporary threshold shift (TT8) for subjects exposed to 
alaulated sonic boons produced by special explosive charges. Resulting ITS suggested that exposure 
to a sonic boon type l-Vave of 17 psf (152 dB) would not constitute an acoustic hasard and that 
exposures considerably greater than this can be safely tolerated. It was concluded that the sonic 
boon can be disregarded as a threat to the auditory systen. 

c. Lucas and Kryter have reported preliminary results of a study of effects of simulated 
sonic booms on sleep. Their laboratoiy consists of a furnished bedroom to which is attached a 
sonic boon simulator (figure 8). Indoor boons of varying magnitudes end with good realism are 
generated inside the room. Two subjects slept in the test room each night of the study and their 
Electro-encephalograM (BBC's) were monitored continuously to reveal the sleep patterns experienced 
by the subjects and changes which occurred in these patterns due to the simulated sonic boon. The 
subjects were instructed to close a signal switch located on their bed if they awakened for any 
reason at all during the night. This "awakening response Masure" was the only subjective behavior 
observed during the sleep Interference study. Subjects were exposed during various stages of sleep 
to simulated Indoor booM of 0.6, 0.8, 1.6 and 2.1 psf and the BEG and awakening response behavior 
were analysed. Sqm of the major findings indicate that (1) sleep Interference by booM is to sane 
extent dependent on the individual, (2) significantly more awakening occurred with booM of 1.6 
and 2.1 psf magnitudes (Stage 2 sleep) than from booM of lesser intensity, (3) some adaptation 
to booM of 0.6 and 0.8 pef occurred during stage 2 sleep (Figure 9), but adaptation to the 1.6 
and 2.1 psf booM was not found and (b) awakening was about the same for all booms during the RB4 
sleep stage. This last finding is significant for it suggests that boome of very low intensity 
level will be sufficient to awaken sleepers in the REM stage of sleep. 

Laboratory studies have demonstrated (l) that loudness or annoyance is directly related to 
particular characteristics of the sonic boom signature, (2) that the acceptability of sonic bocM 
can be related to the acceptability of subsonic aircraft noise with som degree of success, (3) 
that muscle startle response to sonic boom did occur as did partial adaptation in successive 
exposures, (It) that the human auditory system was not adversely affected by single impulsive 
atlmuli of much greater intensities than are ever expected for sonic booM in coanunlties and (5) 
that sleep Interference and adaptation were observed for booM below 1.0 psf but not for booM in 
excess of 1.0 psf. 

Field Studies (Controlled) 

BxperlMntal field studies have been conducted in the United States and the United Kingdom 
to further demonstrate the reactions of people to the sonic boon. Generally, aircraft in super¬ 
sonic flight generate prograMed sonic bocns exposing personnel participating in the progrsM as 
well as panels of observers selected to provide subjective Judgments of the exposures on som sort 
of a statistical basis. One type of field study has investigated coperativ* magnitude Judgments 
of the sonic booM relative to subsonic Jet aircraft flyover noise while another type, involving 
very high level sonic booM, has examined observable direct physiological response behavior or 
possible injury of man. 

1. Loudness - Annoyance 

The comparative loudness or annoyance of sonic booM vs subsonic Jet aircraft flyover noise 
work is well represented by the UK Project Westminster (19) and the US Edwards AFB Program (6). 
In Project Westminster two Juries of observers were exposed, both Indoors and outdoors, to sonic 
booM from military aircraft, explosive bangs, a subsonic Jet aircraft flyover noise and indoors 
to an occasional door slam. Of particular interest is the comparative JudgMnt findings shown in 
Figure 10. A sonic boon of 1.7 psf was Judged equally annoying as a flyover noise of UO PldB 
heard Indoors. This finding is surprisingly close to that reported in the laboratory cosçarative 
Judgment studies wherein 1.7 psf was Judged equivalent to 113 PBdB aircraft noise. As 
a Mtter of added Interest, it was reported that the door sIsm were Judged 29% Mre annoying than 
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•ay Of th* ionic boom experienced In the study. 

The Edvards ATB «jtudy, utilising the ssm general Jury type approach u that used in 
Vestal ns ter, aessured the relative acceptability of sonic boo— and noise fro. various types of 
aircraft eaploylng the psychophysical technique of pal red-colarle on Judgments. Obsenrations vere 
—de both indoors and outdoors at the specially constructed test site. Individuals with prior 
experience with aircraft noise and sonic boon, those vith little and thoee vith no prior experience 
vere included aaong the obeervers. 

A ntlor finding of these experiuenta vas the clearcut difference in subjective Judgments of 
annoyance as a function of the prior experience of the subjects vith noise sonic boon exposure. 
As shown in Figure 11, for indoor boons, individuals vith prior experience (Edvards) Judged the 
B-58 nominal sonic boon of 1.69 psf equally acceptable vith a subsonic Jet aiwraft noise of 109 
PIdB. Those vith little experience (Redlands) Judged the sane boon equal to 118 
noise and those vith no experience (Fontana) equal to 119 FIdB noise. The sane relationships hold 
for the outdoor listening conditions. In addition, the 1.69 psf sonic boon vas rated as Just 
acceptable” to "unacceptable" by 27f of the Edvards subjects and by k0% of the others. 

It is clear fron the field and the laboratory study that comparative Judgments of the 
annoyance or acceptability of sonic boon and aircraft flyover noise have been “^«v^h reasonably 
good reliability and in this sense have sone validity for estlnating relative acceptability o 
Sc boons. However, it must be reenphasited that relationships between 
annoyance and the annoyance actually experienced during everyday living have not been established. 

2. Hiph Level Sonic Boons 

In the United States various programs have been conducted primarily for military purposes 
during which personnel vere exposed to very intense sonic boons, several ordere of magnitude _ 
greater than what would ever occur in a community. In one study, personnel experienced sonic boo 
íTa___peak overpressure level of 120 psf (10), while in another the maximum sonic boon 

of tha experiLntera vas Ikk paf (12). Although no blomadical -nitorIng by .Iwctronic 
means was accomplished the observations of individuals experienced in noise exp*sure vere carefully 
reviewed. Tr-rient tinnitus and fullness in the ears were reported by the obse-vers t0 
the very intense booms. Ho sural pain vas reported for sonic boons of p*f’ *?lth 
temporary nor permanent effects on auditory seul¡y vere subjectively reported or ibserved. 

During a study at White Sends (16), no significant temporary shift in hearing leveis was 
observed after days of exposure to an average of 30 sonic boons daily rangingJn overpressure^fron 
2 to 21» psf. In general, no adverse efltcts of the very intense sonic boon exposures on “F human 
functionPvere observed. As stated earlier relative to the laboratory »t^of *'° 
boon) type noises, the margin of safety for co-unity exposures to sonic booms is very vlde sn 
the probability of direct damage to the human auditory or other physiological syst— under t 
conditio— is essentially non-existent. 

Controlled field study results are in good agree-nt 
above. In addition, the significance of prior exposure to sonic boom and noiae in affecting 
Jislg—nts of annoy—ce or loudness v— clearly demonstrated. 

Field Studies (Uncontrolled) 

The eo—unity survey approach to the sonic boon problem investigates the attitudes^opinions 
ud reactions of individuals exposed to sonic boo— during their a*^®-****1^“® 
This appro—h h— been taken in epecific nrogrn— in Fr—ce, in the United Kingd— ^ 
UnitedStatea. The paradigm of these studies consists of exposures of whole co—unities to sonic 

generated by aircraft flying supersonic over the designated populated are—, of the 
aieasur—ent or c ale Sat 1 on of Ionic Zou magnitud, occurring within the co-unity and of 
—nt of the cc—unity respo—e by vario— —s. 

1. United Stat— 

The first extensive surYey of co—unity ructions to sonic boo— in the US vas conducted in 
St Louis (11) where the population vas repeatedly exposed to sonic boo— ranging in overpressures 
£'tÎTÎ psf! Result, v-e obtained fro- personal interview, i“ * 
analyses of co^»laint files —d of alleged damage eval—tiona. About 90* of t had 
experienced so— interference vith ordinary living —tivities, 35* annro i—tely 2 
considered cosçlaint -tion. This study served as a basis for and vas followed approximately 
years later by the Oklahoma City study. 

The Oklahoma City (3) program is co-idered by many to be the —at comprehensive exp«ri«nt 
to date on eonic boom exposure of a large co—unity over a relatively long per o o ' 2 0 psf 
sonic b»«— per day (total of 1,253) were progra—ed at overpressure levels of from 1.5 • P« 
and personal interviews vere completed vith 3,000 families three A t pview 

n#«uita of this nrogr— were quite exte—ive and vere obtained from personal interview, 
KEltí». Il .1 -.1=1. «T. ~1««1 !■ *»• » «b. .o»lc 

boom pressure measurements. 
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¡teaponsM of resident« of the Ok 1 «h ou City eres were quite slnllsr end in good egret «ent 
with the findings in the St. Louis progran. Interference, annoyance and coaplalnt activity were 
generally the sane. Couunity adaptation to the boon could not be deterained because the 
Intensity of the stiaulus vas gradually Increased at various tines during the progran. Annoyance 
vas strongly related to believed or expected damage to personal property. At the end of six 
months, about one fourth of the residents felt they could not learn to live vlth or accept eight 
sonic boou dally. 

Of the many conclusions to be drawn from this study, one relating to complaint activity la 
considered vitally significant. This may be observed in Figure 12, which la a chronological 
history of the complaints and alleged Incidents of damage to property received at the Complaint 
Center during the program. In general, the curves represent the high Initial response expected 
at the introduction of overflights to a couunity and some degree of adaptation vlth time and 
continuation of the same stimulus exposure. One of the most significant aspects of these curves 
consists of the irregularities or peaks which appear thereon and the factors which caused or 
contributed to them. 

Each of the peaks can be related to sou event or Incident which received widespread coverage 
via the local news media and which In almost all Instances was Independent of the stimulus. This 
uans that the community reactions as reflected by the peaks on these curves were not directly 
related to the sonic boom but were strongly Influenced by factors other than the stimulus. This 
finding is not encouraging for one who wishes to estiute reactions to sonic boom based solely on 
the physical stimulus. 

The numerous facets of this study serve (1) to emphasise that the problem of community 
exposure to sonic boon is very complicated and (2) to offer a considerable basis for interpreta¬ 
tion. 

A community survey vas conducted at Edwards AFB in 1966 which permitted the comparison of 
attitudes from 793 persons toward sonic boom exposures prior to and during a special test period 
of boom activity Increased over that usually experienced by the residents. Prior to the test the 
exposure was U to 8 booms per day at a mean overpressure level of 1.2 psf. During the tests 
(a one month period) 289 booms were generated at a Man overpressure level of l.T psf. 

More than 50$ of the respondents had experienced the k-8 boom exposure schedule for over a 
year. Some adaptation to sonic boon exposure Is believed possible when one is exposed regularly 
on a dally basis to sonic booM since 60$ found the boom more acceptable after being regularly 
exposed to it before the tests. Ten booms per day at an overpressure level of 1.7 psf less than 
acceptable for these respondents as It was for Oklahoma City reaidents. 

2. United Kingdom 

A number of coasninlty programs have been conducted in the United Kingdom (UK) In which the 
Impulsive stimuli were in some cases sonic booM from supersonic aircraft and In others pressure 
waves from explosive charges. Exercise Crackerjack (17) exposed people to sonic booms and 
explosive bangs at Intensities of from 1.0 to 2.0 psf. Among the findings It was concluded that 
explosive angs closely resembled sonic boosu but were more annoying than the booM after subjects 
become familiar vlth them. Explosive bangs were Judged to be adequate stimuli for future studies 
of sonic boom effects on people. 

Project Yellow Hammer (l8) was a more extensive coanrunlty program, which used explosive 
charges as the basic impulsive stimuli. A small cosmunity of lesa than 300 reaidents was expoaed 
to exploaive bangs ranging from 0.5 paf to 7.5 psf on an axposure schedule of f^cm 8 to 7<! booms 
per day (Figure 13). The standard program called for 2** bangs dally during the 'orking hours at 
an overpreaaure level of 2.6 psf. Residents were interviewed weekly to determine the extent of 
their annoyance with the boons heard during the previous week. In general, it vas found that 
annoyance decreased with familiarity with the bangs and this appears particularly significant 
because the overpressure level of the bangs remained at about 2 to 2.5 psf during this tlM. 

As clearly ahovn in Figure Ik, the percentages of beth those persons considerably annoyed 
and those persons less annoyed (at all) decreased as the program progressed from the first thru 
the fourteenth week. The considerably annoyed group appeared to decreaae only about five percent 
from about 17$ to 12$ whereas the other group decreased about 33$ from about 53$ to 20$. The two 
sharp peaks of approximately equal magnitude appearing for each group at the 10th and Ikth weeks 
correspond to a 3-fold increase in the number of booms and an Increase in the overpressure by a 
factor of 2 in that order. This Is Interpreted as Indicating that the annoyance generated by 
Increasing the number of booms per day by a factor of three was essentially equivalent to that 
resulting from a doubling of the standard overpressure of 2.6 psf. The community reflected some 
adaptation to the repeated sonic boon exposures, however the community was considered not to be 
a noise sensitive community. 

3. France 

In 1965, approximately 2,300 personal interviews were conducted in eastern (Strasbourg area) 
and southwestern (Bordeaux area) France to assess coMunlty responses to military aircraft flying 
supersonic over those regions and to estlMte projected acceptability of future booM to the 
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cltliena (5). "o data on the phy.ical atiaulua, nunber of boo«i, prior expo.ure of i^irldual. 
and tbe like were arailable. Aaong the resulta it was found that (1) interference with daily 
îSiÜ «SwitiM wL about the sa.e as in St. Louis and Oklaho«a City, but a higher percentage of 
reen^derts felt they could not lire with 10 boosw per day, (2) expectation of property da»age an 
nersonal injury were significant factors in annoyance, (3) reaction to general noise was unre a 
^ reSion ï7th' «nirL*, and (M the response "no" was giren to the proposal that an 
Oklahoma City type study be conducted in France. Obserrations of the beharior of residents and 
ÎSSX surreys^duriDg co-sunity studies have contributed to an increased understanding of 

the sonic boon probles.. 

Present- Snßfleatad Criteria For Acceptability 

Baaed upon an integration of the coswinity orerflight experiments with experimental f 1-*n<1 
laboratory studies, past experience and obserrations, the question of criteria for aeceptabili y 
of sonic boons in the coswinity may be approached. 

The sonic boom continues to influence the design, economy and planned operation of comercial 
•unersonlc^lrcraft and 1. a major consideration in military program, inrolring aircraft flying at 

nonulaHd areas. Although many factor, influence human response to sonic 
p£.lÏÏ Sü». »•. b~» t« hMie char.ctorUtíc 

anaoclated with measures and estimations of human reactions. Interim estimations of effects o 
«-»It, r «et Ion. ee»ld«« ,»«pr«;».» ». 

r.lmot ftetor. « ^««t pro».« .rt.o.lon o, tu. , Î? .f,«te 
«ffaeta of aircraft noise exposures on communities 17) to Include estimates oi «n«. 

Of^bo-s considers in Edition to peak orerpressure, the 
and other rariables. Major objection, to such an “trjpolation are rwo^sed. 
support is derired frosi the fact that data from laboratory, field and comunity response st 
are consistent with each other. 

(Vmtoalta noise rating (CHH) is a method of relating the undesirable aspects of noise exposure 

■■tvirui Am hasfKi Drim&rily upon the nâgnitude of the noise exposure* the duretion 
SSÍrí Ír.1u£ÍHf Lc™ê.3 the time of <Uy. Another m^hod, Boise Exposure Forecast 
ISa) procedures, define the undesirable aspects of aircraft noise in tb* »“' f 
.. «-T howsrsr the IFF includes additional corrections for duration and for the presence of 
Slcîîî; freóuencies'iñthe exposure (2). Reaction, of people in ccmunitie. exposed to a rcraft 
noise environments of different CBR's do correspond to the predicted behavior, confirming 
validity of the procedure for aircraft noise evaluations (Figure 15). 

The experimental field and laboratory studies revealed that even though the sonic boom is 

•„ms s-r.scss srs nw«»;.".01 ÄSf .s.'siïs.s. .Ätip. » 
^r.'with the signal are the same for noise and sonic boom, the CNR might be considered as a 
tentative present criteria for acceptability of sonic boons as well. 

Imediately, objections to this consideration may be stated in terms of the differences in 
«luratlõüá of the 'various types of signals, the absence of startle with aircraft noise, •iRnlfi- 

FE-sH"^ 
or «gainst such a comidaration. 

krvter (8) extrapolates composite noise ratings for sonic booms, accepting the equation that 
. .J^Wof rî ^f (Population has adapted over the year.) will be subjectively equal to a 
subsonic^aircraft noise Ä ««. On thS basis, on. boo. per ^^ r. ssm nrr¿-. imsnmirÂ. 
which would indicate sporadic to vigorous, widespread complaints and appeals to au 
exposed communities. 

rr£ ssm jrmrÄ: Km 
from the 8ST would appear to be assured. 
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*CCeptabillty 1* P«rh»p» acre approprUte than a «Ingle ralue guideline. The ■<»<«■■ 
aeceptabiiitr »alue« could describe those sonic bocas to vhlch no adverse response sould occur 
and the reaalnder of the range would describe degree of unacceptability. Regardless of the fora 
of such data, judgments will be required by individual users of the inforaation, i.e., those 
responsible for aircraft certification, planning, etc., according to the Banner in which they wish 
I?11 or ln words, according to the degree of unacceptability to be experienced. 
Although acquisition of additional technical knowledge is both necessary and desirable the e.tab- 

!Xp0,Ur* criteria 1. not solely dependent on new research data. Whenever 
efforts are initiated to establish such criteria, decisions will still be required as to the 
exposure paraaeters to be incorporated and the mother of people to be exposed. 

Sitarv 

Bwan response to sonic boon has been reviewed primarily in terns of possible physiological 
and psychological responses as found in experimental field and laboratory studies and coavunlty 
survey prograna. * 

. 1 Probability of iaaediate direct physiological injury to persons exposed to sonic 
boons in the cownity is essentially zero. Long ten. effects on health of repeated daily 
exposures to sonic boons has not been investigated. 

2. Startle occurs in response to the sonic boon and some adaptation is observed with 
repeated exposures. However, the extent to which adaptation of «turtle to the boon nay occur is 
undetermined. Typical transient changes in respiration, heart rate, etc., night be expected to 
accoapany startle, however, this does not imply that the exposed is being harned in any way. 

3. Sleep interference from night tine boons, which nay be a najor determinant of public 
reaction, was observed for sinulated sonic boons in excess of 1.0 psf for which adaptation did not 
occur during the test period. All sonic boons in that study were adequate stimuli for awakening 
subjects during their RIM state of sleep. Possible long tern effects on sleep of repeated nightly 
exposure to sonic boons are not known. ■‘J 

*•. Comparative Judgment« of the relative annoyance of sonic boons and aircraft noise are in 
pod agreement and forn a basis for considering the acceptability of sonic boon exposures 
(primarily during day time) in terms of Composite Holse Rating. 

5. * level of acceptability of sonic boon exposures in the community has not been determined. 
Determination of the exposure level below which no adverse response occurs would be desirable. 

mr., ♦h. no1110 op,r*tion*1 881 «chedules of present configuration vehicles flying 
over the US several flights per route per day, in terns of current estimates of the overpressures 
they would generate, would likely result in widespread action against the boom and its source. 
Right-time operation would make this action considerably stronger. There is evidence that 
reactions in European countries would not be very different. 

T. Although physical paraaeters of the sonic boom signature important to annoyance or 
loudness have been identified, a standard procedure for measuring and describing the sonic boon 
is not speed upon and in use. Positive peak overpressure is widely described as a less than 
satisfactory measure but still remains the primary measure found almost universally in the 
scientific ud technical community to physically describe the expoeure experience. Energy spectral 
density includes sore of the releTint inforaation than peak pressure alonee 

^ >-ic human behavior and cominity response to the sonic boom is not expected to 
pastically change with tine, different factors motivating the attitudes and opinions that result 
in response behavior may davelop in the future. It is possible that human responses measured today 

“l“®r •omewhat from those recorded in the next eight to ten years. It would be expected that 
acceptability might increase slightly with adaptation over a few years, however, it cannot be 
determined at this time whether such a change would have any appreciable effect on the overall 
community response. 

Finally, it must be considered that introduction of the sonic boom from coamerclal S8T 
operation constitutes a new phenomenon in aircraft noise and environmental pollution in general: 
probably never before has a technological development exposed with one step such a large number 
and large percentage of the general peculation to such an increase in disturbing acoustic stimuli 
The new phenomenon would be such that it would be virtually impossible for people to escape the 
sonic boom and avoid boom exposed areas similar to the way some people avoid noise polluted areas 
In our major cities today. The sonic boom from S6T operation would probably not make the environ¬ 
ment more noisy than the environment many people have to tolerate today in the vicinity of 
airports; the main difference will be that instead of a small minority a large percentage of the 
population will be exposed almost without escape to this new noise. 

In spite of all research and predictive capability the final decision as to what boom environ- 
P*0^® b® »Illing to tolerate cannot be made until the real environment will surround 

their daily living. Therefore, a decision to fly over water and not over land is wise for it will 
introduce the new environment as slowly and controlled as possible gathering experience which can 

aÍl^UBan^eelth*and*happines«? vithout undu® hap® t0 technological progress, economy and first of 
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SUMMARY 

At the exhaust flow velocities typical of current turbofan engines, a number 
of source mechanisms for broadband noise generation can be postulated. These 
sources exist within the engine and act in addition to the more classical sources 
of jet noise that arise in the turbulent exhaust stream. 

Data are presented from laboratory studies that illustrate the importance and 
suggest the parametric dependence of some of these sources. These sources seem to 
play a particularly significant role in the turbine and fan exhaust ducts of an 
engine—a role which may be augmented, rather than diminished by current techniques 
of engine quieting. 

There is much to be learned about these sources before thei r significance in 
current and projected engine designs can be properly understood. Part of this 
understanding may derive from careful and systematic studies of current vehicles. 

Some ideas are suggested for such a study. 

SYMBOLS 

c 

D 

F 

f 

fo 

I 

k 

k(s), k'(s) 

5 

U 

Uc 

W 

AP 

6 

P 

speed of sound 

diameter of pipe 

fluctuating-force amplitude 

frequency 

constant having dimensions of frequency 

acoustic intensity 

constant 

spectrum-shape constants 

Strouhal number 

flow velocity 

constricted-flow velocity 

radiated power 

pressure drop across obstruction 

geometric thickness of wake 

gas density 
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ÍetHêLííflfStBí:,C2GBIfED fî,.“6 n<>ls' of tur^ulent «l*lng in the exheuet of a 
nn only fisnlf^cant source of engine noise. Past measurements 

turbojet vehicles operating at low power setting appear to indicate a chantte in 

Sèrè£i™S?jL?îat l“be “co:mted for by postulating ^eMoÄa 
within the engine itself. Such mechanisms seem reasonable in light of current 

turh?r^L?°iSe ^!ory rd Can be associated with flow through compressor aSd 
!7aqo¡nth^ladv;nf¿ wlth combustion processes and with the simple flow of turbulent 
gases through the engine ducting. 

The advent of the turbofan vehicle has brought with it an intensification of 

tvnloJl^^r^T8 Seeiî1 t0 favour internally generated sound; a reductiojn of 
typical operating flow velocities; increase in the intensity of flow turbulence- 
increase in the extent of solid surfaces within the vehicle. Yet these "new" ’ 
mechanisms of aerodynamic noise generation are not properly understood and the 
engine designer is not able to predict, with any surety, the sound output of a 

vehicles?11 °r t0 deve:lop, wlth confidence, noise suppression devices fb r existing 

There is a very significant step between recognizing a new area of noise een 

WS ?? r deviel0Ping ^e analytical and engineering toSs ïî cope 
TqiS trylsm.is compounded by the complexity and adverse environment of 

It does+not aerve as an ideal device for fundamental studies. 
qnpMo??? h°Weyeri b0 "'C’dei some of these mechanisms in the laboratory using 
specially designed air jets. The experiment described in this paper consisted 
in essence of a stationary flow obstruction inserted into an air Jet caM™ 
subsonic air flow. The Intent was to model schematically, Tturbofan vehïîle?- 
low speed flow, high in-duct turbulence and extensive discontinuous surfaces.' 

a»*« °f th* co?ten^ °f thls paper has been reported elsewhere (1,2,3,4). New 
Thespfdntaah extfcnsioiLto thls study (5) have recently become available however. 
These data have an influence on the conclusions drawn. 

SOURCES OF AERODYNAMIC NOISE 

elicited s°UTCes of subsonic aerodynamic noise that can be 
and thednSn^rdy^C n0ise theory are respectively the monopole, the dipole 

where (6 7 8' ail’it^iff ?een discussed analytically in detail else- 
wnere ^0,^,0/, and it will suffice here to present a simple physical interpreta 

«iSuy rsr r.they mieht L aata 

The aerodynamic monopole source is generated by a net perturbation of the 

SLDÎ Sr °f the ^ uuxence across the plane is not, necessarily, in itself sufficient since no net 
volume fiow fluctuati°n might arise. What is required is7perhaps, How of llrze 
scale turbulence across the plane or the presence of instability in the rate of 

S ïhe èLiîe JeÏÆ ’ïstr--caus'di for by combustion iStabSlty 
atlon rtWrn; the be shown analytically that the intensity of acoustic radi- 
tion (I) from the monopole source has the parametric dependence 

pU4/c3 (1) 
ThorL£ rf8 thf flUld density> u the mean flow velocity and c the speed of sound ÍQ) 
velocity?ynamÍC m0n0p0le thus dlsplays a dependence upon the fourth power of flow 

The eerodynamlc dipole derives from the fluctuating lift- and dran-fnrcpq 

surfaceed Tt^ impinges on a surface or when turbulence <s shed by a 

■pu6/c3 
(2) 

^Lclff^ere^^^h^nfei18151^8 & dependence ^P°n the sixth power of flow 
venerntL obviously many opportunities for dipole-like noise to be 

tbs tXir1JS„rCget£tP"cir InVZi S6l„,eÄeCeS™PS”; 
relation efficiency Is related to the scale of iS turbílST llé? ?l™ iertarb. 

Ä^eÄ^rshr^o^nare Meded-~ 
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I'~pU8/c5 (3) 

Thus a quadrupole displays a dependence upon the eighth power of flow velocity. 
The quadrupole sources in the exhaust jet dominate the sound of commercial turbo¬ 
jet engines at high subsonic flow speeds. Part of the purpose of the present 
paper is to query the role played by the quadrupole source in the current genera¬ 
tion of turbofan vehicles. 

EXPERIMENT 

The experiment was designed to study the noise radiation from a jet exhaust 
when a flow obstruction was placed in the Jet pipe some distance upstream from the 
exit plane. A flow obstruction, it was felt, would simulate the turbulence generat¬ 
ing propensities of stationary and moving surfaces associated with the compressor 
(and fan) within an engine, and with discontinuities in the internal geometry of 
the exhaust ducting. Since the experiment was limited to subsonic flow conditions, 
it was felt that the study was especially relevant to the turbofan engine of high 
bypass ratio. It is with particular regard to this vehicle that our discussions 
are directed. 

A most important design requirement for the experiment was that a high degree 
of measurement accuracy be obtained, so that the different source mechanisms could 
be identified on the basis of the measured velocity exponents. 

A schematic of the experimental arrangement is shown in Fig. 2. Air from the 
airflow apparatus was passed via a sound attenuating muffler to a 6"-diameter pipe 
which penetrated the wall of the anechoic measurement chamber. This pipe then 
decreased in diameter to the diameter of the experimental jet, generally two inches. 
The airflow in the pipe was measured by a pitot static tube some distance upstream 
from the test section which carried the flow disturbance. The pipe was constructed 
in such a way that the flow obstruction could be readily inserted and removed. The 
distance of the obstruction from the exit plane could also be changed. Throughout 
most of the experiments the obstruction was located three pipe diameters (6 In.) 
from the exit plane. The total length of jet pipe (following the transition) was 
some 36 inches. Thus fully developed pipe turbulence was established before the 
obstruction location. 

The sound field in the anechoic chamber was scanned in a single (horizontal) 
plane centered on the pipe exit. A simple traverse for each flow condition was 
used, the overall noise signal being recorded on magnetic tape. The reduction of 
this data into octave bands of frequency was made later. A graphic computer tech¬ 
nique was used to compute the radiated sound power. In the preliminary studies 
(1,2,3) efforts were directed towards establishing dependence between the level 
and spectrum of the radiated noise, on the one hand, and the steady flow parameters 
and system geometry, on the other. In a more recent extension to this work (5) 
the flow obstruction was instrumented with force transducers to allow a direct 
correlation between the radiated sound and the fluctuating forces on the obstruc¬ 
tion. 

OVERALL RADIATED SOUND POWER 

In the preliminary studies, attention was focussed on the "overall" sound power 
(measured over the entire frequency range) radiated by the system. The principal 
findings in this regard can be summarized as follows. 

The level of the overall radiated sound power from a plain unobstructed jet 
is shown in Fig. 3 as a function of the exit-plane velocity. Results are shown 
for three separate experiments made over a four-month period. These demonstrate 
the high order of repeatability made possible by the experimental equipment. The 
plain pipe radiation shows an eighth-power-of-velocity dependence at the higher 
velocities, tending, however, to a sixth-power dependence as the velocity decreases. 
The eighth-power dependence is identified with free Jet turbulence and agrees 
closely with theoretical predictions (solid line in Fig. 3) based on constants 
determined experimentally by Fitzpatrick and Lee (10). The sixth-power dependence 
may be identified with dipole noise generated at the exit lip of the pipe. It is 
suggested that this "lip noise" is fundamental to the noise generating character¬ 
istics of jet flow. More will be said about this later. 

When a flow obstruction is inserted into the pipe, the radiated power increases 
as shown in Fig. 4 and a sixth-power of velocity becomes established over the total 
operating flow range. 
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result is typical in that a sixth-power-of-veloclty law was consistently 
and accurately observed throughout the studies for most cases in which the pipe 
flow was obstructed. If this velocity exponent is assumed to be indicative of an 
aerodynamic dipole mechanism within the pipe* at least two possible locations for 
the noise sources can be postulated. These locations are: 

a) on, or close to, the flow obstruction, associated with turbulence generation, 

wake^with1the1exit ^sociated with the interaction of the highly turbulent 

5 shows the result of an experiment in which an acoustic muffler was placed 
downs^feain from the toiler. The purpose of the muffler was to at- 
a=0US^ enfrgy propagating downstream from the obstruction without 

^’î!Í^'Ue+Cl??,^Sfí1Sibly, the form of the downstream turbulence. The data in Fig. 5 
indicate that the sources of obstruction-generated sound must be located in the 
^cinlty°f the obstruction rather than at the exit lip. In a second experiment, 

^3 r®Placed by flow straighteners which attenuated the downstream 
propagating turbulence without significantly interrupting the acoustic propagation 
path. The same conclusion was reached; the sources of obstruction-generated sound 
are located on, or close to, the surface of the obstructicn. 

fi0UnlP°rr data f0r three different obstruction geometries are presented in 
^ata ar^ Pre3ented as a function of exit plane velocity. While each 

geometry displays a dependence upon the sixth-power-of-veloclty, a very consider- 
able scatter occurs between the data of one geometry and another. Exit plane 

sound1ty 1S apparently not a g00d correlating parameter for obstruction-generated 

When, however, these same data are plotted against the pressure drop that oc- 
curs across the flow obstruction, the degree of correlation is excelleras s£o^ 
in t-ig. 7. The sound power from a pipe-immersed obstruction can, apparently, be 
expressed in terms of the third power of the pressure drop across it. The dimen¬ 
sions of the spoiler seem to be of little importance. 

A DIPOLE MODEL OF OBSTRUCTION-GENERATED SOUND 

The result demonstrated in Fig. 7 was found to hold for a wide variety of ob¬ 

turar g0°metrde3 and sizes. It seemed that herein lay the basis for a predic- 
flho f0r 0^3tfycti°n-ge?erated sound. A physical model was needed to provide 
a basis for a prediction formula. 

The observed dependence of obstruction sound upon the sixth power of flow 
velocity is a strong indication that the source mechanism is the aerodynamic dl- 

theôbstructlonUS related t0 the fluctuating force field exerted by the flow on 

Jet piPa ^emetic of Fig. 8. Airflow passing along the pipe is 
K ? I1 paSSaSJh? flow obstruction. The flow then expands to form a 

turbulent wake behind the obstruction. The process of vortex shedding by 
ca’i3es fluctuations in the drag and lift forces exerted on it. 

These fluctuating forces form the dipole source of sound. 

_p?w?r radiated from a fluctuating force field in a free-field acoustic 
environment is given by -- 

W 2 2 
(^) 

£he ^pbbtude and f the characteristic frequency of the force. For 
this model Eq. (4) is assumed to be valid even In the confines of the pipe. Fur- 

ÏXtiTO?her th" the llft f°rces- a" assUMe<l “ b8 Pbi-arlly 

tv,?1* Cbaracteristic frequency of vortex shedding from the obstruction is given 
walrus qu°^ient bhe constricted velocity Uç and the geometric thickness of the 
ake 6. If constant proportionality between the steady and fluctuating drag com¬ 

ponents is assumed, then the fluctuating force-field can be expressed by the pro¬ 
duct of the constricted velocity pressure iPUc2 and the area of the wake. ?hSs? 
the expression for radiated power can be derived as 

w = 
pcc3 (5) 

where Ap is the pressure drop across the obstruction, D is the diameter of the pipe 

and P0^d c a£e> ^!pfct^elyj the density and speed of sound of the air, and k is 
a constant. Eq. (5) is identical in form with that developed by Yudin (11) some 
years ago, from studies of air-duct elements (related to low-velocity ventilating 
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systems). This equation is observed to provide a good degree of overall-power data 
correlation in the present study. For this study the value of k. (for overall power) 
has been observed to lie close to 2.5 x 10"4. 

FREQUENCY SPECTRUM 

The result of the dipole model has been found to describe quite accurately the 
overall noise radiation from many different obstruction configurations. Its cor- 
rectñess as a physical model is less certain, however, when the frequency spectrum 
of the obstruction-generated sound is examined. 

The octave-band spectrum for a typical obstruction geometry, normalized in 
accordance with the dipole-model formula of Eq. (5), is presented in Fig. 9- Con¬ 
forming with usual practice, the normalizing frequency is the Strouhal number. In 
the present study the Strouhal number is based on the constricted velocity Uc and 
the geometric thickness 6 of the wake. The data collapse is quite good at low 
Strouhal numbers. It is less complete at high Strouhal numbers. 

The same data, however, take the form shown in Fig. 10 when the noimalizing 

formula is modified to 

W = k' (s)A-§^p |l + (f/f0)2j (6) 

where f is the center frequency of the band, k' (s) is the spectrum-shape constant 
and f is a constant having the dimensions of frequency (4,000 Hz for the example 
cited^. The degree of data collapse is quite excellent and Eq. (6) has been ap¬ 
plied, equally successfully, to spectrum data for several different flow obstruc¬ 
tions. In each case the final range of data scatter lay within ±2 dB. 

The first term of Eq. (6) is identical to Eq. (5) and, as such, is derivable 
from the dipole model described previously. The second term, however, has an ad¬ 
ditional frequency-squared term. For aerodynamic noise mechanisms, frequency is 
proportional to velocity and thus the second term has the velocity dependence of 
a quadrupole source. It would appear, therefore, that both dipole and quadrupole 
source mechanisms are involved, the dipole dominating at frequencies below f and 
the quadrupole at frequencies above f . Both mechanisms appear under the same 
spectrum shape constant k'(s) thus implying a strong interrelation between the 

two (12). 

In a recent paper (4), an alternative physical model was suggested to explain 
these data. This model was based on the theoretical observation (13) that the en¬ 
closure of aerodynamic sound sources within an infinitely long pipe should have a 
quite drastic effect upon their radiation efficiency at frequencies below the 
acoustic cutoff frequency of the pipe. Specifically, the enclosed quadrupole 
should exhibit the velocity dependence of the dipole source (UD), and the dipole 
source the dependence of the monopole source (u4). Above the cutoff frequency 
the sources should revert to their free-field behavior. It was therefore postu¬ 
lated that the measured data might relate entirely to quadrupole-like sources; 
that the dipole model of obstruction-generated sound was conceptually in error. 

In these same discussions, however, it was recognized that when the pipe is 
truncated and only the energy radiated through exit plane up the pipe is con¬ 
sidered the effect of "end-reflection" must be Included in the analysis. Ana¬ 
lytically it can be shown that below acoustic cutoff frequency end-reflection 
should entirely negate the increased radiation efficiency caused by source en¬ 
closure—i.e., the enclosed source should exhibit the same velocity dependence 
(if not the same level) as the free-field source. It was suggested however that, 
in the experimental system, the exit plane flow velocities were sufficiently high 

to inhibit end-reflection. 

RECENT OBSERVATIONS 

It would now appear that this alternative model is wrong. In a recently com¬ 
pleted extension to this study (5) Heller et al observed a close correlation be¬ 
tween the noise radiation and the measured dynamic drag force on the flow obstruc¬ 
tion. It seems clear from these studies that the dominant sources in the lower 
frequency range are truly dipole in character. In these same studies the question 
of source enclosure within a pipe was looked at both analytically and experimentally 
using an acoustic (non-aerodynamic) source. It was found that the close immersion 
of the source within the pipe did increase the radiation efficiency by an inverse 
frequency-squared term, and that this effect was almost exactly cancelled by a 
corresponding frequency-squared term in the exit plane transmissibility. 
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It is therefore concluded that the dominant source of obstruction-generated 
sound is dipole in character deriving from perturbation of drag forces on the ob¬ 
struction caused by incoming turbulence, when this is heavy, and by shed turbu¬ 
lence when the inflow is relatively smooth. A significant secondary source, however, 
is formed by quadrupole radiators in the turbulent mixing region immediately down¬ 
stream from the obstruction. The quadrupole radiation dominates the sound field 
above some constant frequency f which is related to the dimensions of the system 
(14). Both quadrupole and dipole sources appear to have a characteristic Strouha] 
number of about 0.2, based on the thickness of the obstruction (the wake thickness) 
and on the constricted flow velocity past the obstruction. 

With regard to the unobstructed air jet, the experiments suggest that dipole 
noise, associated with the shedding of turbulence at the exit lip, dominates (on 
an overall frequency basis) the quadrupole noise of the free jet turbulence at 
exit plane velocities below about 700 ft/sec. Possibly the transition occurs at 
still higher velocities when the in-pipe turbulence level is high. The data also 
suggest that the characteristic frequency of lip noise is influenced by the ex¬ 
ternal geometry of the Jet pipe. Insofar as this geometry influences the scale of 
eddy shedding. 

At no point in the study were data observed indicative of aerodynamic monopole 
sources. It is concluded therefore that, within the constraints of the experiment, 
the aerodynamic monopole does not play a role in obstruction-generated sound. 

REAL ENGINE SYSTEMS 

These findings have implicit relevance to the noise of real engine systems, 
particularly the high bypass ratio turbofan engine: 

a) The experimental findings suggest, for instance, that classical jet noise very 
easily becomes subservient to internal engine sources when tail pipe velocities are 
reduced. Even in the absence of internal engine sources, lip noise plays a sig- 
nificant role. This role might be augmented by current methods of Jet noise sup¬ 
pression. 

b) The formulae of Eqs. (5) and (6) stress the role played by pressure losses in 
a system. Many current and projected noise suppression devices (duct liners, etc.) 
impose significant pressure losses. Thus their use may not be entirely beneficial. 

c) Compressor and fan noise studies have long recognized the significance of the 
aerodynamic dipole both as a discrete tone (blade interaction) generator and as a 
broadband noisa (vortex shedding) generator. The role played by quadiupole sources 
in the wakes of fixed and rotating blading has not, however, been discussed. 

d) The presence of significant sources of broadband noise radiation within an 
engine may cause jet noise prediction schemes to significantly under-estimate the 
extent of exhaust noise. This would be particularly so for "in-flight" predictions, 
since internal engine sources are not sensitive to forward flight velocity. 

These and other open questions on the mechanisms and locations of broadband 
engine noise sources suggest a very pressing need for careful and systematic studies 
on real engine systems. Such studies must try to accurately measure the dependence 
between the radiated noise and the gas flow parameters. Attempts must be made to 
identify and separate externally generated sources from internally generated sound. 
The experiment should cover as wide a range of the engine operating parameters as 
possible and engine modifications should be contemplated that would alter the 
balance between one source and another. By such methods one might, for example, 
identify and measure monopole noise associated with che combustion process. 
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Fig.1 Aerodynamic noise sources in turbulent jet flow 

Fig. 2 Experimental arrangement 
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Fig.8 Free-field dipole model of obstruction-generated sound 
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SUMMARY 

Current methods for predicting the field of noise around a jet are not adequate to explain 
observations of high noise levels in directions at large angles to supercritical jets in motion. 
Experiments on static jets in the anechoic chamber at N.&.T.E. suggest that part, at least, of this 
"forward throw" of noise may be due to the presence of a regular shock cell structure in the jet. 
Noise fields are compared for jets with and without shook cells and similarities are pointed out 
between the phenomenon of jet screech due to shock cell oscillation and the forward throw of broad 
band noise. Limited tests with a plug nossle show that this type produces less forward noise, 
probably owing to differences in the shock system which is of small extent and irregular in com¬ 

parison with that of a convergent nozzle. 

It is concluded that the elimination of the shock cell pattern could reduce jet noise forward 

of the nozzle by 10 dB. 

LIST 

AJ 
D 

Emax 

K 

L 

Po 

Pt 

R 

Rc 

Pj 
6 

OP SYMBOLS 

fully expanded jet area 

nozzle throat diameter 

frequency for peak sound pressure level 

constant 

length of shock cell 

ambient static pressure 

jet total pressure 

applied pressure ratio 

critical pressure ratio 

fully expanded Jet velocity 

fully expanded Jet density 

angle to direction of jet discharge 
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OHS STRUCTURE OF incorrectly-eapanded supersonic jets has been understood in general terms for 
many years« In the most usual practical case the flow from a noszle, blown at a higher pressure 
ratio than it can expand internally, has to undergo a sudden supersonic expansion on emerging. 
Hie internal reflections of this expansion from the free boundaries of the jet cause a re- 
compression culminating in a shock wave which returns the flow to an underexpanded state, not 
dissimilar to that at the nozzle throat (Figure 1). Further cycles of overexpansion and re- 
compression result in the fami1M* pattern of shock cells which extends downstream until mixing of 
the jet with its surroundings causes it to lose its identity. 

Powell (1 ) was the first to draw attention to the significance of the shock cell system in 
connection with the noise of jets. He showed that instability in the cells could occur whereby 
a disturbance convected or propagated downstream through the shock cells causes the emission of 
acoustic waves. These, propagating past the exit of the nozzle act on theenerging jet to cause 
new disturbances. Intense discrete frequency noise, sometimes known as screech, is caused by 
this closed resonant loop of events. Many workers have examined the phenomenon, usually on a 
model scale, and its dependence on an acoustic feedback process is indisputable. Many of the 
individual processes within the loop are still far from clear, particularly the nature of the 
disturbances within the jet and the nature of their interaction with the shocks by which the 
sound waves are generated. It is possible to predict with some certainty the frequency of shock 
cell oscillation since this depends primarily on geometric factors. The amplitude of the oscilla^ 
tion, or the sound pressure level of the radiated tones, however, defy prediction since the gain or 
damping of the various processes within the loop cannot at present be anticipated. Shock cell 
oscillation remained an aerodynamic and acoustical curiosity until it was identified a few years 
ago as a cause of fatigue in jet aircraft structures. Hay (2,3), for instance, shows how 
structural excitation, caused by jet screech, has been the cause of skin cracks in a subsonic 
airliner. 

• WhU-c the problems of shock cell oscillation have received considerab le attention the 
oharaoteristios of the broad band noise from jets containing shock cells have largely gone un¬ 
recognised. Hay (3), for example, points out an area where present knowledge of jet noise is 
inadequate, namely that sound pressure levels at large angles forward of the direction of the Jet 
tends to be underestimated under flight conditions. It is important to be able to calculate the 
distribution of noise from about 20 to the jet axis through to about 30° to the intake axis in 
order to be able to estimate the correct time for reducing power during a noise abatement take-off. 
This need will become far more exacting when limits of Effective Perceived Noise Level have to be 
met under the rules of noise certification. Hay quotes exançles where both model jets and actual 
aircraft show a considerable amount of forward throw of noise and this is attributed to the effects 
of forward motion of the nozzlj. 

In the present paper it will be shown that a certain amount of forward throw of broad band 
noise can be caused by the presence of shock cells, although it may not be sufficient to account 
for the whole of the forward throw referred to above. It will be shown, however, that a consider¬ 
able improvement in jet noise may be obtained if the regular pattern of shock cells can be removed. 

CHARACTERISTICS OF JET SCREECH 

The broad band noise associated with the presence of shock cells has certain features in 
common with the jet screech which results when the cells oscillate. It is appropriate first 
therefore, to review briefly some of the characteristics of jet screech. 

The frequency of shock cell oscillation varies inversely with the length of the shock cells. 
This length increases as pressure ratio increases and Powell (1) determined empirically that 

§ - K(R-Rc)* ....(1) 

this relationship is in some degree an over-simplification but is generally agreed to provide a 
useful working rule. 

The acoustic waves are emitted from several sources along the jet and these do not generally 
coincide with the positions of the shock waves. Typically, but not always, the cell system 
oscillates from side to side, or spirally in the case of an axisymmetric jet, and the sound waves 
are emitted alternately from each side. Figure 2 is a shadowgraph picture of a two-dimensional 
jet taken at N.iJ.T.E. and it shows clearly how several sources emit sound waves with such a phase 
relationship that tue upstream moving waves from each source coincide. The acoustic radiation is 
highly directional. At the fundamental frequency of the oscillation it is directed preferentially 
in the upstream or forward direction. It is also directed downstream but is often difficult to 
detect in the peak jet noise. The sound is directed sideways at twice the fundamental frequency. 
Higher harmonios can frequently be observed. Figure 3 is due to Powell (4) who explained this 
directionality by assuming a number of suitably phased monopole sources emitting sound waves a* 
the frequency at which disturbances pass downstream, and at higher harmonics. 

THE EXPERIMENT 

The present tests were performed in the aneohoic jet noise laboratory at N.G.T.B. This is 
depicted in Figure 4, and has a working volume 17 ft (5 m) square by 13 ft (4.5 m) high. The 
model jet discharges vertically through the opening in the roof. Free entry for air entrained 



7-2 

■by the Jet le assured by openings around the chamber. Internal surfaces are rendered anechoic by 

a lining of 2 ft (0.6 m) glass fibre wedges. 

The major part of the results presented in this paper were obtained from the conical con- 
vergent noisle illustrated in Figure 5* This had0a throat of 2.5 in. (6.35 om) diameter approached 
by a conical contraction haying a half angle of 12 . This nossle was representatiye of those 
fitted to current subsonic aircraft. Total pressure was measured upstream of the nossle and the 
applied pressure ratio was determined from this. A combustion system burning nydrogen enabled the 

air temperature to be raised as required. 

Acoustic measurements were made with a ¿ in. Bruel and Kjaer condenser microphone and cathode 
follower. A traversing arm enabled the microphone to be moved around an arc of 7 ft 3 iu. \2.2 m; 
radius centred on the nossle exit. The signals were recorded on a Kagra III BH tape recorder and 
analysed into 5 per cent bandwidths on a Uuirhead »01 automatic recording wave analyser. Calibra¬ 
tions were made with a pistonphone and by applying signals of known frequency and level to the 

eleotrical system. 

The measurements extended tirer the following ranges: 

Pressure ratio 1.85, 2.5, 3*1 3.4 
Temperature 20 C to 9g0 C 0 
Angles to Jet axis 30 to 150 

bssults 
In many oases the measured spectra contained one or more discrete tones resulting from shock 

cell oscilUtion. «here this occurred the 5 per cent spectra were adjusted to remove the tones. 
The band levels were then combined to give the overall sound pressure levels of the broad band noise 
and these were normalised by subtracting 10 logto Pj»A . The results are ^° 
the logarithm of the fully-eapanded jet velocity in Figure 6 for angles to the jet axis of 30 * 7 

and 15O • 

Figure 6a, reUting to what is roughly the angle for peak jet noise shows that over most of 
the range of velocities the levels for all pressure ratios fall close to the line predicted by the 
j£t noise study due to Coles (5). The few points at the lowest jet verities lie ^J^eiow 
Coles' curve although they are well within the scatter of his experimental 
since the combustion system was not alight, they represent the effect of a smooth inlet flow. 
Turning to Figure 6b, it is seen that the points for the noise at 90 fall into two groups. For 
r^Suro ratio°of 1.85, i.e. for a subsonic Jet free of shocks, they lie on a line following a 
v,a law# The remaining supersonic points lie dearly above this line indicating an excess of 
due of about 7 ffl. Figure 6c shows this feature to be even more marked at 150 . °^a ^ 
the subsonie points follow a Tj» law while the supersonic ones lie generally together, up to 10 dB 
above. Thisextra noise is probably due to a mechanism other than turbulent mixing and it should 
therefore be a°funCtlon of otto vJdablea than Vj alone. Nevertheless the simple presentation of 
Figure 6 serves to show the considerable di ference that exists between subsonic s^rsodo 
noise*levels. In Figure 7 these differences are shown in terms of field shape and the forward 

throw of the noise of supersonic Jets is evident. 

Ihen this additional component of noise, apparently due to the presence of shock oells, is 

present the broad band spectrum has a quite distinctive shape, whetito or not 
•Kan i* uroflent. Figure 8a shows the normalised 5 per oent bandwidth levels observed at 
SSoä cÄn of^ST0 V, = 3.2. The spectrum shape at 30 is the familiar one for peak Jet 
noise and is more or less iniependent of pressure ratio. Turning now to Figure ^. ^ 90 , it is 
^ that the spectrum for the subsonie Jet is once more of a normal form. 
are, however, characterised by a considerable increase in high frequency noise 5 
sharply around a frequency which appears to decrease as pressure ratio rises. In Figure 8c, for 
150^ the same featuresoare observed, only the frequencies at which the jump in level occurs are 

rather lower than at 90 . 

These spectral oharaoteristios suggest that a mechanism other than that of mixing noise is 
at work when shocks are present in the jet. The sound levels at the lower fTequencies^areapparentiy 
governed by the noise of the Jet mixing process while at and above a certain frequency the i0“^n 
Lise appears to be associated with the shook waves. The way in wnioh this peak frequency Taries 
with jet conditions is reminiscent of shook cell oscillation, decreasing in frequency as press e 
ratio i¿oreases and radiating at higher frequencies to the side of the jet than upstream. I 
Lus natural to suppose that the broad band shock associated noise involves part of thf- cycie f 
events which combine in shock cell oscillation but without the loop being ciosed. It will be 
suoDOsed then that disturbances at the lip of the nosile are amplified in the mixing region while 
XSÄveoSd downstream at a velocity between that of the jet and that of its surroundings. 
These disturbances nass the shock waves in succession causing the emission of a »er ®8 

froms ounces 'associated with, but not necessarily at, each shock. These winbeobserved 
It 90° at the frequency of passage while at forward angles the observed frequency ^"!red 
cwiS to a Doppler shift as the position of the radiating source moves downstream. ^e broad 
tod nature of the observed spectra above this frequency must be explained as the result of an 

irregular series of disturbances passing through the shock system. 

Measurements of shock cell lengths on the present nozsle suggest the relation 
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1 = 0.236 (H - Ro) i ....(2) 

fSSÄ 11 v^u. «i.!, « 
againat^/^J p,eaJc ^ Preaaure le-el for the auperaonio Jeta la plotted 
relation Í. nr," * Clearly, although there ia conaiderable aeatter, a proportional 
relation ïa approximately true. The alope of the mean line for 90° ia 0.7 aid thia Slieatoat 

downstream^at ^0^7 of^SI^ ^it* C0rre0t* the ^^^arrea oauaing the noi^are o^iéd 
iiT^r ^th w 7 l Ve Jetjel00“y- This is Of a reasonable order when compared, for 

o^LleehJeÜtmä °tieTa ^t£llThift ^ BUCCe”^ ^ ^ 
ahook oeil svatem, 1 « L!+0 a! I v * th ^ high ^equenoy noise obaerved from jeta containing 
shook cell systems is due to disturbances oonvected through the regularly spaced shock wavea. 

PLUS NOZZLES 

t«r.. ■âtîïï.s.’ïï »TSo«1"^ ««'-»• •»>•* .t™.- 

were not available for noise testing. ’ A h U f 8Uoh convergent-divergent no.alec 

could not^be n0l*le sh0wn in ?i^e 10. Thia model 

=cd sho^t.^ :¾ bootEitívrâ av:t --r 

Ó^Ílí,bÍtCatdtht0high¡r*pÍe«SetS ^ noifle «Æo^thlTJto*6 
n» pi». »„i., !. Ä.sr”10*1- 

rf vTr: äb-“'e moT^sríof%dTiTJ,z n EF: s lîf^iSs”1 
ayatem was forming downstream of the tip of the plug and this is accompanied by shock noise The 
spectrum then also shows the characteristic high frequency coanonenta7 7 ^ 

CONCLUSIONS 

Model scale teats have shown that supersonic jets containing shock cells can radiate a 

rfr* * !?T\,0f br°fd ï’“'1 fre'3uen°y 110186 sideways and forwards. This noise appears 

thndv8tUrbî?°ie8 111 the-,Jet 111x1118 re8ion bein« conT6°tod through the regularly apwed 

ÍÕ dB abLe^hít'vo A« 1hI’gv î° the jet the 80und Pressure level can b^ as much as 
ran« of th^effecr^/t^'^w^' “U°h m°re 1117681 Ration is needed to establish the full 
range of the effect and to completely understand its mechanisms. 

let nni« ^^8°^ thl8 fo186 Mchanism could have important implications. For aircraft where 

the Lehln1 ^ ^ection is not masked by compressor or fan noise the levels obaerved as 

ft® appr°aobes “ ^server could be 10 FNdB above those which could be achieved with noa^ea 

su«Mtdth»teth?in?te th? f!gUlar.Bh0ck 0611 Pattern- Limited observations with a plug nozzle 
suggest that this type might considerably reduce shock associated noise, as might oth«- nozzles 
which prevent the formation of regular shock cells. nossJ-es 
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Equation 1.29 of reference (1) on the noise from turbulence convected at 
high speed is an exact equation for the mean square density radiated to large 
distances from turbulence that is stationary in time in a frame of reference 
moving with a velocity a N relative to the air at rest. The acoustic intensity 
at a distant observation point x will vary with observation time, t, because 
the source region as a whole is in motion with velocity a N. This region is 
moving with the aircraft. The intensity I(x,t) is aoB(x,?,o)/jo in the notation 
of the paper so that: 

I(x,t) - |1 + N cos 0 I "M 1 - M cos 0 \-5 
167i“f r8a 5 

‘•J n n 
Pr(^,A.T*)dAd\ 1.0 

a (1-M cos 0) 1.1 
o 

Pr(l»A/t) = Trr(>^,o)Trr(n, + A + ao(M + N)H; 1.2 

Trr = J u; + p - aBo^ - (,K + P - *a0¡) 

The meaning of the symbols in this equation are as follows and the geometry 
of the model is illustrated in Figure 1. 0 is the angle at which the sound ray 
leaves the source at the time and place of emission measured from the direction 
of aircraft flight, N. The velocity a M is a constant which can at this stage 
be regarded as arbitrary the equations being invariant to the choice of M. 0 
is the angle at which the sound ray leaves the source at the emission time 
measured from the direction of M. j and a are respectively the mean density 
and sound speed in the uniform environment of the source, r is the distance 
travelled by a sound ray from the moment it leaves the source to its arrival at 
X. Trr is the particular element of Lighthill's stresss tensor responsible for 
sound radiated in a particular direction, the direction going from point of 
emission to x, a direction signified by the suffix r (repetition of r does not 
imply tensor summation), p, J and u are the actual pressure, density and velocity 
in the flow.which is assumed a stationary function of time in a reference frame 
moving with velocity a N. Coordinates in this reference frame are r\_ so that the 
origin of •'V moves with0the aircraft, and the volume integration over is over 

the entire~source region, which is the entire jet exhaust, ftr CÍIíAi^)"*-3 
cross correlation of Trr expressed in a space separation coordinate moving with 
velocity a (M + N) relative to the aircraft, or with a velocity aQM relative to 
the static0environment in the opposite direction to that of aircraft motion. K 
is the separation variable in this second moving frame and the A integration is 
to be performed over all the volume surrounding h-where there is a significant 
correlation of Trr with the value at . The object of introducing this second 
reference frame is that turbulent eddies tend to travel several eddy lengths in 
a coherent lifetime in the direction of the jet flow. We will choose the value 
of a M to be the eddy convection speed which we shall assume constant for any 
one ea8y, so that M - M(q) may if desirable be treated as a function of eddy 
location in the flow. ""iÇ (^,AiT) is consequently the moving axis stress tensor 
cross correlation, and since the turbulence is not homogeneous in general, it 

will be a non-trivial function of eddy position. 

Equation 1.0 then represents a very complete specification of the sound field 
with a minimum of approximation. For completeness these are listed again. 
1) Those non radiating parts of the density field that fall off more rapidly 
than r_a are ignored. 2) Viscous stresses have been ignored. 3) An eddy has 
been assumed to have a well defined convection velocity a0M relative to the 

outside environment. 

To make further progress in the evaluation of 1.0 we must either have measured 
daca of P or we must model it in some way. In fact, the latter approach is the 
only sensible way to progress since the function depends on seven independent 
variables so that the labour of specifying it experimentally is prohibitive. 
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Also the function has a high order zero to counter the singular coefficient 
J1 _ M cos 0\-5 at the Mach wave condition and this must be tackled analytically. 

It seems that the most plausible assumption we can make about the form of the 
correlation function is enough to greatly simplify the expression. That assumption 
is based on the fact that we have no reason to expect the correlation to have 
fundamentally different decay properties depending on which direction the separ¬ 
ation vector X is increased, or for that matter whether it is a mixture of 
space and time separations. The scale may well be different in these particular 
coordinate directions, but we will assume that the scale is the only property 
that depends on the coordinates individually. That is we assume that by suitable 
scaling of axes we can find a coordinate system in which the correlation function 
is isotropic in space-time. This assumption allows us to rewrite equation 1.0 in 
a way devoid of any residual effect of retarded time and also devoid of any 
singularity (unless the aircraft travels supersonically - the singularity then 
corresponding to the sonic boom). This equivalence is proved in the appendix. 
We have then as a starting point for scale evaluation the expression 

I(x,t) 
\l + N cos 01 

16u5r 
Oo o 

-1 J Ù 
Jv ^(1 - M cos 0)11 + bjM* (Icos^bSsin^O) ^ /2 

1.4 

I will now go on to describe the type of analysis that can be done on this 
equation by applying it to a particular model, but in doing so would emphasise 
that the equation is more general than the model and could be applied to several 
other models if they were more appropriate to real flow. The model I take is as 
follows 1) I will assume that all eddies travel at the same speed irrespective 
of the position they occupy in the jet, and will assume that speed to be 0.6 times 

the relative speed of the jet and ambient fluid. 

Uj is the jet exit speed relative to the aircraft. 

2) I will assume that the ratio b® = 0.3 and that bj is 0.1. 

These values of the numbers are the ones that seem appropriate from the 
experimental survey of the turbulent velocity level in a low Mach number jet 
reported in reference 2. For lack of anything more appropriate these can serve 
as a guide line. This experimental survey also justifies the use of a single 
valued eddy convection speed in as much as the convection velocity is fairly 
slowly changing over the region of most intense turbulence. With these assumpt¬ 

ions equation 1.4 can be written. 

I(x,t) - F(x,N,M) J Sr(^)d\ 1-7 

where S is now a measure of the sound output to the particular position x 

produceS per unit volume of the exhaust flow, 

r 
Sr(!P = J 0)^ 

1.8 

and F(x N,MJ contains the main effect of forward speed, eddy convection and 
position. It contains all the directional effects if the turbulence is isotropic 

since S is then independent of direction. 
r i ^ 

F(x,N,M) » ibn^ ?Nr°aS'5^— C°S 0)8 + °'3 M8(cosa 0 + °*15 sin30)j | 
Jo o io 

On this model, the maximum radiation from an isotropic source does not propagate 
at the Mach angle, but at a direction making a slightly greater angle with the 

jet axis. In fact the Maximum polar angle is at 

Om - cos' 1.10 
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The estimate of the source strength per unit volume and its integral over the 

source volume has been left till last because this involves the assumptions most 

difficult to justify in the high speed jet problem. A more realistic model may 

well be forthcoming and that could be Incorporated into the analysis at this 

stage. So far only ratios of scales have been used and they might well be less 

susceptible to error than the absolute values which have now to be estimated. 

The usual analysis goes as follows. We will assume that the source strength 

is essentially locally determined by three parameters at any one positional, . 

These parameters are the local density the local characteristic velocity (measured 

relative to the ambient air - that being the reference frame for the analysis 

ie. it is the frame from which u, is measured) and the characteristic local 

length scale of the turbulence. These we could refer to as ^ (^0* 

and L (^) respectively. By pure dimensional analysis then 

S » 
r K*CÎ *8u*8l*_1 

1.11 

where K* is a constant and other parameters are functions of \, position relative 

to the moving aircraft,only. 

The integration of this quantity over the source volume can conveniently be 

carried out in two stages. First, the volume integral can "Ee split into an area 

integral across the plane of the jet, >]_i , and an integral over axial distance r 

S S (\)d\- S J K*fu" 
ir 0^-4 oi cros_s-sectional 

area 
axial 

distance 

*8t*-1, . 

1 
1.12 

Now if we assume the source region to be an annular shear layer surrounding 

the cone of an axially symmetric jet, the characteristic values are functions of 

axial,, and radial, h*, positions only. Further if we assume a geometrically 

similar flow, the shear layer expanding conically, then the asterisked functions 

can be determined in terms of the ratio (^-0/,)/(th® °Yera11 
characteristic density ( joTc)j) and the overall characteristic velocity across tY 
shear layer (IL - U ). D is the jet exit diameter,is measured from the jet 

orifice, U. is^the °jet exit velocity relative to the nozzle and UQ the aircraft 

forward speed. 

lA-p - (Uj - uo)fu (n^ ) 
<r 

(, ( it - ‘A ) 
^ L V a-on , / 

1.13 

1.14 

1.15 

oVU 
cr 

The length of the mixing region is <rD with UQ t 0, but is when Uq - 0. 

The area integral in 1.12 can then be set in polar coordinate- by writing 

cf^-X 2xnad T?ni 

and equation 1.12 can be written 

1.16 

1.17 

Q 

A 

+ -uo)8 

C,(î)d J 
J- oo 

1.18 

1.19 

where 
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B - 2 r Igíí) d j 
C/. 'tP 

and G(í) - 

The integrals on the normalised radial direction, í , have been taken between 
infinite limits on the assumption that the source strength is zero outside the 
shear layer and the shear layer has not yet grown to envelop the laminar cone. 
The axial position at which the shear layers meet on the axis isbj -ctd which 
is the limit ofintegration permitted by this simple model. ' 

Now ^ - 0 marks the radial position in the jet corresponding to the extension 
into the flow of the nozzle periphery. ^ < 0 is the section within this nozzle 
radius. It is clear from 1.21 that the function G, which is a non-dimenSional 
measure of how much sound is produced by unit volume of turbulence as a function 
of radial position is a positive definite quantity. If G is symmetric about 

J - 0, i.e. the shear layer properties are symmetric about the radial position 
corresponding to the nozzle exit, then B which is a moment of G is zero. This 
is the property usually assumed in dimensional analysis and is essential to the 
deduction that sound output per unit length of jet is a constant - as is clear 
from 1.17 when B - 0. However, it is rather unlikely that B is in fact zero so 
that it is pertinent to enquire into its likely magnitude. This is easily 
obtained from equation 1.20 to be: 

1.20 

1.21 

where £ is the distance on a 1 scale of the ''centroid'1 of G out from the position 
)-0., Bradshaw, Ferris and Johnson, reference 3, observe the shear layer of a 

static jet to be growing in such a way that t - +0.02. We can use this value as 
a guide line. According to equation 1.17. 

p crO 
^ Sv(^)d<l- AQ jJl f 2^00^, 1.23 

= AQo'D (1 +è<Jo‘) 1.24 

from which we see that the sound output per unit length of jet actually increases 
slightly with axial distance downstream but, if (:= + 2% by only 20% in the mixing 
region of a subsonic jet. This effect may be important in supersonic jets which 
are flows with a much longer length of mixing region. If the mixing region is 
C"D in length, then the usually neglected term, amounts to Ik6" at the 
downstream extremity of the mixing zone. With £ - 2% this ° is a 
correction to the usual analysis of + 45”% on the sound output per unit length 
and a correction of + 2ÕJ. on the total output of the mixing region. 

All that remains to complete the analysis is to estimate the value of (T , the 
length of the mixing zone measured in nozzle diameters. This clearly varies as 
a function of aircraft forward speed U according to Squire and Trouncer in 
proportion to L'j/CU. - Uo). If we use this result we can combine equations 1.18, 
1.24 and 1.7 to produce an estimate for the sound radiated by a well behaved 
annular mixing region of a jet in flight. 

Kx,t) = K^o + !j)a(Ui - Uo)7Ui Da 
(1 +(<Tb) E(x,N,M) 1.25 

where K is a constant and 

E(x,N,M) * ( 1 + N cos 0l-1[(l - M cos C) + 0.3Ms(cosa0 + 0.1 sin8 0)]-¾ 

N = o/a , M = 0.6[U. - ’J ]/a 
0 J ° o 

diameters.len8th of the mixing zone of a static jet at speed U. measured in 

2, 

1.26 
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APPENDIX 

Consider the integral S 

S “l Pr 
Jw a (1-Mcos 0) 

) d\ A1 

Rescale space variables by scale factors a. to make P as isotropic in space 
as possible. 1 r 

ai “ a(i)Xi A2 

A3 

Now make P as isotropic as possible in space time by rescaling time variable 

75 ' PMao-t A4 

- i ('l.ï»») : i (j, A5 

where I is the isotropic space time correlation as a function of the four vector 
separation variable 

- («.'S) 

È- m ÈÏ L. 
~o\m O'* • 0¾ 

dA - d» 

so that: 

ßMa a 
° a^ 

-i 

(ßMa ) a I /(] = ßM(^‘ cos 0 + ^- sin 0) \ 
-2— * ãF l1 al “■> da 
a, a.a, y \ -i— -^- Ia* 
123 (1 - M cos 0) ' 

A6 

A7 

A8 

A9 

The a coordinates, which can be chosen arbitrarily, have been set in such a way 
that: 

Ar - A^cos 0 + Xasin 0 

A9 can be rewritten as an integral of a generalised function 

P ^ , ur[,a,5; Ò/5- PMI-'COS u + : 
*■8 c; .. <ß Man> a " o 

V*a3 

^^Ma°^ C /¾. ßM(^* cos 0 + sin 0)\ 

Va“3j,r —A . tta T iS 

V 

a I(ri,a,-a) yj- ßM(^cos O + -8 sin 0) \ 

às ' V ga , \ ( t 
X (1-M cos 0) / 

S - (ßMao) 
a1aga3 

oBw8/Cos80 , sin*0N 
j + ß M (—jr- + -jj—) 

(l - M cos 0)° 

(1-M cos 0) 

_5 n ä4 l(í(,a,0)d» 
aF 

u 
V 

AID 

All 

A12 

A13 

At this stage we can reverse all the scaling operations to express this result 
in term of the original variables in Al. 

I 1 - Mcos 0 I 5 r 4 

ir J ÿt4 0)¾ A14 

V 
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Now the ratio Va. is the integral length scale of the eddy in the direction 

of convection divided by ^he distance travelled by the eddy in a moving axis 

integral time scale i.e. _1 is the distance travelled by an eddy in its coherent 

lifetime measured in ß eddy lengths. The ratio <Xl/a# is the ratio of eddy 

scale in the direction perpendicular to the direction of travel (but in the plane 

of the observer at x and the vector M) divided bv the longitudinal length scale. 

If any eddy is elongated in the direction of convexión “l/a, is less than unity 

but is equal to ir by for a spherical eddy. The eddy scale in a direction 

perpendicular to l ■>. the convection and radiation directions does not feature 

directly in the equations - though it influences the volumetric scale. 

On writing the ratios 

^/ot, - b and al, 
11 /a. A15 

A14 can be used to re-express equation 1.0 in a more easily interpreted form 

I(x,t) - I1* N cos 0 Ël Pr(\,^rt - 0)dXdq_ 

IK! Nsa5i o o i (1-McosO)8 + b*M* (cos" O+bJsin8©)^/^ 

Acknowledgment! This work was carried out in conjunction with the Bristol Engine 
Division of Rolls-Royce. 

FIG. 1 
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SOMMAI RE 

La relation entre le champ total de pression sonore émis par un jet de révolution station- 
naire et le champ scnore provenant du même jet mobile, observé en un point fiie au sol, est étu¬ 
diée en faisant intervenir dans l'équation généralisée du niveau de pression s> nore globale lo¬ 
cale dont on rappelle la forme, un nouvel indice de convection dérivé de l'expression de Ribner 

Jj7_ Mc cos 0)*+ ot¿ M* J* (1 + cos49J 

La nouvelle équation confirme les résultats antérieurs dans la direction du rayonnement 
acoustique maximal et améliore la prévision du bruit dans les autres directions. 

L'influence de la vitesse de vol sur l'émission sonore dans un large éventail d'angles 
^20° - 160° par rapport à l'axe du jet) est mise en évidence) on en déduit la relation entre 
l'effet de convection des tourbillons dans les jets stationnaire et mobile et la variation de 
puissance acoustique produite par l'entraînement du jet dans l'atmosphère. 

Les résultats de l'étude analytique, confirmés par de nombreuses vérifications expérimenta¬ 
les, ont montré que dans les angles différents de 6^ la vitesse relative n'est pas le paramè¬ 
tre significatif à retenir pour déterminer les niveaux de pression sonore globale locale. 

ERRATA 

Au lieu de 

e<7 
-5 

en bas du la page 9J Mj = Ve/Ca 

ecj °- B 

<7 
il Vs* 

n vc 

.on e<j-14 CJU i 

milieu de la paye 9.3 (J + Mc cosd) 

ej_ 

.ï 

'“29 

% 
^ë\ 

(l. Mccos9Mj 
3 2 

*<*S "c 
\ 2MC) 

(1.Mccose„)WsMlc 
t 

milieu de la page 9-5 

dans cette direction seulement 

Lire 

W.K 11_ 

taCl 

M, = yii 

Cüs i 

-5/t 

OU 
sfH \lc 

<*v= 
Cl)v i 

(/ + Mv cos 9) 
_ ï 

% 

(i.Hx.)4* 
\ 2MC) 

dans cette direction singulière 
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-Äf’ÄÄ’.ixs“ ■ :rrdu *• a*™“ -»• “a- tifioation acoustiauej 1« nh.mT, 0t* "Ptiniales que pour satisfaire aux oonditiors de oer- 

paramètre" L'ê^S ’¿WVr 'ï” *" ""»«»" ^e. 
.peer., a, *" “pu,u,‘• •' 

=^S=^î = :âÏSS:£î=.-.“=_ 

1 • ~ HAPPEL DES RESULTATS ANTERIE1IB.S [l,2] 

de. reÍcSrÍ L'têf«”.<fÍSU" ¿ “°“ ln0la“C•' -9 19 
serta,to» 0 ., f l..Ml. !. rwon sono„ „ ¿ï)' 

0 = ^-.(^/+0(+/8 + 1) (1) 

dèt.rÍLfrrpoSlVnlfr.SeÍTi.ÍL^èT-'1? ‘.'"‘r a 1,1 a“ O . ~ P»»* 
émission, en fonction de l'altitude du nassase °n^ u son re9u en 0 9t le temps de cette 

pTp-^T.nSoâr.irE" *',,“i”'1’ ^^^rre’^nr^^rfi^rSt, 

Jet, Lrí^eSeT^n II“ U »“«'«'■»• «e«^« P- !• 
^ \¥ 

(2) W.KlUvIJtAl 
fm - c;’ 

îe.^.; .‘¿«rf^srärLSLf^” ï“,"*“1";,?« “»• i» i'.ir -1.«,, v i, 
te... d1 entraînement de 1 'avion, te eo.ffioi‘„t “ S LÏ à“ «“S-J'rîl “S“; ** U v1' 

's: rs 
nore globale Nq en un point, caractérisé par l'angle fi ria°directiSt'^t^+T d' praS8ion so" 

<lJant les atténuations géométriques et nolé- 
culaires correspondant aux longueurs dea 
rayons sonores considérés. 

L'expression de Ne est (équation U, réfé¬ 
rence 2) 

Dans cette équation Mc est le nombre de 
Mach de convection des tourbillons dans le 

io\(Mc-L_j_) , Mj s. Vg/Ca est le nombre de 

Mach de vol, et l’exposant » du facteur de 
convection est déterminé par la formule expé¬ 
rimentale y * te Me / (gM] + /j 

Pige 1 
Trajectoire de l'avion en vol. 
Angles considérés. 

A la distance de référence t?0 c 30m la cons¬ 
tante cumulative C prend la valeur 138 dB 
pour les jets stationnaires et I40 dB pour 
les jets en vol. La validité du facteur de 
convection de l'équation (3) est limitée aux 
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Fi«* 2 ,, Avions à réaction en vol. Variation du niveau de 
pression sonore globale linéaire sur la traoe en 
fonotion du temps ou de l'angle 

angles 0 > ô* où 0« est l'angle de rayonne¬ 
ment acoustique maiimal,donné par la relation 
expérimentale 

eH = 24 Me+ IB (4) 

Toutefois, en remarquant que les oourbea de 
variation des niveaux sonores globaux polaires 
sont symétriques, avec une approximation sa¬ 
tisfaisante, de part et d'autre de 9m dans 
l'intervalle angulaire ± 20°, intervalle suf¬ 
fisant dans nos calculs on peut adopter pour 
chaque angle 0 < 0* la valeur 0' de l’angle 
symétrique de 0 par rapport à 9m soi* 

d'= 2Qm-8 (5) 
Dans l'expression (3) donnant la valeur de 

Ng , le dénominateur est le facteur de con¬ 
vection d'une forme dérivée de celle donnée 
par Lighthill [3] » avec une modification ex¬ 
périmentale de l'exposant. Nous nous propo¬ 
sons dans ce travail de déterminer un nouveau 
facteur de convection basé sur une expression 
plus élaborée, proposée par Ribner. 

2,- FACTEUR DE CONVECTION 

2,1,- JETS STATIONNAIRES - On sait depuis 
les travaux de Li¿hthill et de Ffowos— 
Williams fd"] que pour un jet stationnaire de 

Taible nombre de Uaoh la distribution directionnelle de l'intensité sonore suit les lois d•émis¬ 
sion des qullruplet s aérodynamiques entraînés dans le jet avec une vitesse de convection ^ 

Le facteur de convection obtenu est de la forme ^ ^ cos9^5 (6) 

Il est bien évident que l'amplification annoncée par ce facteur ne peut croître indéfiniment 
avec Mc ei devenir infinie pour (7) 

Mc COS 9 ~ 1 

C'est pourquoi, pour satisfaire les valeurs expérimentales, nous avons »api.oé l'exposant 
- 5 de (6) par l'exposant variable 7 , de plus, pour diverses raison. 
la validité du faoteur de convection ainsi exprimé était limitée aux angle 0 P 
tervalle jre eo3 f/Me > 0 Z 0M 

Les etuaes poexerieures oiioui.uöo= y». - --- , r 
expression modifiée du faoteur de convection qui élimine la singularité 

[(' 
(8) ■J. Mc me)'* (gl'j ] 

est le paramètre de Damkohler). 

*Considérar,t oue l'orientation priviligiée des systèmes des quadruplet, dans le jet intro¬ 
duit le facteur [6] ,n,4a */■nt*a ** 1 ¡ CO* 9 + COS 0 ^ 1 + COS 0 (9) 

2 

le faoteur de directivité globale du bruit est donné par [63 

\-s/* 
[(/_ Mc cose)*y1 {1 + cos49) 

avec 

(10) 

(11) 

La comparaison de l'expression (10) avec la distribution polaire 
de pression5sonore globale des jets stationnaires nous a conduits par itération XP 
sion de 0(* donnée avec une bonne approximation par 

5 Mlc Mc 
vftlouv retenue dans la suite des calculs. 
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2.2,- JETS MOBILES - Par rapport à l'atmosphère, lieu de propagation des ondes sonores^ le 
nombre de Maoh de oonveotion est 

Me.l My (13) 
2 

Appelons o(v 1« ooeffioient (11) relatif au Jet en vol, et soit ûJv la pulsation caracté¬ 
ristique associé à la turbulence de ce jet. 

Par ailleurs, dans le système des coordonnées mobiles, liées au jet, quo nous devons adopter 

ici, la vitesse de convection devient Vc (t + \ , En admettant que le rayon de corrélation 
resto inchangé, on peut écrire i ' 2 Mc J 

Hy. __ (14) 

*Vc a+7%) 
Le rapport entre les pulsations caractéristiques associées à la turbulence des jets station¬ 

naires Cü¡ et mobiles (i)v est donné par 

= (/+ pourJL-<0,i (15) 
OJs V 2MC J 2Mc 

comme nous l'avons déjà montré (voir référence l). De (14), (15) ot (11), il vient i 

(’5) 

En combinant (10) (13) et (16) et en remarquant que dans une direction donnée le rayonnement 
acoustique provenant des jets est réduit à celui des tourbillons dont l'émission arrive simulta¬ 
nément, le facteur de réduction étant (J + Mc ûw^'^déterminé par Pf. Williams [4] par des consi¬ 
dérations purement géométriques, on peut écrire que l'intensité directionnelle du bruit des jets 
mobiles est donnée par i 

r ¿ T* i 

ou 0<‘ est donné par (12) 

Cette expression valable aux angles O ^ f 9M étant déterminé par la formule (4), se ré¬ 
duit à (10) pour My s O • 

Aux angles e<eM , les conditions d'emploi de cette expression sont précisées au paragra¬ 
phe 1. 

3.- NIVEAUX DE PRESSION SONORE GLOBALE POLAIRE 

3.1.- JETS UTATIONNAIRES - La méthode de calcul des niveaux de pression sonore globale polai¬ 
re produit par les jets stationnaires Nq comporte les étapes suivantes 1 

- déterminer la puissance acoustique émise à partir des caractéristiques thermodynamiques 
du jet. 

- calculer la pression sonore moyenne spatiale en champ lointain (pression produite par la 
répartition isotrope de cette puissance) 

- faire intervenir l'amplification de cette pression en fonction de l'angle 6 , décrite par 
le facteur de convection. 

La puissance acoustique globale émise par les jets stationnaires est donnée par la for¬ 
mule (2) avec Vg m 0 .En champ libre la valeur quadratique moyenne de la pression sonore à la 
distance R est 

Po. fa (18) 
r ‘ 4KR1 

Le niveau de pression sonore moyenne spatiale<^'/w>est donné d'après (l8) et (2) et avec nos 
notations 

<^>= /0 log,' e) SM* + c, (19) 

ou Cf est une constante cumulative qui vaut 14I dP en champ libre, à la distance R* R0* 30in 
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Nous avons admis que la source sonore et le point d'observation sont situés tous les deux 
dans le milieu indéfini et de plus, que la distance entre la source et le point considéré est^ 
grande par rapport à la longueur d'onde de la fréquence la plus basse mesurée et par rapport a 
la dimension caractéristique de la source elle-même (condition du ohamp acoustique lointain). 
En fait, les mesures sont effectuées près du sol, et la présence du sol, plus ou moins réflé¬ 
chissant, perturbe la propagation des ondes sonores entre la source et le récepteur; le spectre 
acoustique reçu est modifié en raison de l'interférence entre les rayons sonores. 

L'étude montre que l'effet du sol se manifeste par un accroissement du niveau sonore global 
pouvant varier de 3 dB à 6 dB. En considérant les conditions rencontrées en pratique, nous rete¬ 
nons la valeur de 3 dB, généralement admise. 

Dans ces conditions, la constante cumulative C¿ aura pour valeur C,+3 * 144 dû, et incluant 
l'effet du sol, l'équation (19) s'écrit 

(20) 
< Hm'>s SM* + Ct 

pour Ro * 30 m 

Introduisons à présent dans (20) la combinaison des facteurs d'amplification de l'intensité 
sonore dus à la vitesse de convection des tourbillons dans le jet et à l'orientation priviligiée 
des quadruplets, exprimés par (10), nous obtenons le niveau sonore global local polaire i 

(21) 

(22) 

[(/_/vf me) +o<s *c] 

où oí7 est remplacé par déterminé par (12) 

Notons que le niveau de pression sonore local linéaire est donné par 

Hes + ioloqlc si!L*--- 
+ L +fl) 

Ot, ¿,/9, étant définis au paragraphe 1. 

3.2.- JETS MOBILES - Le calcul des niveaux de pression sonore globale polaire produite par 
les jets mobiles sera effectué d'abord en un point défini dans le système de références lié au 
jet, puis dans un système de références lié à l'atmosphère supposée immobile, ou au sol. 

Soit le niveau sonore dans le premier système de références. 

Comme pour le jet stationnaire, le calcul de Rfi, fait intervenir la puissance acoustique ex¬ 
primée par (2), le niveau de pression sonore moyenne spatiale du jet mobile C ®n champ li¬ 
bre qui d'après (19), vaut t 

(23) 
H» 3 M‘ Ttf) + C' 

ou Ci est la constante cumulative du jet stationnaire et enfin l'amplification de l'intensité 
sonore due à la vitesse de convection et d'autres causes exprimée par (17). 

Tous calculs faits, et en incluant dans la constante l'effet de sol, nous obtenons l'expres¬ 
sion analytique t 

N9=to/09„ 
ej s** {i-Jk-ÿti+cosU) 

' +My (OS O) 

(24) 

Dans cette équation 0(^ est donné par (12) et Ct* 144 dB pour Rom30m. 

Notons que, comme pour le jet stationnaire, les angles intervenant dans l'indice de convec¬ 
tion seront déterminés par la formule (5) pour 9 < 9# , O# étant donné par (4). 

L'équation (24) indique le niveau sonore global émis par le jet mobile (axes lies & l'avion 
en vol). Cependant, le niveau sonore mesuré (axes liés au sol) dépend de la variation du rayon 
sonore ff en raison de l'atténuation géométrique et moléculaire du bruit (A dB par m. ). 

De plus, il faut faire intervenir la largeur de la bande passante dans laquelle travaille 
l'analyseur, d'où la nécessité d'introduire dans (24) des corrections dues à l'effet Doppler. 
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Soit, en effet />, une fréquence caractéristique émise par le jet en vol telle qu'elle se¬ 
rait mesurée en un point de l'espace rapporté aux coordonnées mobiles, liées à l'avion. Au point 
rapporté aux coordonnées fixes, la fréquence mesurée sera la fréquenoe apparente /C transformée 
de fei par l'effet Doppler, soit 

fgy J^a. - 1 + My COS 0 (25) 

Si Afi, est la largeur normalisée des bandes de fréquenoe mesurées dans l'intervalle i l'in¬ 
tensité sonore correspondante a été émise dans une bande de largeur Afi(l + My cosO) . Il s'en¬ 
suit une correction des niveaux sonores donnée par to/Of (l+M Cos 8} 1 

Dans cer conditions, si Ngv est le niveau sonore global local reçu en point fixe an sol la 
distance R. 

*0, = Ky + '°lo9,0 {i+My (ose) _ 20/09 - a(R- r0) (26) 
Ro 

OU "Oy, déterminé par (24), est le niveau sonore global polaire émis à la distance R0 

Le coefficient Q. étant fonction de la fréquence, le calcul du terme O. (R-R0) nécessite 
la connaissance du spectre acoustique associé à Rg . Ce spectre est déterminé suivant la métho¬ 
de décrite au paragraphe 4. v 

La forme générale de 1'expression donnant étant précisée, posons pour simplifier 
En combinant les équations (26) et (24), il vient 

V - «> H, 9 ct (27) 

Pour MymO on retrouve l’équation (21 ) donnant le niveau du jet stationnaire. 

3- 3.- EFFET DE LA VITESSE D1 ENT RAIN EMEUT DU JET SUR LE CHAMP SONORE - La réduction des ni¬ 
veaux sonores suivant la direction Q produite par le nombre de Mach de vol, est mise en évi¬ 
dence en combinant les équations (27) et (21). Nous obtenons 1 

.S/t 

!0 (28) 

La solution numérique de cette expression, effectuée en attribuant aux nombre de Machet 
My de nombreuses valeurs discrètes, a montré que dans la direction du rayonnement acoustique 

maximal 6# , déterminé par (4), et dans cette direction seulement, on peut écrire avec une 
bonne approximation 

j 

-J 
1_

1 v'- ¿t) 

2 
0/* 

(7- 
, ^ 2MeJ 

\* 1 .J* 
)+«sMe 

(29) 

c'est-à-dire que dans la direction 9m , le rapport des facteurs de convection des jets sta¬ 
tionnaire et mobile est approximativement égal au facteur de réduction de la puissance acousti¬ 
que dû à la mobilité du jet My \-4 

V ■ Jm¡) 
Dès lors, en remplaçant le facteur de convection de (27) par sa valeur particulière tirée de 

l'équation (29), nous obtenons une expression approchée du niveau de pression sonore globale 
maximale polaire du jet mobile ^ qui est 

% = 'O/Ofo 
ejS(Me.itMy)\U(QS4e) c 

[(/_*, Cos6Hÿ+«ls M* J ^ 
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. * ,. f21 ^ relative au jet stationnaire, montre que dans la 
Ce résultat rapproché de 1 équation aiobale polaire produite par le jet mobile 

direction 0# le niveau de /g-) it p*r l'équation (21 ) dans laquelle figure la 
peut être déterminé, soit par * Ss’la direction du bruit maximal et dans oette seule 

¿Irlôtlon.'la^vTtess^rêlatlve peut être prise comme paramètre pour le calcul des niveaux sono- 

res des jets en vol. 

;,n,Â;r 

stade I, OLDSTER, METEOR, POUGA MAGISTER) au point fixe et en vol. 

Dans ce travail, les données expérimentales déjà exploitées dans [ï, 2] sont complétées par 

des résultats plus récents. 

...» i., »i...« fr.. “ââ. 

1'introduction d'“n*oorr®oti.°,íl.^gB!!fr7\ Stte hypothèse de réflexion ne peut être retenue 

■urée globaux ou par octave. 

Lee vérifie, tien, .rpéri..»«.!.. de l'é,»..le» (27) e». 
res ( Mv * O ) et en vol à différents angles 6 mesurés a partir de 1 angle cr* , 

0/1 • 
+ 20*f_, eM+/00° et Oh-SO' degrés, soit 

„en. !.. d.». o.., le. eiv.eur ..eer.e ^ " «“,“.1- 
.„t int.rv.nir !.. .Uém.ile». géométrique et i»lé(wlair., lM^oorreotlon8 ^ 

”»‘51;.?“. «'°'°u- -" «“* ^-=- 
bre des turboréacteurs équipant l'avion. 

,u. !.. niveaux „nur., d.. .vie», .n vel ». «é dél.^lné. “ 

variation des niveaux Bonof ,8, Dé plus . ces niveaux sonores ont été corrigés par 
avions à ce point au »o“«nt d'émission ^ d'entraînement du jet mobile, en vue de 00m- 

iÄ’rSl«« erÄ. .«ë Cié“«.« r.!.«« i-« -..«.».ire.. 

3.4.1.- .ms STMOmmUES - L. ooinparaiBon Ur4».'«- 
ouïs est mise en évidence, pour chacun ^s angle 0 stBtionnàires sont repérés par des x et cha- 

'éTïïiÂ i'^.--len (27) pour M,.0 »X valeur, da S .pé.ifléo. 

PlU4llo^nà que auiv.nt la dlreotion ôaj - 20° , l'ansle 9 
remplacé par l'angle 0' déterminé par la formule (5). 

du facteur de convection a été 

,.u. oonatatona ,u. pour tou... la. dlr.otl.na .on.ldéré.a, l'aocrd antr. r.xpérl.no. .t 1. 

théorie est satisfaisant. 

3 4.2- JETS »OBIlEg - 1. d'ínn“ l'Î) 

. 9 (repérée par de. pointe). 

Catt. oomparaleon a ~ntré que 1. oorr.otl.n du. à 1. vite... ?T'V 
par U fôrmule (28) est bien vérifiée uniquement aux angles 9 compris entre *** 
(figure 3, 4, 5 «t 9), soit pour 9 <*IZ . 

dB 

*> 
V 
$ 
* 

I 

■i. 

^ Ht 
v 

î» 
'q 

* * 

dB 

-V -t.i 0,1 Ht 

-4* -4» o Ol U 

Fig# 3 
Niveaux de pression sonore globale polaire des 
avions au point fixe (repérés par des x),et en 
vol, repérés par des s) dans la direction 
pour Ro- 3° m* Courbe théorique pour 9*0» 

Niveaux de pression sonore globale polaire polai¬ 
re des avions dans la direction 0*0m+ 20° mesurus 
et calculés. 
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9 w 8/1 + 40 

Fig. 5 
Niveaux de pression sonore globale polaire 

des avions dans la direction 0* 0M + 40° me¬ 
surés et calculés 

Fig. 7 
Niveaux de pression sonore globale polaire 

des avions dans la direction 0=ÔM + 60° mesu¬ 
rés et calculés. 

-V -V 0.1 Ht 

Fig. 9 
Niveaux de pression sonore globale polaire 

des avions dans la direction 0«0M + 80° me¬ 

surés et calculés. 

<0 

V 

S 

*3 

-Ot -Ht o V fl 

Fig. 6 
Niveaux de pression sonore globale polaire des 

avions dans la direction 0*0^+ 100° mesurés et 
calculés. 

Fig. 8 
Niveaux de pression sonore globale polaire dans 

la direction 0=0,.- 20° mesurés et calculés. 

Par contre, pour l'intervalle angulaire dé¬ 

fini par iï/g < 9 < K , (figures 6 à 8), 

et pour Mc y 0,3 environ, 

l'accord entre les niveaux sonores globaux 

normalisés des jets en vol et l'équation (27) 

pour My * O est meilleur en exprimant la 

réduction des niveaux sonores due au nombre 

de Mach de vol My , f par i 

ON* loHi [['- j I (30) 
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où l'exposant ¡, primitivement égal à S/¿, eat uno fonction de A/y de 0 et probablement 

asi du rapport de preasiona (EPR) et où S(i-j)*Mt le symbole de Kroneoke.- ( <$a/ pour i*J , 
m 0 dans lea autres oaa). 

Une étude est en cours en vue dé préciser la relation entre 
nous avons adopté pour les angles 9 * (0" + 60°)ls valeur de S 
forme 

1=1-1- iretj (tOMy-3) 

Puisque la valeur de l'exposant du facteur de oonveotion est caractéristique de la nature de 
la souroe aérodynamique, il semble que pour les jets en vol et aux angles 9 supérieurs à 90° 
environ, les souroes sonores prépondérantes ont des oaraotéristiques directionnelles non de qua¬ 
druplets, mais de sources d'ordre 1 et 0« Cela semble confirmé par la oourbe de variation du ni¬ 
veau sonore linéaire (fig. 2) qui, aux angles oonuidérés, montre un premier maximum qui serait 
dû aux souroes d'ordre 0 et 1, puis le second maximum olassique attribué aux souroes quadripolal- 
rea. 

1, My et 0 . Provisoirement, 
donnée par l'expression de la 

(31) 

3.5,- FQwrc TITU^T.E DE L'EXPRESSION DES KIVEAUX RE PRESSION SOR ORE GLOBALE POLAIRE - D'après 
oe qui précède, l'équation donnant le niveau de pression Conors globale polaire locale produite 
par les Jets stationnaires et en vol peut prendre la foime finale suivante 

N0 = 10 loi 
e¡sn¡ (t. 11) 2 Mt) (l+e*t4ê) 

(1 ['- 1 f'-—1 
^ 2Mc) r (32) 

où OC5 est déterminé par la formule (12) et avec Ct - 144 dB à la distance de référence 
Ro * 30 Do 

L'angle 9, est égal à 0 si 9H^0<K, 0* étant déterminé par (4)} pour â < 0M, 9, 
est donné par (5)> 

Pour le ,1et stationnaire 

Pour le jet en vol \ 

et pour Mc > 0,Q J 

» f 
si 0 < JL 1.1 

l 2 

9,1 
2 

ï, 2- 1 àrc 
K -4) 

0 > JL , 1 = 1-! arc ta (ioMy-4 ) 
2 2 n 

si Mc < 0, s, y = 5/2 

Las niveaux de pression sonore globale linéaire- (sur la ligne parallèle à l'axe du jet, à 
30 m de oelui-oi) sont donnés par l'équation (22). 

4.- NIVEAUX DE PRESSION SONORE POLAIRE LOCALE PAR BARDES DE FREQUENCES 

Le calcul des niveaux sonores polaires associés & la bande de fréquence L , 0f¿ , est ef- 
, feotuée suivant la méthode décrits dans [2} qui fait intervenir le speotre généralisé de pression 

sonore dans les directions considérées, ainsi que le niveau sonore global /Vf . Nous alione en 
rappeler les grandes lignes. 

Si (f) est la densité spectrale de la puissance aooustiqua dont la valeur globale est P , 
nous pouvons écrira 

P, f y (O dt 

Adoptons la relation de similitude 1 U! ou 1 est une vitesse caraotéristique du jet 

st L une dimension caraotéristique de celui-oi. 

le champ acoustique lointain, si p* est la valeur quadratique moyenne de la pression 
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sonore locale, l'équation précédente prend la forme 

r-rv_ o] ¿ 
A L¿ / (Z. S) J l- 

où Z est la distance entre la source sonore et le point d'observation. 

Les relations de similitude 

“ L&D t D étant le diamètre du jet dans le plan de sortie des gas 

- v« Vj 

- ainsi que les équations (15) et (25), conduisent & la détermination du nombre de Strouhal 
du Jet en vol 1 

S, - f 

qui pour m O w réduit à sa forme classique 

S D f \ - - fes 
(33) 

Dans ces équations fa et fes indiquent la même fréquence centrale des bandes de fréquences 
normalisées. 

De son oété, le niveau de densité spectrale adimensionnelle de pression sonore émise par les 
jets stationnaires { Mv * O ) et en vol, est 1 

«i - »K 
(l+MyCvsO^D \ 

(34) 

tenant compte de (15) et de la correction due à l'effet Doppler intervenant aussi sur l'intensité 
(voir $ 3). 

Dans oette expression Nf^ est le niveau sonore spectral déterminé par 

"fi ■ "ti - H Iff áf¿ (35) 

où hfi est l’intervalle des fréquences associé à la bande de fréquence ¿ . 

Les niveaux sonores spectraux, provenant des différents avions au point fixe et en vol et dé¬ 
terminés au sol suivant différents angles Q ont été -nrimés dans le système des coordonnées 
ayant pour abscisses (33) et pour ordonnées (34). 

Cette vérification expérimentale a montré [2] que les spectres acoustiques locaux ainsi géné¬ 
ralisés admettent bien avec une approximation satisfaisante une courbe moyenne caractéristique de 
la direction considérée. 

Pour les angles 9 variant de 20° depuis 20° jusqu'au l60°oes courbes moyennes sont repré¬ 
sentées sur la figure 10. * ** 

Revenant au calcul des niveaux de pression sonore associés aux bandes des fréquences. No- 
nous obtenons, en remplaçant dans (34) Nf¿ par son expression donnée par (35) 4 

y g 

"é¿ * ffs - 10 ^ Wb¡o Afi + K¿ 
cos 0) D 
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fi 

fi 

N 

Sptdbt fiatn/ÍM pour dnmrs onfftt 6. tio.ie 

Sane oette formule Ng eat déterminé par l'équation (32) et K¿ positif ou négatif eat 
lu sur l'ordonnée de la courbe du spectre généralisé (fig. 10) afférente à l'angleOoonsidéré. 

% - CONCLPSIQS 

Le oaloul du ohamp total de pression sonore au sol produit par l'évolution des avions à 
réaction est effectué par une méthode qui fait intervenir les caraotéristiques thermodynamiques 
du jet, la vitesse d'entrainement de oelui-oi, Vg , ainsi que les spectres acoustiques géné¬ 
ralisés afférents aux directions oonsidérées. 

Cette méthode, vérifiée par l'expérienoe pour les jets de révolution issus des turboréacteurs 
à flux direct, de rapports de pression subcritique et légèrement supercritique et pour les valeurs 
du paramètre aérodynamique Wg / Vj Inférieures à 0,3, a confirmé les résultats antérieurs dans 
la direotlon du rayonnement aooustique maximal et a amélioré la prévision du bruit aux angles su¬ 
périeurs à 90° • 

ün des principaux résultats de oette étude analytique est la mise en évidence de l'importan- 
oe du paramètre Vg/Vj , dans le calcul du champ sonore émis par les jets mobiles. 

Par ailleurs, cet effet de la vitesse d'entraînement du jet se manifeste par une modification 
des oaraotérietiques directionnelles du bruit par rapport aux jets stationnaires aux angles supé¬ 
rieurs & 90°, qu'il semble possible d'attribuer à la prépondéra ice des sources aérodynamiques 
d'ordre 0 et 1. 

Nous avons cherché & représenter cette modification, qui est une am-pllflcation notable du 
bruit de spectre continu vers l'avant de l'avion (non imputable au compresseur), par une expres- 
sion convenable, expérimentale et provisoire, de l'exposant qui affecte le facteur de convection, 
en fonction du nombre de llaoh de vol. Cet exposant, pour 6 > 90° , est en fait fonction de nom¬ 
breux paramètres i rapport de pression, nombre de Uaoh, angle & , eto ... 
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SOMMAIRE 

Les mesures de champs sonores de turboréacteurs se font habituellement en présence 
d'un sol et les spectres de pression acoustique mesurés sont alors perturbés par 
des phénomènes de réflexion complexes qui rendent leur exploitation difficile. 

La SNECMA ayant réalisé une Installation d'essais pour mesures du bruit des turbo¬ 
réacteurs (conforme à une recommandation de l'Organisation Internationale de Nor¬ 
malisation qui préconise que les mesures se fassent au-dessus d'une aire béton¬ 
née), une étude théorique et expérimentale des problèmes de réflexion a été entre¬ 
prise. 

Les résultats présentés concernent principalement l'influence des réflexions sur 
les spectres de pression acoustique des Jets. 

Les expressions des indices de réflexion qui résultent de la présence d'un plan ré¬ 
fléchissant ou partiellement absorbant sont présentées. 

Toutefois, l'hypothèse de source ponctuelle qui peut, sous certaines conditions, 
8tre retenue pour des mesures dans le champ acoustique lointain, ne l'est plus 
lorsque le Jet est à faible distance du sol. Pour ces cas particuliers, une théorie 
des réflexions qui fait Intervenir une distribution de sources élémentaires indé¬ 
pendantes est développée. Une étude expérimentale en chambre sourde, sur des Jets 
de maquettes et principalement avec des réflecteurs parfaits, a permis de confir¬ 
mer les relations théoriques établies. 
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SYMBOLES UTILISES 

p,p - pression acoustique 

CJ - pulsation 

f - fréquence 

f¡ - fréquence centrale d'une bande d'analyse fjs 
fJb ■ fréquences de coupures d'ime bande de largeur 

X - longueur d'onde 

X¡ - longueur d'onde de la fréquence centrale 

C ■ célérité du son 

{ ) - valeur moyenne 

( )2 - valeur quadratique moyenne 

T - retard 

f - temps 

N - niveau de pression sonore en dB 

R - rapport entre la valeur quadratique moyenne du signal résultant 
et celle du signal direct 

A N - 10 login (R) s Indice de réflexion (différence entre le niveau 
1U mesuré en présence du plan et le niveau mesuré en 

champ libre) 

h - hauteur de la source au-dessus du plan réflecteur 

h - hauteur du récepteur au-dessus du plan réflecteur 

r - distance source-récepteur 

r' - longueur du trajet suivi par le signal réfléchi 

r, - projection du rayon direct sur le plan réfléchissant 

Z “ paramètre géométrique (Z - r'/r) 

A r - différence de marche géométrique du signal direct et du signal 
réfléchi 

. paramètre définissant le mode d'analyse spectrale = TT f/f¡ 

0 ■ paramètre définissant le mode d'analyse spectrale 

= 277^1+( Aí/2r¡f 
Q - coefficient de réflexion complexe 

|Q| - module du coefficient de réflexion 

Ò « argument du coefficient de réflexion 

CT - coefficient d'autocorrélation de p (t) 

Wlf) ■ densité spectrale 

W0 - valeur de la densité spectrale d'un bruit blanc 

D - diamètre de la section d'éjection 

Uj - vitesse d'éjection du Jet 

L - distance axiale d'une source sonore par rapport au plan d'éjection 

6 - angle formé par la direction d'émission sonore et l'axe du Jet 

U ■ vitesse instantanée dans la zone de mélange 

Vü 
Af=rb-rfl 

.."‘■‘‘‘"nwr iiíi 
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PAR SUITE DE LA COMPLEXITE DES LOIS qui régissent l'émission acoustique des jets, 
seuls de nombreux résultats expérimentaux permettent de justifier les hypothèses 
Introduites dans les études théoriques. Mais cette Justification expérimentale ne 
peut se faire de manière valable que si l'on a su mesurer les caractéristiques 
acoustiques de ces Jets dans des conditions idéales parmi lesquelles celles de 
champ libre sont de loin les plus importantes. 

Or s'il est relativement aisé de se placer dans de telles conditions au cours d'é¬ 
tudes expérimentales sur maquettes (mesures en chambre sourde ou en plein air à 
une hauteur suffisante au-dessus du sol), il est pratiquement impossible d'éviter 
la proximité du sol lors de mesures acoustiques faites autour de turboréacteurs. 
Qu'il s'agisse de mesures autour de moteurs au point fixe ou d'avions en vol, il 
est rarement possible de trouver une aire d'essais à caractéristiques'uniformes et 
bien connues. Dans la majorité des cas, les mesures se font en bordure d'une piste 
d'aérodrome, au-dessus dTun sol herbeux ou d'un terrain mixte (mi-herbeux, mi-bé- 
tonné). 

Les spectres de pression acoustique mesurés dans ces conditions subissent alors des 
perturbations produites par des phénomènes de réflexion complexes qui sont influen¬ 
cés par la nature du sol et la disposition relative de la source et du récepteur. 
Une illustration des allures obtenues est fournie par les figures 1 et 2. Sur la 
figure 1 sont représentés les spectres d'un turboréacteur ATAR mesurés à hauteur 
constante au-dessus d'un sol herbeux et à trois distances différentes du moteur, 
dans la direction d'émission sonore maximale du Jet. Par leurs allures caractéris¬ 
tiques, les spectres, représentés à la figure 2 et correspondant à des mesures ef¬ 
fectuées au cours d'un survol d'avion, montrent que de telles mesures n'échappent 
pas aux perturbations produites par les réflexions au sol. 

Ces exemples montrent la nécessité d'une méthode de correction permettant de tenir 
compte des phénomènes d'interférences résultant des réflexions par une surface ré¬ 
fléchissante ou partiellement absorbante. Après un rappel des relations qui tra¬ 
duisent les facteurs de correction à appliquer aux analyses spectrales du bruit 
d uns source ponctuelle, nous examinerons dans ce document les possibilités d'appli 
cation des expressions obtenues aux mesures du bruit des Jets des turboréacteurs. 

Toutefois, la SNECMA ayant réalisé à Istres, une installation d'essais qui permet 
d effectuer des mesures acoustiques autour de turboréacteurs conformément à la re¬ 
commandation de l'i.S.O. (c'est-à-dire en présence d'une aire bétonnée), l'étude 
théorique et expérimentale a été plus particulièrement orientée vers de telles con¬ 
ditions de mesures. Des exemples de corrections appliquées à des spectres de pres¬ 
sion acoustique enregistrés sur cette installation montrent qu'il est possible de 
restituer de façon satisfaisante les allures des spectres de champ libre. 

RAPPEL DES RELATIONS APPLICABLES AUX CAS D'EMISSION DE BRUIT PAR UNE SOURCE PONC¬ 
TUELLE 

HYPOTHESES - Les approches théoriques du problème d'interférences acoustiques par 
réflexion sur un plan analysées par différents auteurs (références (1), (2), (?)), 
ne seront pas développées dans ce chapitre. Nous rappellerons toutefois les hypo¬ 
thèses nécessaires à l'établissement des relations fondamentales qui seront citées 
ci-dessous. 

La source sonore, ponctuelle, est supposée émettre un bruit aléatoire stationnaire 
qui satisfait l'hypothèse ergodique. 

Le récepteur est considéré dans le champ lointain de la source, c'est-à-dire à une 
distance grande comparée aux longueurs d'ondes du bruit émis. Les spectres conser¬ 
vent alors leur forme au cours de la propagation car chacune des composantes obéit 
à la loi de l'inverse du carré de la distance à la source (à condition toutefois de 
négliger les phénomènes d'absorption atmosphérique particulièrement sensibles aux 
fréquences élevées). 

L'atmosphère dans laquelle se propagent les ondes sonores est supposée isotherme, 
immobile et homogène. 

Les irrégularités de surface du plan réflecteur étant supposées petites devant les 
longueurs d'ondes, la réflexion peut être considérée comme spéculaire, ce qui con¬ 
duit à adopter le concept d'une source image symétrique de la source réelle par rap 
port au plan réflecteur. 

La schématisation du problème est illustrée par la figure J. 

RELATIONS FONDAMENTALES DANS LE CAS D'UN REFLECTEUR PARFAIT - Si le plan est 
parfaitement réfléchissant, le rapport de la pression quadratique moyenne résultan¬ 
te à la pression quadratique moyenne qui aurait été mesurée en champ libre est 
donné par : 
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(1) 

Dana oette relation, Z eat un paramètre géométrique exprimant le rapport dea tra- 
Jets dea rayona direct et réfléchi (Z = r'/r) 

Créât la fonction d'autocorrélation normée ou coefficient d'autocorrélation, 
lié a la denalté apectraleW(f) de la preaaion acoustique p(t) par la relation : 

f W(f)co». 2 TTif df 
(2) 

Cette équation montre que pour un bruit à densité spectrale de puissance donnée, 
le coefficient d'autocorrélation est défini par une relation dans laquelle appa¬ 
raissent les limites d'intégration, c'est-à-dire les fréquences limites du domaine 
de fréquences considéré et le retard T résultant de la différence de marche 

Si fa et fb sont les fréquences de coupure des bandes du mode d'analyse spectrale 

choisi et si on suppose que les filtres utilisés sont idéaux, l'expression de Cr 
devient : 

(3) 

Dans le cas particulier d'une émission de bruit blanc, on aboutit alors aux expres¬ 
sions suivantes du rapport des pressions quadratiques moyennes : 

- bruit blanc, analyse à largeur de bande Af constante : 

(4) 

( A¡ s longueur d'onde de la fréquence centrale f¡ _ Afzfb-fa ). 

- bruit blanc - analyse à pourcentage de bande constant : 

(5) 

En posant : a= 2IT — 
paramètres déterminant le 

mode d'analyse choisi. 

Le mode d'analyse étant choisi, nous pouvons représenter cette fonction (équation 
(5)) en fonction de Ar/Aj pour différentes valeurs du paramètre géométrique Z. 

En fait nous représenterons toujours l'indice de réflexion A N = 10 log (R) 

La figure 4 illustre l'évolution de An en fonction de Ar/Aj dans le cas d'une 
analyse par I/O d'octaves et par octaves, le paramètre géométrique Z étant supposé 
voisin de 1. Cette valeur correspond pratiquement à la majorité des cas de mesures 
dans le champ acoustique lointain. 

RELATIONS FONDAMENTALES DANS LE CAS D'UNE SURFACE PARTIELLEMENT ABSORBANTE - 
Nous supposerons que le plan partiellement absorbant est caractérisé, pour une in¬ 
cidence donnée, par un coefficient de réflexion, fonction de la fréquence : 

Q(f)=IQ.I*,4f (6) 
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de mss,mce de la Passion résultante en présence du niar. peut s'exprl- 

W(f) 1 + ^-2jVrf 
(7) 

gè:îPî”1°ns’écîîrraîoîsn:qUa(lratlqUe m°yenne résult“te dans une bande de lar- 

P7: 
r Jfn 

W(f) 1 Q(f) 
Z 

df 

D'où le rapport des pressions quadratiques moyennes : 

f(b ! 
/ w(n 

J ^a ^ 
df 

i 

(8) 

W(f)df 

Dans le cas d'une émission de bruit blanc, nous aurons la relation : 

fi 
+ 2^005.( 2 Ht r 

fb-fo 
(9) 

1^. 0bttmi,‘ "’“Pression suivante Ou rapport des pressions quadratlgu.e 

r'b 
3,1 Acos.(2ÏÏTf-6i)df 

fb-r„ <'«) 
R; 1 + 

Vivantes0? dU tyPe d analyse choisi* cete expression pourra prendre les formes 

- bruit blanc, analyse à largeur de bande constante : 

R= -6.) 

- bruit blanc, analyse à pourcentage de bande constant • 

ai) 

(12) 

APPLICATION THEORIQUE AU BRUIT DES JETS 

ä? fté'Âr^s^rro^puÂcSsin^othèses qUi 
mission de bruit blanc a, danschaoun *lí îîl ' Lf °ondltlon supplémentaire de¬ 
pressions relativemen? Simpas permls d obtenir des ex¬ 
tés d'application des relatif SemÎTà la 8 06 chaPltre' les possibili- 
Dans ce but, nous ferons un b^f raoSe! des ^T^eiS^°re qUe ^^^tue un Jet. 
qu. des Jets, qui nont susceptibles^ "odlf " ufÄ'ses'.LSÖrl0'' “0UStl- 
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- distribution des sources sonores dans le Jet 

- allures des densités spectrales de pression acoustique dans le champ lointain. 

EXAMEN DE CES CARACTERISTIQUES - Si nous nous reportons au schéma classique 
d'un Jet gazeux s'échappant d'un orifice dans 1'atmosphère au repos (figure 6), 
nous distinguons trois zones principales 

zone A : cône isovitesses 

zone B : zone de mélange périphérique à forte turbulence produite par l'entraîne¬ 
ment de l'air ambiant 

zone C : zone située en aval du cône isovitesses où le mélange est pleinement é- 
tabli. 

Depuis les travaux de Powell (4) basés sur la théorie de Lighthill, on admet géné¬ 
ralement que les zones B et C (zones émisslves de bruit) peuvent être découpées en 
tranches perpendiculaires à l'axe du Jet et que chacune de ces tranches émet une 
frequence bien déterminée. Des mesures de spectres le long de Jets ont permis de 
Justifier cette schématisation. Le graphique A de la figure 6 présente ainsi quel¬ 
ques valeurs mesurées de la position axiale des sources sonores en fonction du 
ncmbifl de Strouhal(Sz f.CjAJj ) qui sont valables pour des Jets subcritiques ou légère¬ 

ment supercritiques. Des études expérimentales de localisation effectuées plus ré¬ 
cemment ont montré que, dans le cas de Jets à nombre de Mach élevé, les distances 
axiales pouvaient atteindre des valeurs nettement plus grandes que celles présen¬ 
tées sur ce graphique. 

Les densités spectrales de la pression acoustique dans le champ lointain d'un Jet 
sont fonction de 1'azimuth du point de mesure par rapport à l'axe de ce Jet. Les 
allures moyennes mesurées à deux azimuths dont l'un correspond à l'émission sonore 
maximale sont représentées en fonction du nombre de Strouhal sur le graphique B de 
la figure 6. On peut remarquer que les pentes de ces densités spectrales varient 
avec 1'azimuth et que les valeurs maximales (+ 2 pour les basses fréquences, -3 
pour les hautes frequences) correspondent à l'angle 9mMy. Nous résumerons ces quel¬ 

ques rappels, suffisants pour l'étude que nous nous sommes fixée, en disant que 
l'on peut assimiler la zone émisslve d'un Jet à une succession de couronnes Juxta¬ 
posées ayant pour diamètre moyen le diamètre de la tuyère et une longueur totale 
de plusieurs diamètres. Ces couronnes émettent chacune sur une fréquence déterminée 
par les dimensions et les caractéristiques du Jet et, dans le champ sonore lointain, 
la densité spectrale de pression acoustique possède une pente variant de + 2 pour 
les basses fréquences à -3 pour les hautes fréquences. A partir de cette schémati¬ 
sation, nous avons examiné le problème particulier des interférences du bruit d'un 
Jet lorsque la mesure est effectuée au-dessus d'un plan réflecteur. 

INFLUENCE DE LA FORME DES COURBES DE DENSITE SPECTRALE SUR L'INDICE DE RE¬ 
FLEXION - Les expressions du coefficient d'autocorrélation rappelées au chapitre 
précédent (Eq. (2) et Eq. (3)) montrent que la densité spectrale W(f) intervient 
dans le calcul de l'indice de réflexion. 

Les densités spectrales du bruit d'un Jet ayant une évolution continue, nous avons 
examiné les deux points suivants dans l'hypothèse provisoire que le Jet est assimi¬ 
lable k une source ponctuelle : 

- influence de la forme de la densité spectrale sur l'indice de réflexion en ni¬ 
veau global 

- Influence de la pente de la densité spectrale sur l'évolution du coefficient 
d'autocorrélation pour les 2 types d'analyse courants : 1/3 d'octaves et octaves. 

Sur la figure 7 sont représentées & nouveau les densités spectrales de la figure 6 
correspondant aux azimuths 9niaT et 9m&x + 60® et une approximation de ces densités 

supposées pouvoir s'exprimer par une relation de la forme î 

(13) 
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Pour un réflecteur supposé parfait, l'indice de réflexion en niveau global peut 
alors s'écrire : 

(14) 

jk nm-y : loi^gueur d'onde correspondant à la valeur maximale de la densité spectra¬ 

le. Nous avons donc représenté sur la même figure l'évolution de ¿Ng en fonction 

deÂr/Ama,£our la valeur Z // 1 valable dans la majorité des cas pratiques. Sur le 

même graphique, nous avons tracé la droite horizontale à + 3 dB qui est applicable, 
dans les mêmes conditions de mesure, à une source émettant du bruit blanc. Ces cour¬ 
bes sont pratiquement confondues dès queAr/Amaxest supérieur à 0,1. 

L'influence de la pente de la densité spectrale sur le coefficient d'autocorréla¬ 
tion dans une bande d'analyse par 1/3 d'octaves ou par octaves est illustrée par 
la figure 8. Ces graphiques mettent en évidence qu'une pente variant de -t- 2 à -2 
n'intervient pas dans le cas d'une analyse par 1/3 d'octaves et qu'elle peut être 
négligée dans une analyse par octaves. En fait, cette propriété reste encore vala¬ 
ble avec une bonne approximation lorsque la pente est égale à + 3. 

Ces propriétés nous permettent donc d'appliquer l'hypothèse d'un bruit blanc dans 
les estimations des phénomènes d'interférences par réflexion du bruit de Jets. 

INFLUENCE DES DIMENSIONS DE LA SOURCE SONORE QUE CONSTITUE UN JET - Nous exa¬ 
minerons maintenant 1'Influence des dimensions finies de la source sonore que cons¬ 
titue un Jet. Cet examen permettra ainsi de définir dans quelles limites ^hypothè¬ 
se simplificatrice d'une source ponctuelle centrée dans le plan d'éjection est ac¬ 
ceptable, compte tenu de la distribution des sources sonores rappelée précédemment. 
Si nous considérons une source élémentaire située dans la zone de mélange, le cal¬ 
cul de la différence de marche, effectué en ramenant fictivement cette source au 
centre de la tuyère, est entaché d'une erreur. Nous avons donc essayé d'estimer 
cette erreur en considérant : 

- 1'influence de la distribution axiale des sources élémentaires en supposant 
celles-ci placées sur l'axe du Jet. 

- l'influence de la répartition périphérique de ces sources élémentaires. 

Dans le premier cas, un calcul simple montre que l'écart relatif sur la différence 
de marche qui peut résulter de l'hypothèse citée ci-dessus s'écrit : 

(15) 

L distance d'une source élémentaire au plan d'éjection (voir schéma de la figure 
6). Nous pouvons en conclure que dans toutes les mesures de bruit effectuées dans 
le champ lointain d'un Jet et pour lesquelles Z // 1, il est possible de négliger, 
dans le calcul des phénomènes de réflexion, la distribution axiale des sources et 
considérer que l'émission acoustique s'effectue dans le plan d'éjection. 

Puisque l'émission acoustique est surtout très intense dans la zone de mélange en¬ 
tourant le cône isovitesse et compte tenu du résultat précédent, nous pouvons donc 
admettre que le Jet est assimilable à une distribution annulaire de sources au ni¬ 
veau des lèvres de la tuyère. Lorsque nous supposons l'émission acoustique concen¬ 
trée au centre de la tuyère, nous déplaçons fictivement les sources sonores élémen¬ 
taires d une quantité D/2. Or un déplacement parallèle au plan réflecteur étant as¬ 
similable à un déplacement axial sera par conséquent négligeable. Les sources sono¬ 
res peuvent alors être supposées distribuées suivant le diamètre vertical de la 
tuyère et cette nouvelle disposition nous amène à examiner l'écart relatif sur la 
différence de marche résultant de l'écart relatif sur la hauteur d'une source élé¬ 
mentaire. Le passage aux différences finies d'un simple calcul d'erreur novs con¬ 
duit à la relation : 

(16) 

Cette relation montre que, contrairement au cas où nous avions une répartition axia¬ 
le, 1 écart relatif sur la hauteur entraînera dans la majorité des cas de mesures 
(Z voisin de 1) un écart relatif identique sur la différence de marche. 

Etant donné que cet écart relatif sur la hauteur peut devenir important lorsque les 
mesures de bruit de Jet sont effectuées autour de turboréacteurs au point fixe. 
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nous avons essayé d'envisager une théorie des phénomènes d'interférences tenant 
compte d'une répartition de sources dans le plan de la tuyère. 

INTERFERENCES ACOUSTIQUES DANS LE CAS DE "n" SOURCES INDEPENDANTES - Cette 
nouvelle approche du problème d'interférences du bruit d'un Jet nous amène à sup¬ 
poser que les sources sont indépendantes. Or la relation étroite qui existe entre 
l'émission acoustique et la turbulence nous permet de considérer que si l'espace¬ 
ment entre deux sources consécutives est supérieur à la longueur maximale de cor¬ 
rélation périphérique, cette nypothèse est satisfaite. Les longueurs de corrélation 
périphérique étant très faibles comparées aux longueurs de corrélation longitudi¬ 
nale, la valeur maximale de uette dernière constituera une limite inférieure ex¬ 
trême d'espacement entre sou.-ces. Or les résultats de mesures de corrélation effec¬ 
tuées' par différents auteur? ont montré que : 

(>) - pulsation type émise par un volume turbulent cohérent 

^6 « longueur de corrélation 

U1 = fluctuation de vitesse 

L'expérience montre d'autre  
duire que la valeur maximale de * est donnée par : 

et on peut donc en dé- 

ou, en introduisant le nombre de Strouhal S r : 
uj 

Les espacements entre sources que nous considérerons dans ce paragraphe satisferont 
cette condition d'indépendance. 

Soit donc une source sonore constituée par n sources élémentaires indépendantes. 
Dans ce cas, posons que p^ (t) sont les fonctions représentant les signaux envoyés 

directement par ces sources élémentaires suivant le trajet r^ et p'it-T^) ceux 
suivant r^' : 

?k (re) = trajet de l'onde directe issue de la source 

r' (rf') « trajet de l'onde réfléchie issue de la source 3^(S() 

En supposant que : 

p(t)=kÇp^) (17) 

on peut écrire la pression quadratique moyenne en champ libre : 

, K.n 2 
[p(t)] : ÉCp (t)] 

k«i ^ 

(18) 

Car tous les termes croisés sont nuis par suite de l'hypothèse d'indépendance des 

sources. 

Si nous sommes en présence d'un plan réflecteur parfait, nous écrirons que la pres¬ 
sion résultante en un point de réception sera : 

k«n <sn 
(19) 

avec 
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En fait les variations de hauteur ou de distance résultant de la répartition des 
sources n entraînent que de faibles variations de Z. Dans l'Eq. (19)» nous pouvons 
par conséquent considérer la valeur moyenne de Z et écrire : 

ksn , fsn 
p(t,Tf)= ¿pk(t)+ —¿ p.(t-T ) (20) 

ksi 2 r.1 ' * 

La pression quadratique moyenne s'écrira : 

ïP(t TfÜZ+ y2 [¿npf(t-T)] + -|- (21) 

Si nous admettons toujours l'hypothèse d'indépendance et de stationnarité du bruit 
émis, nous aurons : 

= =[p(taJ (22) 

Dans la double sommation, tous les termes pour lesquels k sont nuis (hypothè¬ 
se d Indépendance) et on peut écrire que : 

ÇÇPk(tH(t-V= ÇPk(t)-pk(l-TJ (23) 

Le rapport de la pression quadratique moyenne mesurée en 
à la pression quadratique moyenne mesurée en champ libre 
séquent : 

k*n 

R=|+-L+-Ë_ 

Z2 
2 ^Pk(t)-Pk(l- 

_k 

rpïïF 

V 

pré sene 

lP(i?p 
e du plan (Eq.Çl)) 

s'écrit par con- 

(24) 

Mais si les sources sont supposées de forces égales s[p(tfl «nfpjtfl 

nous écrirons que : 

k.n 

Cette expression fait apparaître le coefficient d'autocorrélation élémentaire : 

pjap»—y 
íW 

L'Eq. (24) devient donc : 

ksn 

-£ cT 
" & ~k 

(26) 

En considérant le cas où le bruit émis est blanc et l'analyse à pourcentage de ban¬ 
de constant, nous aurons : 
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R 

krn 

(27) 

Afin de définir l'espacement maximal acceptable entre sources prises en considéra¬ 
tion dans le' calcul du coefficient d'autocorrélation moyen, nous avons calculé ce 
coefficient en prenant deux sources ponctuelles espacées d'une distance d et situées 
à une hauteur moyenne "h^. Les résultats de ces calculs ont montré que si le rap¬ 

port d/^ est approximativement égal à 0,1, nous avons un écart relatif sur le coef¬ 

ficient d'autocorrélation inférieur & cette valeur. On peut donc en conclure que si 
le rapport du diamètre de la tuyère à la hauteur du centre de celle-ci au-dessus du 
plan est supérieur à 10$, il est nécessaire d'envisager une répartition de sources 
élémentaires, le nombre minimal de celles-ci étant déterminé par la quantité d/^ 

»0,1. Il faut, toutefois, rappeler que l'espacement d ainsi obtenu doit satis¬ 
faire le critère d’indépendance examiné auparavant. 

A titre d'mustration, nous avons représenté sur la figure 9 l'évolution de l'indice 
de réflexion pour une analyse par 1/3 d'octaves calculé en supposant deux rapports 
de diamètre de tuyère sur hauteur moyenne : D/h - 0,2 , D/h =0,4. Nous avons égale¬ 

ment tracé sur ce graphique la courbe valable pour une source ponctuelle. 

ETUDES EXPERIMENTALES 

DISPOSITIF ET METHODE EXPERIMENTALE - Le but immédiat de l'étude entreprise 
étant la détermination des indices de réflexion à appliquer aux spectres mesurés 
autour de turboréacteurs au-dessus de l'aire bétonnée du banc d'istres, l'étude ex¬ 
périmentale a été principalement orientée vers la réflexion du bruit de Jet sur un 
réflecteur parfait. 

Pour mener à bien cette vérification expérimentale, il était nécessaire de mettre 
en oeuvre un dispositif d'essais qui permette à la fois la mesure des spectres d'un 
Jet en champ libre et en présence d'une surface réfléchissante. Cet impératif ex¬ 
cluait évidemment la possibilité d'une étude directe sur turboréacteur. 

L'étude expérimentale a donc été menée sur un Jet de maquette de tuyère convergente, 
dans la chambre sourde du Centre d'Essais des Propulseurs à Saclay. Aux conditions 
de champ libre ainsi satisfaites s'ajoutaient d'autres avantages, à savoir une sta¬ 
bilité temporelle des conditions d'éjection du Jet, une atmosphère ambiante calme 
et isotherme. 

L'un des montages d'essais utilisés est représenté sur la figure 10. Le plan réflec¬ 
teur était constitué par des plaques métalliques en alliage léger fixées sur un 
cadre. Le bruit aérodynamique étudié était celui d'un Jet de maquette de tuyère con¬ 
vergente, montée sur un poste d'essais et alimentée sous des conditions génératrices 
constantes. Les mesures acoustiques ont été réalisées avec une chaîne d'enregistre¬ 
ment classique et les spectres analysés par tiers d'octaves et par octaves dans la 
plage de fréquence 200 - 40.000 Hz. 

Le mode opératoire comportait l'enregistrement, pour chaque géométrie expérimentale 
(caractérisée par les paramètres h, h', r1 et 0), des spectres de pression acousti¬ 

que du Jet en champ libre et en présence du plan réfléchissant. Ces deux mesures ne 
pouvant être simultanées, des essais préliminaires ont permis de vérifier le carac¬ 
tère parfaitement stationnaire et reproductible des spectres. 

QUELQUES RESULTATS EXPERIMENTAUX - Les résultats expérimentaux que nous présen¬ 
terons ci-dessous sont relatifs à des analyses par bandes de tiers d'octaves. Ce type 
d'analyse est en effet le plus couramment utilisé dans l'étude des bruits à spectre 
continu car, tout en étant rapide, il fournit en général suffisamment de renseigne¬ 
ments sur l'allure des spectres étudiés. Nous nous limiterons à la présentation de 
résultats relatifs & Z très voisin de 1. Cette valeur limite couvre la majorité des 
cas pratiques de mesures dans le champ acoustique lointain de turboréacteurs (mesu¬ 
res au point fixe ou mesures en vol). La figure 11 présente des résultats relatifs 
à des mesures de réflexions effectuées à trois azimuths différents (0 = 30°, 60°, 
90°). Cette étude à différents azimuths nous a paru indispensable puisqu'elle per¬ 
mettait de modifier les allures des spectres de la pression acoustique considérée 
et de vérifier ainsi l'hypothèse de bruit blanc admise au cours de l'étude théori¬ 
que. En même temps elle confirmait l'existence d'une courbe de correction unique 
applicable au bruit d'un Jet. Les résultats montrent un accord satisfaisant entre 
les mesures et la courbe théorique. 
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Afin d'examiner si le paramètre Z est suffisant pour caractériser la géométrie de 
mesure, nous avons fait varier certaines grandeurs géométriques tout en maintenant 
la valeur de Z constante. La figure 12 représente ainsi des valeurs de À N mesurées 
à 1 azimuth 6 = 50° dans des configurations où Z // 1 mais où la hauteur du récep¬ 
teur était variable (h' = h/p, h' » h et h' == 3h). Aucun écart systématique n'a été 
relevé. c 

La vérification expérimentale de l'hypothèse d'une répartition de sources, qui est 
nécessaire au calcul de réflexion lorsque la source sonore a des dimensions non né¬ 
gligeables devant la hauteur moyenne, a fait l'objet d'une série de mesures parti¬ 
culières. Quelques valeurs obtenues au cours de ces mesures sont représentées sur 
les figures 1J et 14. Deux couples de conditions d'alimentation de la tuyère ont 
été étudiés = 1,8 , Tj = 750°K - Pj/pa = 3 , Tj = 1050°K). 

Les résultats de la figure 13, correspondant à une configuration telle que D/h « 0,2, 

montrent une concordance assez bonne entre les valeurs mesurées et la courbe théo¬ 
rique calculée en considérant trois sources indépendantes placées sur l'axe vertical 
de la tuyère : une au centre, les deux autres étant diamétralement opposées. La fi¬ 
gure 14 représente des résultats de mesures effectuées pour les deux cas de fonc¬ 
tionnement cités précédemment mais relatifs à une géométrie telle que D/h=0,4. Tan¬ 

dis que les valeurs enregistrées dans le cas d'un Jet subcritique correspondent 
assez bien à la courbe théorique calculée en considérant 5 sources indépendantes 
régulièrement espacées sur le diamètre vertical de la tuyère, les écarts de niveaux 
mesurés lorsque le Jet est supercritique divergent nettement. Il semble donc que 
dans certaines configurations proches du plan, il y ait une influence assez marquée 
du rapport de détente et que les phénomènes de réflexion soient alors altérés. Ce 
cas particulier fait actuellement l'objet d'études complémentaires. 

CONCLUSIONS 

Ce document a permis de rappeler les relations fondamentales qui expriment les fac¬ 
teurs de correction des phénomènes de réflexion à appliquer aux mesures acoustiques, 
lorsque celles-ci sont effectuées en présence d'un plan réflecteur. Ces expressions 
nécessitent certaines hypothèses et deux de celles-ci ont été particulièrement exa¬ 
minées afin de définir les possibilités d'application à la source sonore que consti¬ 
tue un Jet : 

- hypothèse de bruit blanc 

- hypothèse de source ponctuelle. 

Etant donnée la faible Influence de la pente de la densité spectrale sur le coeffi¬ 
cient d autocorrélation lorsque les analyses de bruit sont effectuées par tiers d'oc¬ 
taves ou meme par octaves, les allures expérimentales des spectres de pression a- 
coustique des Jets ont permis de retenir la condition simplificatrice de bruit blanc 
pour ces types d'analyse. 

Dans certaines conditions particulières de mesures (faibles valeurs de la différen¬ 
ce de marche géométrique), la forme des spectres du bruit de Jets intervient sur 
1 écart de niveau global existant entre la mesure en présence d'un plan et la mesu¬ 
re en champ libre. Toutefois dans la majorité aes cas de mesures pratiques au-dessus 
d un réflecteur parfait, cet écart peut varier de 2 à 5 dB (la valeur théorique cor¬ 
respondante, si 1 on suppose que le Jet émet un bruit blanc, serait de 3 dB). 

Par suite des dimensions de la zone d'émission acoustique d'un Jet, l'examen de la 
validité de 1 hypothèse d'une source ponctuelle a abouti aux conclusions suivantes: 

- dans les cas habituels de mesures dans le champ acoustique lointain, la distribu¬ 
tion axiale des sources sonores d'un Jet peut être négligée 

- dans ces mêmes conditions de mesures, le rapport du diamètre de la tuyère à la 
hauteur moyenne peut devenir un paramètre significatif supplémentaire lorsque le 
moteur est au point fixe. Il est alors possible d'exprimer les facteurs de correc¬ 
tion en considérant que le bruit émis provient de sources élémentaires distribuées 
suivant le diamètre vertical de la section d'éjection. 

L'étude expérimentale a confirmé la validité des relations établies pour une telle 
distribution, dans 1 hypothèse d'un plan parfaitement réfléchissant. Cette étude a 
également montré que, si le Jet est très près de la surface et alimenté sous cer¬ 
taines conditions génératrices, les phénomènes d'interférences sont altérés. Ce 
problème est actuellement à 1 élude mais il semble déjà que pour les rapports de 
détente élevés, une hauteur minimale du bord inférieur de la tuyère soit nécessaire 
a 1 application des relations présentées. D'autres points particuliers tels que la 
rugosité du plan réflecteur ou l'hétérogénéité de l'atmosphère seraient certaine¬ 
ment a considérer pour compléter ces résultats. 



Malgré cas remarques, les spectres représentés & la figure 15 (qui correspondent 
a des mesures effectuées autour d'un turboréacteur ATAR sur l'installation 
d Istres et qui ont été corrigés des réflexions)montrent que dans des conditions 
de mesure correctes, on peut espérer, par la méthode proposée, une approche plus 
réaliste des caractéristiques acoustiques de champ libre des Jets. 
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Spectres de Jet mesurés en présence d'un sol herbeux (distance variable) 

2 Spectres de Jet mesurés lors d'un survol 



10-12 

3 Schématisation du problème 

z«i 
_ yjd'octWM 

__ octnw 

Ar/Xl 

1 111 

4 Indices de réflexion (plan réflecteur parfait) 

5 Indices de réflexion (plan partiellement absorbant) 



10-13 

6 Caractéristiques de l'émission acoustique d'un Jet 

7 Influence de la forme du spectre sur l'indice de réflexion en niveau global 

8 Influence de la pente spectrale sur le coefficient d’autocorrélation 



10-14

:^ll
11“

.m

■

. .  ' ‘ ' :rr--^

10 Dlsposltlf d'essals en chambre sourde



10-15 

11 Résultats d'essais avec source ponctuelle (azimuth variable) 

12 Résultats d'essais avec source ponctuelle (hauteur du récepteur variable) 



10-16 

14 Résultats d'essais pour différentes conditions génératrices 



N
i (

d
B

) 

90rmm 

1
5
 
E
x
e
m
p
l
e
s
 
d
e
 
r
e
s
t
i
t
u
t
i
o
n
 
d
e
 
s
p
e
c
t
r
e
s
 
d
e
 
c
h
a
m
p
 
l
i
b
r
e
.
 



BLANK PAGE



11 

SONIC BOOM OF BODIES OF REVOLUTION 

by 

K.Oswatitech 

DVL - Aachen 

I 



Summary 

This papar briafly outlines recent work on the sonic boom problem done at the DVLR- 
Institute of Theoretical Gasdynsmlcs. The problems treated with the aid of an analyt¬ 

ic method of characteristics are: 

1. Sonic boom generated by Inclined and non-lnclined bodies of revolution moving at 

a constant supersonic speed 

2. Sonic boom generated by a non-lnclined body of revolution moving at an increasing 

or decreasing transonic speed 

3. Influence of the isothermal stratification of the atmosphere on the sonic boom 

It turns out that the widely used asymptotic formulas are unsatisfactory at altitudes 

of practical Importance. 
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Sonic Boom of Bodies of Revolution 

K. OSWATITSCH* 

DVL - Aachen 

1. Introduction 

In the following we will report about our collaborators' computations dealln« with 

ínf«.f^atí°n^and deCay of shocks on axlsymmetrlc bodies. In particular we will dis- 
attLi th!eady ?upers°nlC flow over a body P^allel to the flow or at a! aügle of 

4ler*ued °r decelerated body near Mach Number one, and finally the 
Influence of an isothermally stratified atmosphere. 

The restriction to axlsymmetrlc bodies Is due to our present limitation In work- and 

arrPli*fpnrtinPaClty bUt ?ot.the analytic method of characteristics. At the moment we 
are extending our computations to simple wing-geometries. 

The present results allow certain conclusions with regard to the effect- nf w-fn»« „„a 
wing-body combinations at large distances, although according to our experience one 
î?8i-h» f? ?are£Ut extrapolating to "large distances". 1c is quite possiblS that 
front Inrii'tftTieQhhtu q!;®stJon the 8bocks on the airplane do not form a single 
front- and tail-shock of circular cross section fast enough to Justify the simóle 

““ iift dr*e- ¿mm., 

2. Outline of the Method 

^K«ae4il*UStratl0î1 of the method we wlll use plane, steady, supersonic flow. One of 
the first papers in this area was published by C.C. Lin [if. With W 0 and M being 

vector and nach ‘ÍLbeí re.íect“2lj « 8 
introduce the velocity function we 

(1) Ch(W) = //M¿ - 1 dW 
W 

Then we obtain from the gasdynamic equation together with the equation of irrotation- 
ality the well known equation of compatibility equation ox irrotation- 

(2) 3Ch(W) 30 . ,,. 3Ch(W) 36 
U 3t ' - 3^ = °- 

respectiveîy?tant and " “ constant denote the left- right-running Mach lines 

If we introduce the new independent variables x0, yo by the linear transformation 

(3) e 5 xo - y0 cot “o' n = xo + y0 cot “o 

we obtain the following system of equations: 

(if) 

- iCMW) + t ie 5 
3x o 3y 

tg a AÇMW1 . M = o • ^ n 3y iv u » 3x. 

? 3U. 3V. 

- !Ho - » ¡r * Ty~ 1 0 ’ 

ay 

3v^ 

3x = 0 

theoîîa(iighî)?mwnSft) iS COmpared wlth the linearized equations of the Ackeret 

(5) cot a = / V? - 1 
o o 

Head of the Institute of Theoretical Gasdynamics, DVL Aachen 
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and taking 

(6) / Mg - 1 Uj = Ch(W); 6 = Vjj xQ = x; yQ = y 

It Is easy to show that the Ackeret system coincides with the exact system. The two 
systems (¾) differ In the following. While the left system Is exact and can be 
written In a linear form only by Introducing new variables (especially the character¬ 
istic coordinates x0, y0) the right system Is linearized already In the flow plane 
causing the Mach lines to "freeze” at a value t a0. In the latter case It Is Im¬ 
possible for Mach lines to converge or diverge; therefore, shocks and Prandti-Meyer 
expansions cannot appear. In our method we use In addition to the physical plane 
(x,y), the characteristic plane (x0,y0) where the Mach lines are straight according 

to equation (3). 

The boundary - and initial conditions must be transformed into the corresponding 
ones for the x0,y0 - plane. This way W and e are found as functions of x0 and yp 
or £ and n. x and y are easily determined from the well known differential equations 

for the physical characteristics 

(7) »Z = tg («♦ 6) |f ; |f = tg (- a ♦ e)|f 

since the Mach angle a and the velocity W are known. 
Pig. 1 shows the flow over a wedge In the physical and characteristic plane. The 
bow shock appears as a region of overlapping of the characteristic plane In the 

physical plane. 

According to a new formulation of our collaborator Kluwick [2] one obtains the inclin¬ 
ation of the shock for weak disturbances from equation (7) of the Mach lines by 
táking the arithmetic mean of Mach angle and flow angle immediately before and after 
the shock. This instantly gives the strength of the sonic boom. An exact transfor¬ 
mation into linear equations is possible only for plane, steady, supersonic flow and 
for plane, unsteady waves. In all other cases one has to assume "weak disturbances". 
However, under this assumption we may linearize in the characteristic space [3]. 
Shocks are obtained as regions of overlapping in the flow plane. The boundary con¬ 
ditions and the computation of spatial Mach surfaces cause certain difficulties, the 
solution of which will be presented together with the results. 

3. The Steady Plight of an Axisymmetric Body 

The axisymmetric body at zero angle of attack was computed by W. Schneider [4] using 
the method described before. As an example he chose a parabolic body of revolution. 
At very large distances his solution may be compared with the explicit formula of 
Whithamft] and gives complete agreement. The explicit formula of Whitham is often 
called whitham Formula in the literature. However, in general front- and tail-shock 
hit the ground before this explicit formula becomes valid. In deriving this explicit 
formula it is assumed that the characteristics running into the shock originate from 
the immediate neighborhood of the neutral Mach line of the body. Pig. 2 shows the 
error in the pressure Jump, made by the above assumption, for the characteristic 
running into the shock. Thus, the result according to the Whitham Formula turns out 

to be a little too unfavorable. 

For the axisymmetric body at an angle of attack one has to notice that the axis of 
the undisturbed Mach cone does not coincide with the axis of the body. This dis¬ 
tinction, which was neglected in the theory of Tsien [6], is unessential for the 
pressure distribution on the body but is important for the position and strength 
of the bow shock. Also for the computation of supersonic flow over circular cones 
at a small angle of attack, see for example Z. Kopal [7], a perturbation theory about 
the flow over a cone at zero angle of attack has been used. But this is not permissi¬ 
ble near the bow shock. The relevant computations according to our analytic theory 
of characteristics have been performed by our collaborator P. Niederdrenk [8] . Fig. 3 
shows the results for the circular cone. For the small lift-drag ratios in the case 
of an axisymmetric body of about 

<»> cl/cd ■ '/lO 

the change of the shock strength due to the angle of attack is only small. The shock 
strength on the leeward side is diminished while the shock strength on the windward 
side is increased by a small amount. The angle of attack has a substantially larger 
effect on the pressure- and velocity-distribution at the body than on the pressure- 
and velocity-distribution at the bow shock, since the effect of the angle of attack 
decays with a higher power of the quotient of thickness over radial distance from 
the body than the effect of the thickness. In general Niederdrenk obtained for the 
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bang the following relation 

(9) tg e cot cot e1 (^£) 

t = 0 

Here (^)£=0 Is the pressure Jump-across the shock at the same distance but at zero 

sideeco£ f-aCki 1:*:ir,L*0- °n lesward side cos ß = 1, while on the windward 
tg e cot ! *<< l‘ Accordlng t0 the assumption of weak disturbances we have 

4. Influence of Atmospheric Stratification 

The isothermal atmospheric stratification has no effect on geometrical acoustic 
shcÜ thh SPeed 0f S0Und remalns constant for constant temperature. The decay of 
Sr^hrVer\ Vnfluenced by stratification. Already E. Schrödinger Í91 pointed 

the Particle amplitude in a plane wave propagating in the direction of stra 
tlficatlon must change like the square root of the local densitv. This follows 

ïîethenshocktb^io°fi-î'aVrim?rnent!Î7' Due t0 the smaller disturbance the overlapoiSg 
This LtíoSÍcs an the flylng fbJe°t is not as wide as for a homogeneous atmosphlre. 

d rrs1, function into the formula for the shock. A similar effect 
appears for any stratification, but the isothermal stratification is the easiest 

ior cceieratea and decelerated flight. Here we reproduce onlv his results for th» 
î"},;0;“1 »»f-sonic night, pig. 5 »»„.!; th» thf"™ÎLi» .Sô 
thi«n shock over the local, heightdependent static pressure pft. According to 
this, the pressure disturbance on the ground is reduced due to the increasing densi 
ty Hence the decline of particle motion with increasing density has a favoïfbîe 

tíe ? lndicat» the plane ln whlch the^shock wavepropagates^In 
contaiilîg th^tÂ^rîor» nf ?bJeCí e equals 0O> whlle ln th* horizontal plane containing the trajectory of the flying object 0 equals 90°. y 

5. The Wave Propagation in Space as an Acoustic Problem 

threíCatiLs0TnÍt0n Sí !y8tem8 0f actions (Ü) shows that the linearity of 
the equations is not a distinctive mark of our analytic method of characteristic 

SiSSlfïîs SdoitSd^ficouiti^6 pbyflcal 8pace- The latter method, which 
hi f.vf iy.r aB adopted from acoustics and is marked by a "frozen Mach cone" win 

crreííon, aCOi,htlC.?PPi,°xlmatlon" from now on’ The first step in oSr method Síívs 
8 mThÍreKÍea it 1° ?he 8plubi°n of an acoustic problem in the charaíteÍ- 

decSrarî:3tfïîghr:?%trtiTorrba^^^eAtBraa:si- 

J«e5a;ob^P¿HL"^",8^FlÍ^e*dihaÍ"Íl^tT^c ^l^.^eïrîÎaS:-11' posed to J}* the trajectory of the tip for deceleration in the pl“e 
? ^ 1i fl2tter than the generators of the Mach cone for t < 0 and ate^n^r. fnr. 
>0. The Mach surface behind which the disturbance starts (i e the "acoustic hew 

“"ta tse »“«»=» of all ihlfS ha« “«? til, 
are the ao^ealled’.?11^.00116.01.1J?eS the envel0Pln8 eurface with the Mach cone» P are tne so-called bi-characteristics. One has to proceed alomr th^sp in nnn«*» 

rfnrth^^’tSî'tS'S'tS^oSrï^f^^rfiroïî’în0;^^:,"»0:^!'.6^;' 
attaehedtaât 8 detached bow wave. On the other hand, for Mp > 1 the bow wave is 

S Î5Ï ?¿o íhe cue? “i Î = ^^ant, one can observe in the iSmed^e vicinity 
»ferM.-f-i»1« the juasi-steady picture which belongs to the Mach Number M„. In this * 
acoustic approximation the detachment occurs at M_ s 1. 

6' istiísratl0n and Acceleratlon ln the Framework of the Analytic Theory of Charaoter- 

thafrhnna^!Í?aÍf Plane, steady, supersonic flow the solution must be found first in 

;r^îf.rîoïh:u°p"ô;;ê:re 



11 - A 

describe phenomena in physical planes, the bl-characteristics are identical with the 

Mach lines. 

The bi-characteristics are already of importance for the acoustic theory in space. 
Therefore, out of the boundary conditions result additional typical problems in the 
theory of characteristics. Bor example the bow shock becomes unattached already at 
a Mach Number M-eD > 1. Since the flow at the tip can be treated as quasi-steady, 
Mbbd i® th® »teaaÿ flow Mach Number for the corresponding cone at which the shock 
becomes unattached. At that location at which the trajectory of the tip of the body 
corresponds to the Mach Number M8eD, the inclination of the trajectory Jumps from 
a supersonic to a subsonic inclinación in the characteristic space (Fig. 6); that 
is, from an inclination which lies outside the Mach cone to one which lies on the 
inside. For the attached bow shock the trajectory is the same in the characteristic 
and the physical space. The inclination of the trajectory in t-\e x0, y0, t0-space 
after detachment, which for the time being is unknown, can be determined from the 
condition that the trajectory in the physical space has no kink. With that the 
solution of the problem can be found. Fig. 7 shows the process of detachment on an 
infinitely long decelerated circular cone. With increasing time an intermediate zone 
with an unattached shock grows linearly. In this zone the flow is conical only in 
tiat, while in the remaining domain It Is also conical In space. Hence, the transition 
from an attached shock to a detached normal shock does not take place through a con¬ 
tinuous change In the inclination of the shock but through the appearance and growth 

of the Intermediate zone. 

Fig. 8 depicts R. Stuff’s computation of the front- and tall shock for a decelerated 
sharp nosed body of revolution of a thickness ratio t = o.oJ»88. The front- and tail- 
shock detach when the body passes below M * 1.5. Corresponding to the actual condition 
the acceleration parameter has been chosen extremely small, namely 

(10) B * 54c s - 10"3 

Here b Is the effective acceleration,^ the length of the flying object, and C0 the 
speed of sound. Fig. 9 shows a snapshot of a sharp nosed body of revolution acceler¬ 
ated near sonic speed, which demonstrates a close relationship with the Plc£u^® , 
L. Prandtl [13] gives. However, Prandtl uses Mach lines whereas we have weak shocks in 

Fig. 9. 

Finally, In Fig. 10 we compare the Jump in pressure across the bow wave for the steady 
flight with that for accelerated and decelerated flight. The bow waves become un¬ 
attached when the body flies with Mach Number 1.5. Again the acceleration parameter 
which has been chosen is very small (i.e., B = * 10-3). This corresponds to an actual 
acceleration of approximately 5m/sec., if we take the body length as 20m and the 
speed fo sound as 330ro/sec. In these unsteady problems one can Identify always a 
quasi-steady effect together with an acceleration effect. But the latter is not im¬ 
portant yet for the range covered in the figure. The acceleration influences the 
strength of the sonic boom with increasing distance. Fig. 11 depicts the front- and 
tall-wave during the transition of the sonic speed. In this case, the direction of 
propagation coincides with the straight trajectory of the flying object. In the cut 
t * constant these shocks appear behind the body since the body has passed the shocks 

already. 

7. Conclusion 

In this survey we considered only those contributions of our collaborators which deal 
with bodies of revolution. We refer to the list given at the end for additional ref¬ 
erences dealing with the sonic boom on wings and for unsteady wave propagation. 
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Figure It Characteristic- and Physi¬ 
cal Plane 
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Figure 4: Pressure Jump across a Shock Wave in the Isothermal Atmosphere 

o) Flight Path in the Characteristic-Space 

Figure 6: Flight Paths in Characteri¬ 
stic- and Physical Space 
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Figur# lOi Front Shook# ln th# Accelerated, Stationary and Decelerated Caee 

Figure 11» Front and Rear Shock of an Accelerated Body near Mach Number 1 
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D* — qua U théorl* du boom supersoniqua constitue une application de la 

théorie non linéaire des ondes courtes, de même et sans beaucoup plus de 

difficulté le boom de focalisation n'est qu'une appUcation de la théorie 

des phénomènes de focalisation dans les ondes courtes. 

fOCUSSIHG EFïECTS IN NON LINEAR SHORT NAVES 

APPLICATION TO THE 70CUSSINQ ¿'TEBSONIC BOCK 

ABSTRACT 

The r'X^y^min boom theory may be considered as an application of the non 

theory of short «Tee, aal in the same my and ahithaut real more 

difficulty the foousainc boom theory appears to be an application of the 

general theory of focussing phenomena in abort «▼»■'• 
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l» bang supersonique doit son origina à un phénoa&na complexe do propagation par ondea et résulta 
de la compétition do plusieurs phénomènes élémentaires t (i) accumulation des perturbations due 
le voisinage de certaines surfaces d'ondes t (il) raidissement des signaux par effet nom linéaire ; 
(iii) dispersion et diffusion des.ondes par effet dissipatif de la viscosité et de la conductibilité 
thermique. 

Im phénomène de propagation peut être décrit aathématiquement par un système d'équations do 
conservation : 

(O 
"Dt 'bx* 

Oa désigna par U un vecteur à 5 composantes» soit : 

(2) , 

alors que l'on désigne par Ò , pour chaque indios k allant de 1 à 3, un autre vecteur à 5 
composantes, soit i 

(3) 4>k'. , f “i“* +tS1K, j>*4U.K+^K j . 

Ims notations sont assez usuelles : les xK sont las composantes du vecteur (position) les 

muets coime dans (l) donnant lieu è somation, j3 désigne la masse volumique, s désigne l'entropie 
spécifique et p désigne la pression ; enfin Su est le symbole de KROKBCKER, alors que les u.K sont 
les composantes du vecteur vitesse ul . * 

la phénomène d'accumulation des perturbations est bien connu des ingénieurs, en relation avec le 
bang supersonique, et, en particulier, on sait très bien localiser dans l'espace-tempe le phénruiAne 
en question (Fig. l). Celui-ci ee traduit par le fait que, si un signal est en quelque sorte "piégé" 
à un certain instant entre deux surfaces voisines, il reste, à tout instant ultérieur, "piégé" dans 
un train d'ondes, c'est-ànlire entre deux surfaces qui se déduisent des deux premières par un 
phénomène de propagation, un peu au sens de l'optique géométrique. Le phénomène mécanique est 
étroitement lié au phénomène purement géométrique de propagation conformément au principe de HUTCKHS. 
Il y a plus, non seulement le signal se trouve piégé dans un train d'ondes qui voyage, Han« notre 
cas particulier, avec la célérité du son relativement à l'atmosphère au repos, mais encore il s* 
trouve fortement "piégé" dans les tubes de rayons sonores qui servent de support au phénwiAm, de 
propagation. Un example très simple (Fig. 2) illustre abondament ce fait s soit une perturbation 
sonore qui se trouve localisée, è l'instant t^ , sous forme de train d'ondes divergent, dans 
couronne sphérique , de très faible largeur ; on constate alors, qu'ultérieurement, oette mime 
perturbation se trouve, à l'instant 11 , localisée dans une couronne Iktqui se déduit de la 
première par propagation avec la célérité du son le long des rayons. Il y a plus t on peut mime 
mettre les deux couronnes en correspondance par les rayons sonores et l’on peut reconnaître la -a»« 
perturbation, éventuellement atténuée en amplitude, mais non déformée (en première approximation), 
dans des éléments des deux trains d'ondes qui se correspoztient. 

Il n'est pas bien difficile de reconnaître les lois qui régissent ce processus sur le système (l). 
Commençons par introduire trois matrices 5x5, soit , telles que l'on ait : 

(4) f{c|>K = AK du , 

il est alors clair que le système prend la forme 

(5) su . AJu1)-Mi : O , 

et nous remarquons au passage que les matrices AKdépendent de U, le système initial étant non 
linéaire ; donnons-nous ensuite une représentation d'un train d'ondes à l'aide d'une fonction 
F (x1( x¿, xj, t) sous la foime 

Train d'ondes i o( < ^ 

et représentons un signal piégé dans le train par 

(6) 1/ = IKF; x4 jXi/Xj.'O , 

avec la convention que U est très faible en dehors du train d'ondes, ou très voisin d'une solution 
particulière remarquable U0 , dont il s'écarte notablement dans le train. Bar substitution de (6) 

Wwlli. iUMiOMÉHiOriH • 
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d«M (5)* nous obtenona 

(7) ('iE -I* î£ 
\ "it 7 

^J. 

'bF 

I 
» + 
I 

20+A^ = o 

'ò k 

où 1 désigne Is matrie3 (5 z 5) diagonale unité. Si la perturbation est réellement piégée dans le 
tritia d'ondes, c'est que l'on a 

(a) 
•>k l«l£ bF 

11. 

"blCK 
c< IfL 

"bX»< "èF 

de telle sorte que, nieux le piégeage est réalisé, et plus l'on s'approche de la situation pour 
laquelle la fonction \j(F ), qui n'est autre que la signature de la perturbation, s'approche d'une 
solution du système : 

De oette équation toute simple, on peut tirer deux conséquences importantes qui se laissent 
interpréter physiquement dans notre oss particulier, caractérisé par (2) et (3). Introduisons 
d'abord le concept de vitesse de propagation normale, expliqué sur la figure 3, en écrivant : 

(10) IL s - >V . r "X 7lK y 
•n 

de telle sorte que les nK soient les composantes du vecteur unitaire ja normal à F = Const. 
L'équation (8) s'écrit alors : 

(11) C'«KAK-wl^2ü- = o, 
et il apparaît que les deux conclusions annoncées plus haut sont les suivantes : 

(12) (i) U 

(ü) li 
“èF 

est valeur propre de la matrice dfiK A,, 

est vecteur propre, à droite, de la même matrice. 

EramHnnnm d'abord l'application de (lO) au cas particulier que nous avons en vue. Si noua éliminons 
les solutions qui correspondent aux ondes d'entropie, nous avons : 

U) ('"■K Cl 
(lí) ^ r 1 

lü) Co*sY^j(w- %!».„) , o j c ti, crVj / en, j ^ 

en désignant par 0 la célérité du son. la condition (i) exprime que chaque surface d'onde dans 
le train se déplace, normalement k elle-même, avec la célérité locale du son, relativement au gaz ; 
la condition (ii) qui peut s'écrire i 

(„, i!L - a R( Ö ) , 
dp 

où a désigne un scalaire dépendant éventuellement de F et où R désigne le vecteur propre à 
droite convenablement normalisé, apparaît comme un système différentiel ordinaire11 assurant la 
détermination de {j comme fonction de F. 

Remarquons que (9) est l'équation à laquelle on aurait abouti si l'on avait recherché une solution 
exacte de (l), ayant la forme U - ü (F). De telles solutions sont bien connues en dynamique des 
gaz sous le nom d'ondes simples et l'on peut énoncer < si une perturbation est fortement piégée 
dans un train d'ondes, la signature de cette perturbation est, localement, celle d'une onde simple. 
Dans une onde simple au sens strict, la perturbation reste constante lorsque l'on se déplace sur 
une onde F « Const. Lorsqu'il s'agit d'une perturbation qui n'est pas rigoureusement une onde 
simple mais qui est seulement fortement piégée dans un train d'ondes, il y a lieu de s'attendre k ce 
que la signature varie en amplitude et en forme d'un instant-point à l'autre sur une onde F ■ Const. 
La seule chose que l'on demande est que cette variation soit relativement lente, comparée à la 
variation de U relativement k F. Le problème capital de la théorie des ondes courtes concerne la 
prévision de cette évolution de la signature lorsqu'on parcourt une onde, c'est-k-dire lorsque 
l'on suit le train d'ondes dans sa propagation. 

*En fait, il faut prendre en compte simultanément les deux conditions (l2). 



1a thtfori* dea ondea oourtea a surtout ¿té développée pour lea équations et lea opetéaea linéaire« 
et, dans ce doaaine, elle a une longue et brillante blatoire. C'eat qu'en effet, le p-—g- de 
l'optique physique à l'optique géométrique d'une part, le passage de la mécanique quantique à la 
mécanique classique d'autre part, relèvent précisément de la théorie dea ondes oourtea. Réceaaant, 
sous l'impulsion des travaux de VHI2HAM [l], la théorie des ondes courtes a été reprise et employée 
dans le domaine doa ondes dispersivas non linéaires, dont les ondes de gravité, les ondes de la 
magnétodynamique des fluides et les ondes dans les plasmas fournissent de vastes champs d'application 
[2j. la structure des équations change d'un phénomène physique à l'autre, mais l'idée est toujouxt à 
peu près la même. Le système d'équations représentant le phénomène physique considéré est supposé 
posséder uns solution particulière U ■ U (F) se présentant sous la forme d'une onde progressive 
cosme indiqué sur la figure 4 a. S'il s'agit d'ondes de gravité, la solution en question peut être 
uns onde solitaire ou une onde périodique. Or fait, la solution en question dépend de paramètres 

*ay- » 80it 1 

(15) U = U(F; . 

Dans le cas d'une onde solitaire en eau peu profonde, par exemple, les paramètres dont il s'agit sont 
ceux qui définissent la direction de progression de l'onde et son ampliti«e. Appelons onde élémentaire 
une solution telle que (15) t on peut avoir l'idée qu'une situation en apparence très complexe est 
peut-être analysable en termes d'ondes élémentaires, en ce sans que le phénomène est peut-être 
approximativement représentable par une onde élémentaire du type (15), mais dont les paramètres sont 
lentement variables d'un instant point à l'autre. In figure 4 b montre une onde solitaire (progressiv^, 
analogue à celle de la figure 4 a, mais dont l'amplitude est modulée. C'est un peu la situation que 
l'on rencontre dans le phénomène des battements. Le problème capital de la théorie des ouïes courtes 
consiste alors à former le système d'équations qui régit l'évolution spatio-temporelle dea paramètres. 

Revenons à (6) et (7) en supposant que les matrices A* soient indépendantes de U » alors, le vecteur 
R qui figure dans (14) est bien détezniné (après avoir été convenablement normalisé) et l’on a 
manifestement : 

r-' 

(16) U = A-O1; 
la fonction a(p) étant lentement variable d'un instant point è l'autre et largement arbitraire. 
Notons que, si les matrices A^ ne sont pas constantes mais varient lentement, le vecteur R varie 
lentement également. Sans entrer dans les détails de la théorie, nous pouvons voir fort simplement 
quel est le mécanisme qui règle l'évolution de la fonction d'amplitude a. Considérons è cet effet 
le vecteur propre à gauche L associé su vecteur propre è droite R, o'est-è-dire tel que l'on ait > 

(17) =o , L(l7KAK - wl) =0 , 

et revenons è l'équation (7) pour la multiplier scalairemant par L. Les termes encadrés donnant 
un résultat nul, en raison de (17)» et il reste une équation i 

(,8) LR + LA, R 1«. + afllR . LAK1R V° y 
qui est susceptible d'une interprétation très imagée. Un raisonnement que nous ne ferons pas ici 
montre en effet que l'on a : 

(19) LR VK = LAkR, 

les VK étant les composantes d'un vecteur N/ , qui n'est autre que le vecteur vitesse de propagation 
de l'onde en suivant un rayon, c'est-è-dire ce que l'on appelle un rayon sonore en acoustique. Il 
apparaît donc que (18) est en fait une équation différentielle ordinaire i 

(20) + £ <X = 0 

régissant l'évolution de a le long d'un rayon. Ainsi, la signature conserve-t-elle, è une affinité 
près, une forme invariable au cours de l'évolution, seule son amplitude changeant au cours de la 
progression le long du rayon. 

Four passer è la théorie du booa supersonique, il faut prendre en compte le caractère faiblement 
non linéaire des équations, c'est-à-dire la faible variation des A* avec U. Nous disons que la 
variation est faible parce que les perturbations sont petites. Les vecteurs R et L sent relatifs 
aux valeurs des A^ à amplitude mulle. 
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Il ..t alors cUir qua 1. vactsur L n'«mula pas axactamant laa tanaa anoadréa dans (?) at 

1'¿quation (20) doit êtra ranplaoéa par : 

(21) 
j»«-- + Ta. ^ 0L- 0 

cix. 

«{. r ast un coefficient purement numérique si l'on s'arrange pour que a ait Us dimensions d'une 

««U..fcto»dLlrT'r «». 
un m- d„ i* n»u- 
“uTintéreasantda saisir U signification physique du sacoid terme dan» (21),, Revenons au;, 

compte tenu de (lO), nous obtenons ' ^ 

IL) _ 
(22) 

I R. I 'Vi V - w"l + L 
LK1 KK -» >F 

A = 0, 

•t ikav* renarquona qu'à aaplituda nulla> l'on a i 

( ^ 
' as o 

= -w 
(23) 

?ÂSrivÆâi: it*n* ^ 
désigne U rapport des chaleurs spécifiques. 

a ^,1. ^ sus insumí1; «Sn 

SS.'SÏÏU'i^'iSiS^.“ r^T'nSsfü*in» -UjS y 
£~. 

oonservatiOT*du*fli«1*' éner^^acoustique associée à un tube de rayons sonores. L'appUoation de 

tion de l'équation (21) et son remplacement par une pseudo équation de BURGERS s 

.. l2: + ra.^*Ra---¿4 ; 
(24) -at ^Xi c ^>Xi 

oit est un coefficient de viscosité effectif dont LIGETHILL donne l'axpression. 
formalisme de U théorie des ondes courtes est absolument nécessaire pour oMenir une évaluât10“ 
^otHe k en atmosphère non homogène avec vent. C'est ainsi que l'expression donnée P“ 
jBTgnua v*ua «t SIGALU [9] est incorrecte. U formeliair de U théorie des ondes cour ap 
Sfíeí dans Us travaux d¿ GOUBKIN, RUOV et GUIRAUD [lOj qui donnent des expresaions oorrectes 

o^ i, plus général ayant été traité par GUIRAUD. Mais, ces divers auteurs n ayant pas 

thSTuné^re è condition de convenir que cette évolution se fait “ J“*^.“A^ShaM [si 

r^hS^^olI Tboom supersonique a été présentée par GUIRAUD [l2], avec con», résultat, justifié 
au prix^'estimations Uborieuses effectuées sur une formule de représentation, unerepsan 

identique à c.U. que l'on paut obt^ir à partir ^t?Se “ °SItiS l^^dans 
démonstration directe et beaucoup plus simpU de ce résultat a été donnée par OSMAiiiüwi LOj 
le cas des écoulements plans non stationnaires. Revenons au coefficient k pour préciser que HAÏES 
J*,“* dToARRMT fula réussi à en relier U valeur à un principe de conservation du flux 
d'énende associé à un tube de rayons sonores, donnant ainsi une démonstration rigoureuse ^ Pr ipe 
heuristique dont LIGHTHILL avait fait le point de départ de son analyse. GUIRAUD [.12] a o 
SSS l ^tration très simple utiUsant la etruc^ profese du fcr^aU». de la théorie des 

ondes courtes et une propriété suis doute peu connue aes équations de la dynamique des gas, 
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1« fait qu1allas sont aya^tri sablas, 
sous la fans t 

Burtons dos équations do l'aooustiquo an ataosfiikr* non 

(25) J 

noua obtenons pour la valsur do k 1'expression t 

(26) * fc= L!S:+IAk^ + LlâkK . 
■>k 

Hanarquona alors que l'on pout établir, salon un raiaonnsnant qua noua ne forons pas loi, et qui 
utilisa la synétrlsabilité dos équations do la dynaaiqua dos gas, las relations suirantas i 

(27) ia*, „ (dDH , L AK ¿Its (ai) AKTt ; 

il oat olair qua (26) déviant dono : 

(28) £ = i-(L ft.-R.) + i L 
■2 "bX " 

Vl, 

'iXi 
R. 

car l'on peut toujours choisir la normalisation do 2 et L de talla sorta qua 1 R - I. Revenons à 
1 équation (25) et Multiplions la par 7, lié à ü conmo L l'est à R, il vient une équation » 

(29) X(LVU)+i.(i.VAKU'\ + 3-Vli» 

qui peut être considérée oosna traduisant ivn bilan énergétique. Supposons alors qua U ot, corrélati¬ 
vement 7 ait une structura d'ondes courtes, puis intégrons par rapport à ? sur un intervalle 
contenant toute la partie significative du train d'ondes ¡ il vient «Hwh la relation t 

<»> 

qui conduit direoteaent k (20) si l'on substitue < ^ 

(31) U= a(F)H , V= cl(F)L . 

fcua voulons Maintenant discuter les questions de focalisation, si inportantes pour la prévision du 
boom supersonique, k la lumière de la théorie des ondes courtes. Nous supposerons, pour 
l'exposé, que les matrices ns dépendent que de ü, et noua exaainarons successivement le 
de focalisation dans les ondes courtes linéaires d'abord, puis dans les ondes courtes non linéaires 
ensuite. Revenons k l'équation (20) et remarquons que l'expression de k peut se mettre sous U 
forme t 

(32) Z "àx. 

si l'on tient compte de (27), du fait que les A* sont constants et de (l9). On peut, dans oe oas 
particulier assez s impla, donner de l'expression de k uns interprétation géométrique soulignant 
1 intervention du phénonkne de focalisation. Comae les sont constants, les rayons sont rectilignes 
et une onde se représente paraaétrlquenent sous la forme i 

(33) 
f fcr t«, + CTX 

i x_ c Xo 4- 0* V(H) • 

la figure 6 illustre cette construction géométrique. Rotons que ^ est le vecteur unitaire norml 
k la surface d'caide et que sa direction se conserve le long d'un rayon. Il faut comprendre que, si 
1 on veut obtenir, k 1 aide de (33), une onde, Xo doit dépendre de deux paramètres et décrire 'me 
surface dont 2, est le vecteur unitaire de la normale. Les formules (33) définissant ce que l'on 
appelle en géométrie une congruence de droites, c'est-k-dire une famille de droites dépendant de 
deux paramètres. Sur chacune de ces droites, il y a deux et seulement deux points focaux Xr et X, . 
Soit et tu les instants où l'ond» arrive en ces points, un raisonnement que nous ne ¡^produirons 
pas permet d'établir la relation s 

(34) l- 
5 (1-1,)(1:,-1) 

(kr< t«") , 

de telle sorte que la relation d'évolution devient i 

.Çft.b3-i£ cc = 

^ Z Cb-tr)(U.fe) 
(35) O bv <. t < b, 
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C*tt« équation préeanta una singularité an t - 
da a qua pour t atrlotanant oonpris antra t! 

at t ■ t- , at na saurait dono régler 1'évolution 
at ta .En fait, la solution do (35) ost t 

fw) t, < t i t U ) 
(36) 

la fonction f(*0 départant du rayon considéré. En théorie du boon supersonique, le point focal F 
Mt sw la trejaotbire de l'avion, cône l'indiqua U figura 7, aloro que la point focal « aot la 
point da contact du rayon sonora avao la caustique, li.su due arêtes de rabrouasenent des cono es 
de Maoh. la détermination da la fonction f (x^ dans (36) s'affaotua an appliquant U règlo das 
2r!«ÍlpS.oniS«qui donna la conport^t di trrtn d'ort.s «x voisin^ da P. iu voisinagadu 
second point fooal 4, l'aaplituda a au^*nta irtéfininant et oala interdit de ^rawsar l" poin 
fooal an ouostion. A supposer que l'on sacha effectuer uns étude locale dans la voisinage du 
££ “ TST^tTétSTlJcal. révéla qua U solution ^rg^nt ^.lA d. 4 «it A nouv^u un 
tadn d'ondas courtes, l'équation (35) peut alors A nouveau être appliquée au-delà da 4 pour 

conduira à 

(J7) ^ 

avec uns fonction g (x.) qui différa de f (x,). L'un des problénas fortenentaw de U théorie 
du de focalisation consista précisément à déteminer la signature da sortia connaissan 

Is signature d'entrée. 

Avant d'aborder la problème do la focalisation proprement dit, on peut obtenir des renseignements 
intéressants au essayant d'améliorer la représentation (6), par exemple en écrivant i 

(38) 11= Ü (p £ 4- ••• F = £ F 

(39) AkI^í = o 

Bous supposons ici que P est identifié avec la distança qua nous avons appelés x, précédemment, 
sotasmant an relation avec la figura 5. On notera qua U présence du petit paramétra £ caractérise 
le f3t\ua U largeur du train d'ondes est négligeable an comparaison de la 
focaux P et 4. St^tituons (38) dans (7J et tenons compte ^du fait qua U vérifia (9), il vient 

('».A.-'“!') ^ 

Cosme w est valeur propre da U matrioe AK, l'équation (39) ne détermina ^/i «ne 
de oomnatibilité est satisfaite, nais il sa trouva que cette condition as. précisément 

“¿Sutioú (20), d. trtl. sort, qu'alla -ut-ati^t^irtrtt. 
at eue (») est résoluble per rapport éi^/îF, d'une manière non unique d'ailleurs, doux solutions 
différant^par un vecteur p^portionnal à U,. Bous nous intéressons ioi au coaportsuent de ?2 
la voisinage du point fooal 4. H est utile, à cet effet, d'introduis un système de coordonnées 
Ué à la oaustique. Conformément au schéma do la figura 8, appelons ¿S 
point do contact du rayon avec U caustique, appelons t* l'in&tant ou l'onde P - 0 atteint oa 
point ot ¿XaHyxma per Xj le point courent sur la rayon, noua avons t 

(40) fc, è\ <r -i 

* 
= X _ 

et il faut se souvenir que t* et x* dépendent de deux paramètres a, at et que le "»teurV 
départ du roo tour unitaire ]X* , normal à l'onde, lequel sa oonsarva - 
déterminé d. l'wp^a, « un inaUnt déteiminé. wt complétât 
et par sa lia tance à l'orta, soit x.. Bous na ferons pas ioi la travail do géométrie dlfterentiena 
qui oonaiote à effectuer, dans le système (5), le changement de coordonnées* 

(Xî.X^Xj^t ^ (*-lj (41) 

Il nous faut pourtant expliquer quelques notations absolument indispensables. Il y a d'abord la 
Ha^n-itinn dos veoteuro unitaires §* et qui résulte de i 

(42) A 
* * 

<*s Hd H* SÎ 

♦Boter que x^ n'a pas la mime signification des deux côtés de (41) 
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ÜtU SXi.fJÄ'Ä Tí"*^ S d*^«* *• »i»---* d. !•«.. ,«! ÍOO^. 

(43) -1. OJ - y. 5 
, ? 

Ll* *• Hj g» A zn ^ _ 2) 

-»ai '- 

snr^r,4(b) •* "‘“•^ ^ u. u. 

(44) .n*. l^L 

v~ ~ / ^3. 

Hd 
_[ A.(e;Aï?),y*. (eÍA^jiji^o 

^ V* 

d. t.n. ■ort* ,«<«, voiai^, d. 1* e*usîiqué, û «prés^t.tion du t™iu d-o«!.. «t U , 

(45) U= íí!ll K ^ £ 
ff-‘4 

á^d) H* 

ÍP¿ 71?.(íí^()Rd+0ltl; ' 
SÆK 2 f*" Rd “ FTdodd«»., ., d. »t„ K, ^ 

(46) (A • A* - W* l'J ^ J A . ( e* z\ Al' ^ _ y. (_e^ A of) 1J ^ i ü . 

II tpptralt qua la aacond terme dans (45). ul aat «n m»in/v<T* n / & ^ d. j . , 

^H^rÂîd.^L'irc 
ooorlM n. Bdurait Itn «iSl. «i^SsÍíiiídÍu SSSSoSÜ* ^ '•W*”'*«'» ««• tarn, d'ood« 

solution s1 affeotuait anl¿™s da ía fonction dMí^ p iW ,,J et qUe U «P^~tstion d 
présente un caraotérl Sé» ^ fonction d'UET. En fait, 1'ensambla da oes conclusions 

domaine intéressé soit 0 (fc4«) .reo «<'indétl^né^p^M“7” Í0Í‘ SUpp080nl, que 1,át6ndue du 

■Î0(A ■• '\.S'X 
(47) 

_r- - r\ 
= & (T u = £ M. T'^ + £ V 

nous voyons que la no^.U. représentation se racoorder. à l'ancienne pourvu que l'on ait , 

(48) iC* ^ ; 

en notant 

(49) 

I nn Liy*v. <r y A — V \ 
&-+ QO 

/f, H 

X“s srÄr^disidTÄTar r a- ■* »<■««. »«- ^ 
le système (5) devient* 0iUm«MUœt d* «^bles (41), et en ne conservant que les tvnw» dominants, 

(50) ((£• A - W* l) 2ÎL +•£ t/l f(£ **?). f\ - V • (gg AOrf ) 1 ) JL _ 0 
y "èF l ” 1 v ^ V J 

StSïmÎrî^“^^^68^ tan“8 de °atta «ont annulés séparément et 

wiablea, les tenses significatifs de ’ 1 ' équationsoalaire* r*°h8rol“r quala 80nt» changement de 

(so i t. Ak - 
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Il «at oladr qua l'on a 

<*> i}, (£ “a 
au dana la cas ayrndtrlsabla, car il suffit da se reportar à (35). Bnsuite, confoi*A#ent à 

(43), l'on a 

(53) 

avec 

L2-+ LAk1 A <-6o( 
rj K «A* A.1Í 

C 

(54) K% L /.le* A**j L'Ra . 

Finaleaant, pour que la description soit cohérente, on est amené à choisir 

(55) 'l-Joi- 3c( n=£ o<= -1- , 

et l'on obtient, pour u et "r , un système d'équations aux dérivées partielles 

(56) 2Í - A* A- lîL 
•àx4 ? -ôa- 

il, A = . 

Il Mt raaarquabla que le système d'équations décrivant la focalisation soit aussi simple et surtout 
que sa a truc ture dépende aussi peu de la structure du système initial, c'est-à-dire du phénomène 
ptysique étudié. Celui-ci n'intervient que dans l'explicitation des coefficients <A * » •* 
aussi, —<■ à un autre niveau, par las vecteurs K± et Rg . 

L'application au boom supersonique ne présente aucune difficulté. On trouve que R* est caractéris¬ 
tique d'une onde plane is entro piqua, normale à fi* , et qua est caractéristique d'un écoulement 
à pression et entropie nuiles, dont la vecteur vitesso est normal à la caustique ; on trouva aussi 
que K* Mt égal à l'unité j enfin, l'expression de ,/1* est un peu complexe et se trouve être 
explicitée par aUlBADD [io] (comparer la présente équation (55) avec (119) du mémoire cité;. 

L'élimination de £ entre 1m deux équations (56) conduit à une équation unique portant sur u, 

■oit , * ^ . 

^ •*?• ( >?■ + I ^ 'àff' 1 ) 
Il s'avère que cette équation peut se ramener à une équation de THICQMI. Il suffit à cet effet de 

*W/5 f 
(58) ç= «- 

(’ 
û . u- 

pour obtenir 

(59) 2. 

On vérifie difficulté que ? représente une abscisse curviligne le long des courbes tracées 
sur la caustique qui sont tangentes aux rayons et que Ç représenta la distanoa à la caustique, 
comptée normalement avec nn* unité convenable, Ç étant positif du côté qui est balayé par les 
«ndM et négatif du côté dont l'accès est interdit arix ondes. Im figure 10 illustre oette géométrie. 

[jo] a construit la solution de (56) qui satisfait aux conditions (48) et nous ne reprendrons 
PM ici oatta discussion. Pour terminar, noua voulons simplement discuter brièvement l'intervention 
dM effets non linéaires. Ceux-ci se font sentir d'une part par l'opérateur de convection non 
linéaire P a , c'est-à-dire par la substitution 

(a) i ^ r(X ; 
Amrtm l'équation qui provient de la condition de compatibilité, d'autre part par le fait que le petit 
paramètre t caractérise non seulement la largeur du train d'ondes, mais aussi l'amplitude des 
perturbations, de sorte qu'il convient de remplacer (47) par 

(«> , lurn W-5<Î>V~ , ( *-Vc), 
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d* tall* sorta qua, coapta tanu da 

jL _ T 0. X- rv 

^(T 

SX4, il vient 

at qua la terna da convection non linéaire est négligeable en première approximation. La phénomène 
de focalisation est toujours, essentiellement, un phénomène linéaire. 

En réalité, lorsque le train d'ondes courtes qui approche de la caustique est associé à un phénomène 
physique non linéaire, il a en général une signature en N plue ou noins prononcée nais comportant, 
en tout cas, des discontinuités qui conduisant à des singularités dans la solution dm système (56). 
Ces singularités ont été discutées par GUXEAUD [io] et elles ne peuvent itre levées que par une étude 
locale. La terne non linéaire joue cette fois un rôle capital et l'équation que l'on est conduit à 
résoudre piut s'identifier comme cela a été montré par VECKEB [16], avec l'équacion des écoulements 
irrotatioLnels stationnaires transsoniques à deux dimensions. Les progrès ultérieurs passent 
vraisemblablement par une étude numérique et tout ce que l'on sait faire est de formuler une règle 
de similitude que l'on trouvera explicitée dans [lO]. Cette règle a été retrouvée par THKRT, IECGM31 
et REOGLàNl [l?] en employant une méthode souvent utilisée en dynamique des grs. Puisque les singula¬ 
rités de la description linéaire se placent le long des caractéristiques de 1'équation de THICOMI 
qui sont les prolongements des chocs de la signature en N, les auteurs précédents proposant de suivre 
l'évolution de ces chocs sans tenir compte du reste du phénomène | ils y arrivant en appliquant une 
règle fomulée initialement par WHI TEAM et qui consiste à appliquer le long du choc la relation 
différentielle qui est valable le long d'une caractéristique. Cette technique a donné de bons résultats 
dans de nombreux cas, mais il est douteux qu'elle soit réellement applicable avec sûreté Jusqu'à la 
focalisation. Il faut dire qu'elle permet de chiffrer numériquement la règle de similitude mentionnée 
plus haut ce que ne permet de faire aucune méthode rigoureuse à l'heure actuelle. 

o o 
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FIG.2. 

surface d'onde, rayon, vitesse de propagation^ et 

distance à l'onde 

■entrant un train d'ondes sphériques courtes à deux 
Instants successifs et les volumes découpés par un 

tube de rayons sonores. 

illustrant la définition de la vitesse de propagation 

nórmate w. 
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; 

illustrant la signification des points focaux dans 
le cas du boon supersonique 

illustrant le système de coordonnées lié i la 
caustique. 

! 
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REFRACTION ATMOSPHERIQUE ET REFLEXION AU SOL DES BANGS 

par C. THERY 

Inatitut franco-allemand de recherchea de St-Louia 

Poaition du problfemc 

On aait que lea méthodea d'étude développéee par Whitham, Rao, 
Friedman ( [l] , [2] , [3] ) permettent de calculer la perturbation de prea- 
aion émise par un avion donné en vol auperaonique dana une atmoaphëre 
homogène ou non homogène, pour un vol atationnaire ou accéléré. Cea métho- 
dea cependant ceaeent d'être applicablea au voiainage dea surfacea caustiques 
sur lesquelles l'onde ae réfléchit totalement. Cea aurfacea, enveloppea dea 
rayona sonores caractéristiques, sont en effet singulières et les théories pré¬ 
cédentes y prédisent une intensité infinie de l'onde. 

Une analyse du phénomène ayant lieu au voiainage de la caustique est 
due à Guiraud ( [4]). Elle décrit la déformation progressive de'l'onde à mesure 
que l'on se rapproche de la caustique: elle laisse cependant subsister sur la 
caustique et pour l'onde réfléchie, une singularité aux fronts d'ondes avant et 
arrière pour lesquels les surpressions demeurent infinies, le reate du signal 
étant fini. Elle fournit une loi de similitude permettant de rendre compte de 
l'influence qu'auront lea différenta paramètres géométriques et physiques sur 
l'intensité de l'onde au niveau de la caustique. Elle n'apporte cependant pas de 
solution complète au problème posé, une constante demeurant indéte~minée. 

Nous avons tenté une approche de ce même problème ( [6] à [8] ), par 
une voie assez différente et ne s'appliquant bien qu'à des cas relativement sim¬ 
ples. La méthode employée est une méthode de caractéristiques que l'on a 
appliquée successivement aux cas stationnaires de la réfraction d'une onde 
échelon dans une atmosphère bidimensionnelle et de la réfraction d'une onde en 
N dans une atmosphère ayant une symétrie de révolution autour de la trajectoire 
de l'avion. Le procédé de calcul utilisé permet de suivre de proche en proche la 
réfraction de l'onde tant que l'écoulement derrière celle-ci demeure supersonique. 
U ne permet donc pas de suivre l'évolution de l'intensité de l'onde jusqu'au 
point oh elle s'évanouit mais son intensité étant faible il est possible d'en approcher 
d assez près. Comme on s'intéresse surtout au signal qui sera perçu au sol, il 
faut compléter l'étude de la réfraction atmosphérique par celle de la réflexion au 
sol de l'onde qui dans des conditions proches de la focalisation se trouve Être 
presque rasante ( [5] ). 

Réfraction atmosphérique des ondes de faible intensité : Onde échelon. 

Dans un premier calcul nous avons étudié la réfraction d'une onde de choc 
échelon, stationnaire, dans un milieu à gradient vertical de vitesse du son. Cette 
forme d'onde a été choisie de manière à ce que, tout au moins en première appro¬ 
ximation, les perturbations ne soient transmises que suivant un seul système de 
caractéristiques: la configuration du phénomène de réfraction est alors simple 
(voir fig. 1 a), le choc incident se réfracte sur chaque couche d'atmosphère donnant 
naissance à un faisceau d'ondes de compression ou de détente réfléchi et à un choc 
transmis. En appliquant les relations à travers le choc d'une part et d'autre part 
celle liant la déviation de l'écoulement au saut de pression à travers un faisceau 
d'onde simple, on obtient la relation différentielle suivante qui lie. l'intensité de 
l'onde à son incidence 

© o-y) yîrmiÿ 



avec ) > Qq 
V^COS2f 

(PrPo)/Po 

ty/ír+V+ty-pJ/Po 
H-tqtf, <f complément de l'angle d'incidence, 

A cette relation il faut joindre la relation qui lie intenaité de l'onde et incidence 

à l'altitude: g» f-y ^ 

V 1+xJ * 
(T) ne faisant intervenir que les seules intensité et incidence de l'onde, on constate 
que, pour une onde d'intensité et d'incidence initiales données, l'effet de la 
réfraction de l'onde sur son intensité finale demeurera le même quelle que soit 
la répartition du gradient de température pourvu que le saut de température à 
travers la couche d'atmosphère traversée demeure le même. 

2 
L'expression différentielle (T) n'est définie que pour x - y (1 -^y) > 0, 

condition qui exprime que l'écoulement est supersonique de part et d'autre du 
¿hocjles conditions critiques (écoulement sonique derrière le choc) sont données 
par x - y ( '1 -^y) = 0 ou pour les chocs de très faibl* intensité p?r y yPi~pa 

(T) peut Être intégrée numériquement et on obtient un faisceau de courbes intégra¬ 
les qui peuvent être paramétrées en fonction de la vitesse du son à l'aide de (z) 
ou en altitude si la loi ao = aQ (h) est donnée. 

La solution générale de (î) est donnée figure 2. Les courbes intégrales 
présentent toutes le même aspect : lorsqu'on suit une telle courbe dans le sens 
des incidences croissantes (q décroissant, vitesse du son croissante, altitude dé¬ 
croissante) l'intensité de l'onde décroît, passe par un minimum pour une incidence 
voisine de “f“ puis croît jusqu'à l'incidence critique. Pour les ondes de très 
faible intensité, telles que les bangs, le minimum est très plat et l'intensité de 
l'onde ne varie sensiblement que pour les incidences très faibles (qui ne nous 
intéressent pas ici : avions extrêmement rapides) et pour les incidences voisines 
de 90* pour lesquelles un net renforcement est observé 

( -Si— = 4 ou ï»,?) (voir figure 3 : solution pour les ondes de faible intensité). 
Up(-f) / 

Suivant le domaine d'incidence dans lequel on se place, on peut chercher 
pour les ondes de faible intensité (y«l) des solutions approchées (leur contrôle 
numérique est excellent) de l'équation différentielle. Ainsi loin de la focalisation 
(x non petit) on obtient : 

1+K2 
2x OU 

Y sin 2 9' 

Au voisinage des conditions critiques (x2 et y petits) on obtient : 

© 
La relation (?) est intéressante car c'est celle qte fournit l'application de 

la théorie acoustique. 

La relation permet de décrire l'évolution de l'intensité de l'onde au 
voisinage de la focalisation (étude du comportement asymptotique) et de comparer 
son intensité à l'altitude critique à celle qu'elle a assez loin de la focalisation (ren 
forcement à l'altitude critique). 

/... 

x) pour les ondes de faible intensité. 
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12S -V* 
iixy Dam cette dernifcre optique, @ peut «e rícrire (Q)"* a. 

avec la condition y«x « 1. Comme fa , y~ ’ 

(*f " 8 di*tanc* curviligne comptée eur le rayon sonore, 1/R courbure re¬ 
lative du rayon sonore et de la caustique, ici rayon de courbure du rayon sonore 
(voir figure 4)), ceci peut encore s'écrire , J8(*.-»**'Aptoy1" ^ 

, W (VJ rf-J ® 
avec les conditions suivantes s. s « », 

c f 

Ap( 
8 «R. 

Cette formule est intéressante car elle présente une grande analogie 
avec la loi de similitude présentée par Guiraud qui moyennant une légère 
transformation s'écrit 

La constante étant une constante universelle à déterminer. 

,-f/J 

Les seconds membres de ® et (b) sont identiques à la constante numé¬ 
rique près. Par contre, le premier membre concerne dans la première expres¬ 
sion le renforcement à l'altitude critique et dans la seconde le renforcement 
à la focalisation. Si on considère que au voisinage des conditions critiques les 
chocs incident et réfléchi sur la caustique pourraient présenter une configuration 
en y (figure 1 a), la constante numérique calculée dans l'expression (¾ devrait 
fournir un ordre de grandeur et plus précisément une borne inférieure de la 
valeur de la constante indéterminée de la relation @ . 

Etant donné par aüleurs que dans l'analyse faite par Guiraud du compor¬ 
tement du phénomène au voisinage de la caustique, il était prévu une singularité 
pour l'onde sur la caustique, on demeurait hésitant quant à la validité de la loi 
de similitude fournie par Guiraud, obtenue ü est vrai à partir de considérations 
quelque peu différentes. L'analogie du résultat obtenu dans ce cas particulier 
avec celui obtenu de manière très générale par Guiraud parait donc précieuse. 

On pourrait également comparer le comportement asymptotique que pré¬ 
voit la relation (4) avec celui que prévoit Guiraud mais ce travail n'a pas été fait 
encore. 

La formule d'approximation (?) n'est valable que pour y*x2«c 1 donc en 
pratique pour des surpressions dans l'onde extrêmement faibles. On peut donc 
se demander si les intensités habituelles des bangs ne sont pas trop 
grandes pour que on leur puisse appliquer valablement l'approximation obtenue. 
On a donc reporté sur le graphique 5 les valeurs du rapport (dpi*,)/«,) en 
fonction de (àpmin/p0 ) et de (-fcH ; on voit que la loi (f) est satisfaite dans un 
domaine de surpression qui couvre très largement celui des intensités habi¬ 
tuelles des bangs. Quant à la proportionnalité à (£)'* , elle semble se vérifier 
même quand l'écart d'incidence qui sert de référence cesse d'être petit. 

Enfin, nous avons vu que la méthode employée n'est pas absolument 
rigoureuse puisqu'elle néglige l'effet des réflexions secondaires. Cependant, 
il est aisé de contrôler la validité des résultats obtenus en effectuant des calculs 
de contrôle à l'aide d'une méthode de caractéristique»sans approximation (voir 
figure 1 b). Une telle comparaison est faite figure 6. Les intensités à la focalisa- 
ti00 obtenues sont identiques. Les altitudes critiques différent trfcs légèrement. 

• ••/••» 
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Ce travail peut 4tre complété de diverses manières, en particulier, 
par l'étude de l'action d'un vent longitudinal ou de celle de la pesanteur. 
L'expression différentielle obtenue dans ce dernier cas qui lie l'intensité du 
choc (y) et son incidence (x) est plus complexe. La loi de variation de la tem¬ 
pérature avec l'altitude y figure explicitement et les effets de la température 
et de la gravitation s'y trouvent couplés. Cependant, dès que l'on considère 
des ondes de choc de faible intensité cette complexité disparaît. Ainsi on peut 
montrer que ces deux effets se séparent et on obtient avec une très bonne ap¬ 
proximation ¿p(h) 

Kç : facteur de renforcement dû au seul effet de la gravitation , Kg“ 

K^, ^ : facteur de renforcement dû aux seuls effets de la température et du 
’ vent longitudinal (par exemple, par un vent nul KTW* yloin de 

l'altitude critique). ’ 

On donne figure 7 la solution générale obtenue pour une atmosphère pesante. 

Au voisinage de l'altitude critique la loi de variation de l'intensité des 
chocs faibles avec l'incidence de l'onde est la mûme que celle obtenue pour une 
atmosphère non pesante et elle est donnée par (4) . 

Etude de la réfraction d'une onde en N dans une atmosphère de révolution. 

L'étude précédente est simple et conduit à des formules explicites qui 
permettent de décrire le comportement de l'onde à la fois loin de la caustique 
et près de celle-ci. Mais, elle ne met en évidence ni l'effet de l'expansion de 
l'onde ni celui de la forme particulière en N de l'onde (rattrapage des chocs 
par les détentes)) c'est pourquoi on a complété cette étude par celle de la 
réfraction d'une onde en N dans une atmosphère inhomogène à symétrie de ré¬ 
volution autour de la trajectoire supposée de l'avion. 

La technique de calcul employée est toujours une méthode de caracté¬ 
ristiques (figure 1b) et le traitement est purement numérique. Les principaux 
résultats sont regroupés dans les figures 8 à 12. 

L'étude en atmosphère homogène met en évidence l'effet couplé de 
l'affaiblissement de l'onde dû à l'interaction des chocs avec les détentes qui le 
suivent ou le précèdent et de l'expansion. Pour les chocs de très faible intensité 
(bien moindre que celle du bang), seul ce dernier effet subsiste et la surpres¬ 
sion varie alors comme la racine carrée de la distance à la trajectoire. Pour 
des ondes plus intenses l'amortissement de l'onde est plus important, ainsi 
pour des ondes d'intensité voisine de celles des bangs l'évolution de l'intensité 
de l'onde avec l'altitude est voisine de celle que permet de prévoir la loi en 
h-3/4 généralement retenue. L'étude en atmosphère isotherme montre que 
l'effet de la pesanteur est de faire varier les surpressions dans l'onde comme 
la racine carrée de la pression locale. L'étude en atmosphère isobare permet 
de mettre en évidence l'effet de la seule température, de contrûler loin de la 
focalisation les prévisions de la théorie acoustique et près de la focalisation 
la validité des lois (T) et (6) que l'on avait établi lors de l'étude du cas précé¬ 
dent (voir figure 13). Enfin, les divers effets se trouvent regroupés dans l'étude 
de la réfraction des ondes en N dans une atmosphère de type standard. 

La théorie acoustique indiquant que le problème du bang peut être traité 
par tranche comme un problème de révolution, le phénomène de focalisation étant 
local, les résultats présentés doivent être très proches de ceux que fourniraient 
l'étude du cas réel (tridimensionnel) sous trace. En changeant la valeur du gra¬ 
dient de température et la distance sur laquelle s'effectue l'étude, on devrait 
pouvoir rendre compte des phénomènes se produisant hors trace. 

a a • /a a a 
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En résumé, cette étude permet de décrire le phénomène dans un 
cas déjà asses représentatif du cas réel et de contrôler la validité des 
résultats établis dans l'étude d'un cas plus simple. 

Etude de cas plus généraux : 

Le principal problème à résoudre demeure celui des focalisations. 
Le contrôle que l'on a effectué dans les cas précédents de la loi générale 
de similitude présentée par Guiraud semble autoriser son emploi pour le 
traitement du cas sénéral, un ordre de grandeur de la constante universelle 
indéterminée de (6) étant fournie par celle de (5) . De cette manière, on 
peut montrer, par exemple, que le renfôrcement d'intensité de l'onde à la 
focalisation en cas de vol en palier accéléré pour des accélérations réalistes 
de l'avion (j’aO.îm/s*, est très voisin de celui que l'on obtient dans le 
cas du vol stationnaire à vitesse égale à la vitesse du son au sol. (Comparai¬ 
son des courbures relatives des rayons sonores et de la caustique dans chacun 
des cas: calcul à partir de la théorie acoustique (voir 9 )). Ce dernier cas 
ayant été traité, on peut donc connaître l'intensité du bang à attendre dans le 
premier. 

D'autre part, il doit être possible de montrer que la loi de comporte¬ 
ment asymptotique (dans laquelle x serait remplacé par reste appli¬ 
cable. Si cela était effectivement le cas, Userait alors également possible 
de déterminer sur quelle étendue le phénomène de focalisation demeure sen¬ 
sible et quelle sera dans ce domaine l'évolution des surpressions. On peut 
noter à ce propos que cette étendue mesurée horizontalement dans le cas du 
palier accéléré semble devoir être d'autant plus importante que l'accélération 
sera plus faible. 

Réflexion au sol 

Pour compléter cette étude puisque le problème du bang se pose sur¬ 
tout par suite de l'effet qu'il peut avoir au sol, il faut étudier sa réflexion 
sur celui-ci. 

On peut montrer que la réflexion des ondes de choc de faible intensité 
est régulière et conduit à un doublement de l'intensité de l'onde dans un très 
large domaine d'incidence. Cependant, pour les incidences presque rasantes 
certaines singularités se produisent : au voisinage de la limite de réflexion 
régulière, le coefficient de réflexion croit rapidement pour atteindre 3. Dans 
le domaine étroit de la réflexion irrégulière, le coefficient de réflexion varie 
très rapidement pour atteindre la valeur 1 pour l'incidence rasante (voir fi¬ 
gure 14); or, dans les cas de focalisation par palier accéléré, l'onde se pré¬ 
sente au sol sous une incidence presque rasante, on peut donc s'attendre alors 
à observer des effets anormaux dus à la réflexion qui parfois provoqueront un 
renforcement supplémentaire. Pour fixer les idées, remarquons que pour un 
vol horizontal à 11 000 m accéléré à raison de = 0, 3 m/s l'onde à la focali¬ 
sation se présente au sol avec une incidence déjà située dans le domaine de 
la réflexion régulière (coefficient de réflexion de l'ordre de 2, 1 ou 2, 2 sui¬ 
vant l'intensité de l'onde). 

Contrôle expérimental 

Les résultats présentés ici sont en accord qualitatif et quantitatif avec 
les résultats des essais en vol organisés par le CEV lors des expériences 
Jéricho. 

La réflexion des ondes de choc a pu être étudiée en laboratoire (tube 
à choc); par contre, les tentatives d'étude expérimentale de la réfraction en 
atmosphère inhcmogène d'ondes échelon, délicate à mener, n'ont pas été 
jusqu'ici très concluantes. 

Nous remercions MM. GUIRAUD, AURIOL, WECKEN pour l'aide qu'ü nous ont 
apportée dans ce travail. 
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Figure s Réfraction d'une onde échelon - atmosphère isobare : Solution 
générale de l'équation (T) / 9o s 1 \ 
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Figure 3 Réfraction d'une onde échelon - atmosphère isobare : Solution 
de l'équation ^^pour les ondes de faible intensité. 
Les altitudes repérées correspondent à V0 = agoj et à la loi 
de température de l'atmosphère standard. 

Figure 4 Acoustique géométrique : Relation entre courbure du rayon 
sonore et co-incidence. 

* 
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Figure 5 Réfraction d'une onde échelon -atmosphère isobare : Evolution 
de la surpression critique en fonction de la surpression asses 
loin des conditions de focalisation; comparaison avec la loi de 
similitude (s). 

Figure 6 Réfractioh d'une onde échelon -atmosphère isobare 
Comparaison entre méthodes approchée et complète. 
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Figure 7 Réfraction d'une onde échelon - atmosphère pesante : solution 
générale pour une atmosphère standard. 

I 

h [km] h [km] 

Evolution de l'intensité et de la demi-longueur d'onde 

du N avec l'altitude 

Atmosphère homogène 

Figure 8 Onde en N - atmosphère de révolution 
Réfraction en atmosphère homogène 
Evolution de l'intensité et de la l/2 longueur d'onde de l'onde 
avec l'altitude 
P*pstd 01 = 11000), T = Tstd (h‘11000) , M‘1,15 et 2,30. 
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Figure 9 Onde en N - atmosphère de révolution 
Refraction dans des atmosphères homogène, isotherme, standard : 
Comparaison entre l'évolution des intensités. 
Atmosphère homogène p = pstd (h-11000) , T-Ts{d (h*11000) 

Atmosphère isotherme , T fstd (h *11000). 

l/b =â soi L-50m 

Figure 10 Onde en N - atmosphère de révolution 
Réfraction dans une atmosphère isobare 
Evolution de l'intensité de l'onde avec l'altitude pour diverses 
intensités de l'onde incidente. 
P= 1 bar; T(h) = Tetd. 

I- 
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Figure 11 Onde en N - atmosphère de révolution 
Réfraction dans une atmosphère standard 

Evolution de l'intensité de l'onde et de la demi-longueur 
d'onde avec l'altitude. 

Intensité à diooom . ¿pu 05mb. Ptmosphtrt •sforuio^d- 

demi- 'ofjÿueur d ondt à Hooom :50m. 

Figure 12 Onde en N - atmosphère de révolution 
Réfraction dans ,me atmosphère standard 
Evolution de l'intensité de l'onde avec l'altitude pour 
diverses incidences de l'onde. 
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Figure 13 Onde en N - atmosphère de révolution 

- Réfraction dans une atmosphère isobare 

- Comparaison entre intensités à l'altitude critique 
calculée et prévue par (T) . 

Figure 14 Réflexion des ondes de choc de faible intensité 

Allure générale de la variation du coefficient de réflexion 
avec l'incidence. 



Coifficknt d* rtf/txion tn fonction du compkmont 
do ianyk dïncidonco {voisinage dt lïnddtJn* rócente ) 

Fiaure 15 Réflexion des ondes de choc de faible intensité 
Variation du coefficient de réflexion avec l'incidence 
pour les incidences presque rasantes. 
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- ESSAIS MIRAGE IV - 

1. OBJECTIF POURSUIVI. 

On peut maintenant considérer que nos connaissances, tant théoriques qu'expérimentales, en 
matière de bang produit par un avion en vol rectiligne uniforme sont suffisantes pour per¬ 
mettre une bonne prévision du phénomène ; il reste bien entendu à préciser la nature et le 
mode d'action des différents paramètres influant sur la dispersion, statistiquement connue, 
des résultats. 

n n'en va pas de meme pour les différents cas de focalisation provoqués par les évolutions 
de l'avion. Les théories se révèlent encore incapables de prévoir l'amplitude absolue de phé¬ 
nomène et la faible étendue des zones intéressées en rend l'étude expérimentale difficile. 

Le Groupe de Travail chargé de l'étude du bang en tant que phénomène physique (propagation 
et amplitude), composé de représentants du Centre d'Essais en Vol et du Service Technique 
Aéronautique a donc décidé d'orienter les recherches expérimentales sur le phénomène de fo¬ 
calisation tout en faisant poursuivre les études théoriques à l'ONERA et à l'Institut Franco 
Allemand de St Louis. 

2. METHODES ET MOYENS D'ESSAI - PROGRAMME. 

La zone intéressée par le phénomène étant étroite et sa position étant délicate à prévoir une 
zone de mesure la plus grande possible avec des points de mesure les plus serrés possible 
est hautement désirable. Il faut noter que la zone de focalisation se détermine facilement en 
théorie lorsque l'on connait les caractéristiques de la trajectoire et celles de l'atmosphère. 
Sur le plan pratique apparaissent très rapidement deux difficultés : 

a) Il est très difficile de connaître correctement l'atmosphère à l'instant de l'essai et 
dans tout le volume intéressé par la propagation de la nappe de choc venant focaliser 
au sol. 

b) Meme en admettant connue parfaitement l'atmosphère et calculée en conséquence la 
trajectoire conduisant à la focalisation sur la zone de mesure, il est difficile de gui¬ 
der l'avion de façon à respecter cette trajectoire (position et vitesse) avec une préci¬ 
sion suffisante. 

D'un autre cOté la zone intéressée par le phénomène est étroite, de l'ordre de grandeur de 
l'épaisseur de la nappe de choc elle-même (en ce qui concerne la focalisation proprement 
dite : il y a donc intérêt à serrer au maximum les points de mesure.) 

Le nombre total de points de mesure étant nécessairement limité, un compromis s'impose 
entre l'étendue de la zone de mesure et l'écartement des points de mesure. 

Nous avonè donc été conduit à la solution suivante : un axe de 3 km constitué par une ligne 
de 28 microphones et deux zones de controle à 1,5 km de chaque extrémité de l'axe. La fi¬ 
gure 1 montre la disposition retenue et donne les principales caractéristiques du matériel uti¬ 
lisé. 

L'objectif essentiel de l'OPERATION JERICHO-VIRAGE était de mesurer le coefficient d'am¬ 
plification en focalisation par virage au cours de vols spéciaux qui correspondaient à une uti¬ 
lisation normale des avions militaires mais dont les résultats pouvaient être en principe ex¬ 
trapolables aux avions civils supersoniques (altitudes voisines de 36. 000 ft). Cette condition 
de focalisation conduit en effet à un phénomène de focalisation qui se déplace en suivant la 
trajectoire de l'avion ; il est donc relativement facile de faire couper l'axe de mesure par 
cette ligne de focalisation, ce qui explique que l'on ait retenu cette méthode en priorité. 



Comme il était de toute façon nécessaire de faire une accélération transes nique avant les es¬ 
sais en virage, nous avons également tenté de capter ce type de focalisation bien que la tech 
nique de guidage soit plus délicate (la partie de trajectoire intéressée se situe, pour une ac¬ 
célération à 36000 ft, à 35 km environ, en avant de l'axe de mesure). 

3. RESULTATS OBTENUS POUR LES FOCALISATIONS EN ACCELERATION RECTILIGNE. 

3.1. La figure 2 rappelle la façon dont naît la nappe de choc au cours de l'accélération 
rectiligne de l'avion : au cours des essais nous nous sommes efforcés de placer la pseudo¬ 
parabole, lieu des points de focalisation, de telle sorte que son axe soit confondu avec 1 axe 
de mesure et que son sommet soit situé dans l'intervalle de 3 km réservé aux mesures. 

La figure 3 donne un exemple type d'enregistrement du phénomène sur les 28 microphones 
de l'axe de mesure. La focalisation proprement dite s'est produite au voisinage du premier 
micro de l'axe (micro n’ll) (leí, micros numérotée de 1 à 10 sont les micros BK placés au 
milieu de l'axe). On peut y distinguer les ¿ormes caractéristiques de la signature dans les 

quatre cas intéressant : 

- la focalisation proprement dite (ou du moins en un point très proche de la focalisation) 

(micro 11) 

- le début de séparation des deux nappes avant et arrière : la signature est alors très 
voisine d'une addition des signatures des nappes avant et arrière (micros 12 à 19), 

- l'onde avant dont la signature est le N classique, 

- l'onde arrière dont la signature présente une certaine analogie avec celle d'un signal 
en N après filtrage des basses fréquences (ce filtrage n'est pas dû à la chaîhe de me¬ 
sure puisque le N de l'onde avant est enregistré correctement). 

Sur cette planche qui permet d'étudier la séparation des deux ondes, ne figure pas le cin¬ 
quième cas intéressant c'est-à-dire la forme du signal avant la focalisation. En avant du 
point de focalisation, il n'y a pas à proprement parler de "bang" : les perturbations émises 
par l'avion parviennent au sol dans l'ordre de leur émission et par conséquent ne forment 
pas d'onde de choc ; néanmoins, la vitesse de l'avion dans la zone d'émission est très pro¬ 
che de la vitesse du son et les perturbations parviennent au sol très groupées ; la signatu¬ 
re en avant du point de focalisation ne présente donc pas de front raide et sa forme est d'al¬ 
lure sinusoïdale sans "saut" ni variation brutale de pent-ï. Il n'empíche que ce signal se tra¬ 
duit pour les observateurs par un bruit que l'oreille ns parvient pas en général à distinguer 
du véritable bang. Ce phénomène a été ginant au cours des essais car les observateurs ré¬ 
partis sur le terrain pour faciliter le "réglage du tir" se sont révélés incapables de se si¬ 

tuer par rapport à la focalisation. 

La figure 4 résume ces diverses formes de la signature en situant les microphones par rap¬ 
port à la ligne de focalisation. L'origine des temps de l'enregistrement correspondant à cha¬ 
que micro est décalée de façon à aligner tous les signaux en N de l'onde avant. 

Ce décalage est très généralement nécessaire (surtout dans le cas de la focalisation par ac¬ 
célération rectiligne où les ondes de choc se déplacent dans le sens de l'axe) ; sur la figure 
3, on peut constater par exemple que l'axe a été balayé en un peu moins de 9 secondes, 
alors que la "largeur" de la signature est de l'ordre de 0,15 s. Sur la plupart des figures 
qui suivent, nous avons donc effectué ce décalage : nous ne le signalerons plus. 

3 2 Ces différentes formes de signature se retrouvent dans la plupart des enregistre¬ 
ments. Nous avons pu néanmoins observer quelques phénomènes particuliers comme par exem¬ 
ple celui donné figure S Dans la zone de séparation des deux nappes avant et arrière après 
focalisation, on constate une deuxième focalisation sur la nappe avant identifiée par la forme 
caractéristique de la signature d'une part et par la séparation d'une deuxième nappe auxiliai¬ 
re d'autre part. Cette deuxième focalisation peut 6tre due soit à un effet aunosphérique (le 
profil du vent étant assez perturbé), soit à une courbure de la trajectoire dans le plan verti¬ 
cal (la tenue d'altitude fut assez mauvaise dans la zone où était engendrée la nappe focalisant 

sur l'axe). 
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Au cours de 1 expérimentation JERICHO-FOCALISATION (1966) où furent étudiés les phéno¬ 
mènes de focalisation en accélération rectiligne à basse altitude (2000 ft) on a pu également 

CHO-VIRAgÊ 81gnature8 de f0Cali8ati0n ^rentes de celles rencontrées au cour, de JERI- 

Sur la figure 6 on peut constater une focalisation du front arrière de la nappe focalisante 
deux cent, mètres environ avant la focalisation du front avant. On observera également sur 
cette fxgure la forme du signal en avant de la zone de focalisation. L'amplitude de la pointe 
de focalisation est de 25 millibars environ (50 psf) (n'oublions pas que nous sommes à très 
asse altitude). Le signal avant la focalisation a une amplitude maximale de l'ordre de 5 

millibars (10 psf) : ce n'est pas un "bang" mais les observateurs sont bien incapables de 
distinguer ce signal d'un bang réel 1 La focalisation séparée des fronts avante et arrière, 
de 1 onde peut s'expliquer par le fait que les deux caustiques correspondant aux nappes avant 
et arrière sont décalée dans les deux cas (haute et basse altitudes) et que. de plus, en champ 
proche, les deux caustiques ne sont pas parallèles : la focalisation se produit en effet à bas¬ 
se altitude a un nombre de Mach voisin de 1. 
Une illustration très approximative de ce phénomène est donnée en fig.7. 

Bien que. dans les 2 expérimentations citées, l'avion utilisé était différent (Mirage III à 
basse altitude), il est intéressant de comparer également la forme des signatures dans les 

eux cas d'accélération haute et basse altitudes. Indépendamment des amplitudes on peut 
constater (voir figure 8) que la pointe de surpression est beaucoup plus aigue dans le cas 
basse altitude (les deux enregistrements ont été effectués avec les memes types de capteur). 
Cette différence de forme de signature est générale (du moins pour les quelques cas, de 
l'ordre d'une dizaine, dans chaque expérimentation). A cette occasion on peut se demander 
si le coefficient d'amplification défini comme il est précisé plus loin (cf paragraphe 3. 3. ) 
et dans lequel intervient l'amplitude maximale du signal, est vraiment significatif. 

3. 3. Quels ont été dans cec conditions les résultats obtenus en ce qui concerne le coef- 
ficient d'amplification ? 
Il nous faut tout d'abord définir le coefficient d'amplification. 

Soit APf la valeur maximale de la surpression mesurée au point de focalisation. L'élément 
d'onde de choc, arrivant au point de focalisation F, a été engendré lorsque l'avion passait 
en un point P avec un vecteur vitesse V. Soit APref la valeur maximale de la surpression 
que l'on aurait pu mesurer au même point F pour un élément de choc émis au piême point 
P, par le mCme avion animé d'un mouvement rectiligne uniforme à vitesse V ayant traversé 
la meme atmosphère. Le coefficient d'amplification est alors : 

f = Apf 

APref 

Les mesures effectuées au cours des essais nous fourmssent l'évolution du Ap le long de 
l'axe de mesure. La figure 9 donne ces résultats pour deux cas de focalisation l'un à basse 
altitude (600 m) l'autre à haute altitude (11000) 

La valeur maximale observée n'est pas ÛPf car la focalisation proprement dite a beaucoup 
de chance de se produire entre deux points de mesure (éloignés de 100 m) : l'essai nous 
fournit donc une estimation par défaut de A Pf. 

D'un autre côté la valeur moyenne des AP mesurés après la focalisation (dans la partie de 
l'axe de mesure où A P est sensiblement constant) fournit une bonne approximation de APref î 
en toute rigueur le bang arrivant 1 km environ après la focalisation n'a pas été émis au nom¬ 
bre de Mach de focalisation, mais à un Mach très légèrement supérieur ; les écarts qui en 
résultent sont de toute façon négligeables devant la dispersion des mesures dues en particu¬ 
lier aux effets atmosphériques. 

Dans ces conditions les valeurs maximales de APf rencontrées au cours des essais TERlCHO 
FOCALISATION et JERICHO-VIRAGE ont été : 

- Vol basse altitude - 600 m (# 2000 ft) - accélération 3 m/s2 (=# 9 ft/s2) 
APf = 28 mb (=#: 56 psf) 
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- Vol haut« altitude - 11000 m 36000 ft) - accélération 1 m/aZ 3 ft/*2) 
APf = 3,3 mb (=# 6,6 Psf) 

Le* valeurs de APref correspondant à ces deux cas de vol étant respectivement de 5,5 mb 
(11 Psf) et 0,65 mb 1,2 Paf) les coefficients d'amplification sont dans les deux cas voi¬ 
sins de 5. 

Au cours des douze focalisations réussies à basse altitude et des cinq focalisations réussies 
h haute altitude nous avons mesuré des valeurs de APf inférieures aux valeurs données 
ci-dessus. Il serait cependant illusoire de prendre la moyenne de ces résultats pour obtenir 
une évaluation du coefficient d'amplification ; n'oublions pas en effet que les valeurs de APf 
mesurées ne sont que des estimations par défaut de A Pf réel (focalisation entre deux points 
de mesure). 

Nous retiendrons donc une valeur vois.ne de 5 comme coefficient d'amplification. 

Il nous faut noter enfin que la théorie de Guiraud conduit à des valeurs de f voisines dans 
les deux cas étudiés (basse altitude grande accélération et haute altitude faible accélération). 

4. RESULTATS OBTENUS POUR LES FOCALISATIONS EN VIRAGE. 

4.1. La figure 10 rappelle la forme de la trace au sol de la nappe de choc lors d'un 
virage permanent. Le point de rebroussement de la Trace, c'est-à-dire le point de focalisa¬ 
tion, décrit un cercle de même centre que la trajectoire mais de rayon plus faible. Sur la 
figure 11, nous donnons la forme de la trace au sol de la nappe de choc au cours de l'évo¬ 
lution en palier constituée par une ligne droite et un virage circulaire. A l'instant ql aucune 
des trois branches de la trace ne coupe l'axe de mesure. A l'instant q2, les nappes 1-2 
et 3 coupent l'axe ; les nappes 2 et 3 ont été émises pendant le virage, leur point commun 
est le rebroussement de focalisation, la nappe 1 a été émise pendant la partie rectiligne de 
la trajectoire. 

Sur l'axe de mesure on voit donc apparaître successivement : 

- un bang normal émis en palier rectiligne 
- un bang de focalisation (précédé d'une perturbation qui n'est pas un choc mais une 

évolution rapide et continue de la pression comme dans le cas de la focalisation en 
accélération). Ce bang se dédouble (nappes 2 et 3). 

- dans certains cas on peut observer le croisement des deux nappes 2 et 1. 

Au cours de nos expériences, la trajectoire avion était située de telle sorte par rapport à 
l'axe de mesure que nous n'avons pas observé le rebroussement entre les nappes 1 et i, 
rebroussement provoqué par la mise en virage elle-même. 

4.2. La figure 12 donne un exemple de focalisation avec séparation des deux nappes 2 
et 3. La tangente au rebroussement est sensiblement parallèle à l'axe de mesure si bien 
que tous les microphones sont atteints par la nappe avant presque au même instant (on re¬ 
marquera que nous n'avons pas eu à décaler les origines des temps pour chacun des enre¬ 
gistrements). 

La figure 13 donne une vue d'ensemble du phénomène tel que nous l'avons décrit ci-dessus : 
focalisation, séparation des deux bangs (nappes 2 et 3), bang de palier rectiligne (nappe 1), 
et en bas à gauche intersection des nappes 1 et 2 entre les microphones 25 et 27. 

Ces deux cas représentent une bonne illustration de la théorie, les signatures sont réguliè¬ 
res et l'on retrouve les caractéristiques habituelles des divers cas : focalisation, nappe avant, 
nappe arrière ; la signature du bang émis en trajectoire rectiligne est assez aflâiblie car nous 
sommes sur la partie latérale de la nappe non loin du point de coupure. 

4.3. Nous avons par contre rencontré un certain nombre de phénomènes de distorsion 
des signatures qu'une analyse plus fine des résultats peut attribuer soit à des perturbations 
atmosphériques soit à des évolutions de l'avion autour de la trajectoire idéale. A titre d'exem¬ 
ple on peut observer sur la figure 14 une amplification importante de la signature de la nappe 
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Les écarts entre les points calculés et les points mMvi^s (en atmosphère stand* _d et en 
atmosphère réelle) sont donnés figure 16. Nous avonBdgliement joint à ces graphiques les 
droites de Henry correspondantes qui permettent de déterminer la moyenne et l'écart qua¬ 
dratique moyen des résultats. 

\ 

Ainsi dans le cas de l'atmosphère standard on obtient une valeur moyenne de l'écart de 
230 m avec un <T de 810 m. 

Dans le cas de l'atmosphère réelle ces valeurs sont nettement améliorées : valeur moyenne 
60 m et <5 de 450 m. 

Ces résultats sont valables pour les focalisttions par virage. 

En ce qui concerne les focalisations par accélération rectiligne les résultats sont moins 
bons ; ceci est dû au fait que les trajectoir .*s suivies par les rayons caractéristiques sont 
très longues (de l'ordre de 35 km) et que íes rayons arrivent au sol sous un angle presque 
rasant : de faibles écarts sur le vent, lr température, le nombre de Mach provoquent de 
grandes variations du point d'impact au joI. 

Les résultats sont les suivants : sur les cinq cas réussis, l'écart minimum entre théorie 
et expérience est de 200 m, l'écart maximum de 2400 m. Ceci confirme d'ailleurs les dif¬ 
ficultés rencontrées pour "placer" la focalisation sur l'axe de mesure. 

6. EXPERIMENTATION FUTURE : OPERATION JERICHO-CARTON. 

Les deux expérimentations JERICHO-FOCALISATION et JERICHO-VIRAGE ont permis, nous 
le pensons, de conclure en ce qui concerne le phénomène de focalisation. 

Mais le phénomène de focalisation est-il le plus important que l'on risque de rencontrer au 
cours d'un vol ? L'examen de la figure 11 montre que la mise en virage conduit à la for¬ 
mation de deux rebroussements. Nous n'avons observé, au cours de JERICHO-VIRAGE, que 
le rebroussement correspondant à la focalisation de virage (rebroussement entre nappes 2 et 
3). Tout porte à croire que l'autre rebroussement dû à la mise en virage (entre nappes 1 
et 3) ne conduit pas à des coefficients d'amplification différents de ce que nous avons mesu¬ 
ré. Il nous reste cependant à le vérifier. En outre que se passe-t-il lorsque les deux re¬ 
broussements sont confondus ou très voisins (naissance de la nappe 3 entre íes rebrousse¬ 
ments). N'observons nous pas une superfocalisation en ce point ? 

L'objectif de l'opération JERICHO-CARTON est donc de répondre à ces deux interrogations. 
Mais il ne faut pas se cacher la difficulté expérimontale due à la précision nécessaire de 
la visée : le nom mime donné à l'expérimentation résume bien le problème. 

7. CONCLUSIONS. 

Les expérimentations JERICHO-FOCALISATION et JERICHO-VIRAGE ont permis de montrer 
que le coefficient d'amplification en focalisation dans les conditions suivantes : 

Altitude 600 m (2000 ft) - Accélération rectiligne 3 m/s2 (9 ft/s2) 
Altitude 11000 mi (36000 ft) - Accélération rectiligne 1 m/s2 (3 ft/s2) 
Virage 11000 m (36000 ft) - Mach 1,7 - Facteur de charge 2. 

est de l'ordre de 5. Cette valeur est beaucoup plus importante que ce que laissait attendre 
les premiers résultats expérimentaux obtenus jusqu'à présent. 
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MESURES PRINCIPALES :
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Fig. 1 Sch&na d'in?)lantation de I'axe de mesure JERICHO

Fig.2 Focalisation par acceleration rectiligne
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Fig. 4 Enregistrement type d’une focalisation par accélération rectiligne 
mesurée sous la trajectoire de l’avion 
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Fig.5 Cas complexe de focalisation par accélération rectiligne 
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Fig. 6 Focalisations distinctes des fronts avant et arrière du bang 
soni que 

Focalisation 

Onde Avant 

Focalisation 

Onde Arriire 

Fig.7 Caustiques relatives aux fronts avant et arrière 
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Z - 600 m 

Fig.8 Comparaison des signatures de focalisation par accélération 
rectiligne à basse et haute altitude 

Fig. 9 Evolution type du Ap en focalisation par accélération rectiligne 
sous la trajectoire de l'avion 



Fig. 10 Focalisation par virage uniforme 

Fig. 11 Focalisation par mise en virage uniforme après une trajectoire 

rectiligne 



14. 14

Vi-

i'. ——

. i 

1
—\—

m
\—

—

%•iii^- "Snii y
L'.^- . »^T»—

M-
Q • --iri-

'4Vi,J ^4^ f-.:•!•.,■ .4X-V,;•**»<»' . . -

Fig. 12 Exemple type de focalisation par virage



14. 15

Fig. 13 Passage sur I'axe de mesure des 3 ondes caractdristiques d'une
focalisation par raise en virage
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SURVEY OF UNITED STATES SONIC BOOM OVERFLIGHT EXPERIMENTATION 

I. INTRODUCTION 

For 22 years man has had the capability of maintaining steady state 

flight at speeds faster than the speed of sound. For almost as many 

years, continuing programs of supersonic overflight experimentation 

have been conducted to improve our knowledge and understanding of the 

sonic boom, a phenomena which is inescapably associated with super¬ 

sonic flight. Several survey papers exist, for example, References 1 

through 3, which have reviewed the chronology and the significant find¬ 

ings from overflight experimentation. The present paper will utilize 

much of the material previously pre&anted in those references; however, 

it is the authors' intent to add new and recent material which will, 

in effect, update the previous papers. In addition, some recent de¬ 

velopments in the claims and legal activity associated with this ex¬ 

perimentation permit us to obtain an up-to-date view of the legal and 

social costs associated with the test programs. Other recont develop¬ 

ments in the field of sonic boom overpressure measuring instrumenta¬ 

tion and in the theoretical methods of signature prediction are included. 

These developments are expected to facilitate future sonic boom over¬ 

flight studies and will enhance our ability to theoretically interpret 

the resulting experimental findings. 

II. CHRONOLOGICiL REVIEW 

A graphical summary of the United States sonic overflight research 

is presented in Figure 1. This figure is an adaptation of a similar 

figure used by Nixon in Reference 3. The figure has been arranged to 

indicate the areas of emphasis during the specific overflight programs. 

The shading indicates programs directed at understanding the flow phe¬ 

nomena related to the process of sonic boom generation and propagation, 

programs directed towards investigations of structural interactions 

with sonic boom, programs directed towards psychoacoustic investiga¬ 

tions, and finally, programs designed to improve our understanding of 

the interaction of the sonic boom with the earth's atmosphere. From 

the figure, it is observed that the initial programs were related pri¬ 

marily to military investigations and dealt to a large extent with the 

problem of sonic boom generation and propagation. The reason for this 

was that the initial sonic booms were generally accidental, generated 

by military aircraft, and accordingly, it was desirable to determine 

the conditions associated with the generation of sonic booms. As a 

result, the military agencies found that it was possible to avoid sonic 

boom accidents by the conduct of training missions over sparsely pop¬ 

ulated areas and by laving the aircraft fly at sufficiently high alti¬ 

tudes thereby minimizing the effects of sonic booms on the ground ob¬ 

server. The next period in the overflight research during the latter 

1950's represented the initiation of active participation by the 

National Aeronautics and Space Administration in investigations of a 

phenomenon associated with sonic booms. This research was more gen¬ 

eral in nature and primarily directed at evaluating the influence of 

aircraft operational parameters such as gross weight, Mach number, 

and altitude on the sonic boom overpressure magnitude. 

In i960, the projects "Little Boom" and "Big Boom" were conducted at 

the Nellis Air Force Base. These studies were directed towards the 

evaluation of the feasibility of using the sonic boom as a weapon 
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and as such provided an excellent opportunity to study potential 

structural damage and physiological reactions in the presence of 

extreme sonic boom overpressures. The greatest overpressure reached 

in this series of tests was approximately 120 lbs. per square foot 

which was the largest overpressure recorded to that date. After these 

tests, the overflight programs were influenced by considerations of 

. the development of a commercial supersonic transport. In particular, 

it is noted that the flight experiments over St. Louis, Oklahoma City, 

and finally at the Edwards Air Force Base were conducted to evaluate 

the psychoacoustic reaction of community groups to repeated supersonic 

overflights. More recent flights, including the series which termi¬ 

nated in 1967, were conducted at Edwards AFB. These tests were high¬ 

lighted by the inclusion of the XB-70 aircraft, which is the largest 

American supersonic aircraft flying today. The current experimenta¬ 

tion in the Pendleton, Oregon, area is utilizing target of opportunity 

flights of military aircraft to evaluate the atmospheric effects on 
sonic booms. 

HI. SONIC BOOM GENERATION AND PROPAGATION 

Sonic booms experienced by a ground observer are the manifestation of 

the aerodynamic flow field about a body traveling at supersonic speeds. 

In an idealized uniform atmosphere, the sonic boom felt at the ground 

would be a result of the geometric spreading of the acoustic energy of 

the supersonic flow field. In the real atmosphere, the sonic boom sig¬ 

nature is changed by atmospheric temperature gradients, influenced by 

the wind profile, and altered by propagation through turbulent air 

masses. The overflight studies directed at understanding the physics 

of sonic boom generation and propagation have contributed considerable 

insight into the mechanisms involved. Many of the overflight studies 

have resulted in quantitative evaluations of the mechanisms, however, 

seme of the mechanisms are understood only in a qualitative manner. 

a. Signature Characteristics. Typical signatures measured during 

overflight programs are shown in Figure 2. It is noted that re¬ 

gardless of the aircraft size, the signatures in general can be 

categorized as "peaked," "normal," or "rounded." It is interest¬ 

ing to observe that for these signatures, the deviations from a 

smooth N wave related to the bow shock and the tail wave are similar. 

This fact was pointed out by Kane and Palmer in Reference 4 and 

was postulated as a basis for contributing the entire distortion 

of the signature to propagation through atmospheric inhomogeneities. 

The signatures shown in the figure for the F-104, B-58, and the 

XB-70 aircraft were respectively roughly 100, 200, and 300 milli¬ 

seconds in duration. Among people involved in sonic boom experi¬ 

mentation, it is the general concensus that the rounded signature 

shape is markedly more acceptable from a psychoacoustic stand¬ 

point than the peaked signature shape. In Figure 3, representa¬ 

tive N wave traces are presented for the SR-71 aircraft which is 

capable of supersonic flight in altitudes in excess of 70,000 feet. 

These signatures show the increase in signature duration with in¬ 

creased altitude and also indicate a tendency for the initial 

shock wave to exhibit a finite rise time before reaching the peak 

overpressure. It is of interest that the trace for an altitude 

in excess of 70,000 feet retains the character of a finite rise 

time signature in spite of the long propagation path. This could 

be interpreted as a tendency for the signatures to reach an as¬ 

ymptotic form at some intermediate altitude without further ad¬ 

vance or sharpening prior to reaching the ground. 



15-3 

b- Flow Field Measurements. The flow fields related to the B-58 and 

the XB-70 bomber aircraft have been explored by a unique experi¬ 

mental technique. This technique consists of flying an F-106 or 

F*104 probe aircraft both above and below the bomber aircraft and 

measuring the pressure variation at different relative positions 

of the two aircraft. The results of flight tests made using the 

XB-70 aircraft are shown in Figure 4. At the locations 2,000 feet 

above and below the XB-70, the flow field is observed to be closely 

related to the detailed geometry of the aircraft. The marked dif- 

yferences between the pressure field above and below the aircraft 

are attributed to the lift contribution of the aircraft. The 

probe measurements made 5,000 feet below the aircraft show the 

tendency for the individual waves of the flow field to coalesce 

at more remote distances from the aircraft. The signature length, 

which is in the order of two to three times the aircraft length 

at ground level, is observed to approach the far-field N wave 

shape with the exception of one intermediate shock. This inter¬ 

mediate shock would probably tend to coalesce with the bow shock 

for greater altitudes of the generating aircraft. 

c* Altitude Effects. The results of experimental overflights with 

F-104 and F-105 aircraft during programs at Nellis AFB in 1960 

and Edwards AFB in 1961 show graphically, Figure 5, the effect 

of increased altitude on the sonic boom signature shapes. During 

this program, the 120 psf overpressures were measured. These 

measurements and the measured overpressures of 144 psf reported 

in Reference 5 are probably the largest overpressures from sonic 

booms that have been recorded by man. The computational procedures 

of Carlson and Middleton (Reference 6) predict reasonably accurately 

the location and magnitude of the majority of the shocks in Figure 5. 

The atmospheric propagation for that confutation was accounted fjr 
by the method of Friedman, Kane, and Sigalla, Reference 7. This 

technique effectively consists of utilizing a multiplying factor 

to increase the signature overpressure computed under the assump¬ 

tion of uniform atmospheric conditions. One point to be observed 

is the tendency, at the higher altitude and Mach numbers, for the 

tail wave to be theoretically estimated at a location aft of the 

experimentally realized value. This characteristic ha« been ob¬ 

served in other calculations of high altitude or higher Mach number 

results and will be discussed further in section VII. The effect 

of altitude on overpressure and impulse for the B-58 and F-104 

aircraft is shown in Figure 6. The comparison with the theoretically 

expected altitude variation indicated on the figure shows reason¬ 

ably good agreement with the measurements for the operational range 

investigated. The increase in overpressure and impulse associated 

with the larger aircraft is clearly indicated in the figure. It 

is noted that these values are currently biing experienced as the 

result of routine military operations. A similar plot of the var¬ 

iation of peak overpressure with altitude is presented for the 

SR-71 aircraft in Figure 7. At present, the calculated sonic boom 

characteristics and altitude values of this aircraft are not avail¬ 

able to the general public. The plot does indicate, however, that 

by comparison with the B-58 aircraft, which is similar in size and 

weight, that no unanticipated trends were experienced. On the 

figure, each symbol represents an individual mission with the solid 

symbols representing the average measurements from a large number 

of microphones. There is a slightly discernible trend in the meas¬ 

urements taken during the summertime, and this variation is attrib¬ 

uted to the less quiescent atmospheric conditions that exist at 
that time of the year. 
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d. Lateral spread. The prediction of the spread of the sonic boom 

carpet is generally well defined and the procedures have been ex¬ 

perimentally confirmed. As a rough rule of thumb, the total lat¬ 

eral spread in miles may be related to the aircraft altitude in 

thousands of feet. For example, in Figure 8 the lateral spread 

of the B-70 sonic boom track when generated at altitudes of 37 

and 60,000 feet is roughly in the order of 35 and 60 miles re¬ 

spectively. Vihile the character of the lateral spread is well 

predicted, it is seen that there is some difficulty in predicting 

the actual point of lateral cut-off. This characteristic is ob¬ 

served again in Figure 9 for flights of the SR-71 aircraft. In 

Figure 10, the actual signature traces at varying lateral distances 

from the ground track are given for the SR-71 aircraft at an alti¬ 

tude in excess of 70,000 feet. It is seen that as the distance 

from the flight track increases, the signatures tend to become 

rounded with an increased rise time. At the distance of 26.8 n.mi. 

from the flight track, which is very near to lateral cut-off, the 

sonic boom signature étends to degenerate into an approximate sine wave. 

e. Wavefront Ground Intersection. The data presented in the pre¬ 

vious section on the lateral spread of the overpressures has been 

time correlated utilizing radar tracking data to define airplane 

position. From the time correlation of the measurements it was 

then possible to define the shockwave ground intersection shown 

in Figure 11. As was anticipated, the Intersection of the air¬ 

craft's Mach cone with the ground approximately forms a hyperbola. 

Using the calculation method of Reference 8, ground intersections 

were estimated using both a homogeneous and the actual atmosphere. 

The calculations utilizing the homogeneous atmosphere tend to 

intersect the ground track three to four miles behind the calcu¬ 

lations made with the actual atmosphere. This is attributed to 

the lack of refraction of the acoustic ray paths in the absence 

of atmospheric temperature gradients. The agreement with the 

calculations using the actual atmosphere and the experimental 

data is considered to be quite satisfactory. It is interesting 

to note that the aircraft is approximately 20 miles beyond the 

point on the ground at which the boom is observed. 

Atmospheric Effects. Investigations of the atmospheric effects 

on sonic boom signatures are considered of primary current import¬ 

ance. Accordingly, in the present meeting, a paper by Angelí, 

Herbert, and Hass (Reference 9) will explore this subject in some 

depth. It is, however, considered desirable in the present survey 

to include for completeness some representative results which were 

significant in pointing up the importance of the problem of sonic 

boom atmospheric interactions. The pressure signatures presented 

in Figure 12 were measured by flights over a linear microphone ar¬ 

ray with microphones spaced at 200 foot intervals. The recorded 

waveforms in the distance of the 800 foot array vary from sharply 

peaked signatures to extremely rounded signatures with maximum 

overpressures differing by a factor as great as three. Since 

these measurements were taken under moderately turbulent atmos¬ 

pheric conditions, it was hypothesized that the rapid signature 

variation was associated with inhomogeneities in the atmosphere. 

To isolate the segments of the atmosphere which contributed to 

the distortion of the sonic boom signature, measurements were made 

by the technique indicated on Figure 13. The "blimp," which had 

a microphone mounted in a manner to minimize interference with the 

sonic boom measurements, was flown at altitudes up to 2,000 feet. 
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Accordingly, it was able to penetrate fairly deeply into the upper 

reaches of the earth's boundary layer and sonic boom signatures 

were measured which had passed only through a small segment of 

the earth s boundary layer. The incident shockwaves were often 

observed to be sharp, undistorted N waves whereas the reflected 

shocks which traversed the earth's boundary layer to the ground 

and returned to the blimp were considerably distorted. These 

measurements tend to indicate that the majority of the distortion 

occurs in the lower altitude turbulent air masses even though on 

occasions the incident waves at the blinç level did indicate some 

distortion. A recent scattering mechanism has been proposed by 

Crow (Reference 10) which offers great potential in defining the 

mechanism of sonic boom atmospheric interaction. However, further 

experimentation is believed to be necessary to quantitatively sub¬ 
stantiate the scattering theory. 

8* Aircraft Maneuvers. The subject of amplification of sonic boom 

overpressures due to aircraft maneuvers has been investigated for 

many years. Attempts have been made to measure the maneuver ampli¬ 

fication factors for turning maneuvers, linear accelerations, and 

porpoising maneuvers. The very excellent experimental work of the 

French in projects "Focalization" and "Jericho" and the procedures 

developed by Guireaud are described in the present conference 

(References 11 and 12). In an early Edwards AFB test program, a 

series of linear accelerating maneuvers was made and the experi¬ 

mental overpressure measurements taken along the ground track are 

shown in Figure 14. In this figure, the results from three in¬ 

dependent flights have been normalized to the zero distance along 

the ground track. As noted on the schematic sketches, the ground 

zero point occurs at the location where the superboom first touches 

the ground. Further down the track, the sonic boom separates into 

two separate shock waves with the trailing shock resulting in 

weaker overpressures because it was generated at an earlier point 

in time and hence experienced more distance attenuation. In this 

series of accelerated flights, the maximum amplification of the 

sonic boom overpressure was approximately three times the value of 

the unamplified sonic boom. It is interesting to note that acous¬ 

tic ray tracing techniques have been utilized to predict the loca¬ 

tion of the superboom and have, in many cases, been accurate within 
three miles. 

A second motion of the aircraft, namely, a propoising flight, was 

studied to determine if this type of motion could be a contributor 

to the variation of signatures along a linear ray as indicated in 

Figure 12. In this test, a series of flights at an altitude of 

35,000 feet and Mach number of 1.5 were made with an F-106 aircraft. 

As is shown in Figure 15, the motion of the aircraft produced a 

plus and minus 0.5g normal acceleration. The period of the .motiort 

was one second which corresponds to wave lengths of approximately 

1600 feet. Attempts were made to correlate the experimental over¬ 

pressure variations with the wave length of the aircraft motion to 

see if the perturbations about the flight track resulted in cor¬ 

responding shockwave perturbations which would be propagated to 

the ground. It was not possible from this data to obtain correla¬ 

tions with any preferred wave length. When the root mean square 

overpressure difference was plotted as a function of separation 

distances between two measuring microphones, it was found that the 

data for steady and porpoising overflights essentially coincided. 
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While this might imply that variations of the overpressure made 

from these flights could be essentially contributed to atmos¬ 

pheric effects, some recent computations indicate that the var¬ 

iations may be due to the porpoising motion. Accordingly, it is 

believed that more theoretical and experimental investigations 

of this phenomenon would be desirable. 

h. Statistical Variability of Peak Overpressures. The large number 

of experimental overpressure measurements facilitates the statis¬ 

tical presentation of the peak overpressure varia: ion. For ex¬ 

ample, in Figure 16, measurements made on the XB-70 aircraft are 

shown on a log normal probability plot. Otherwise expressed, 

the probability of the measured value exceeding or being less 

than the calculated overpressure is presented. A straight line 

through the data points indicates that the overpressures measured 

form logarithmically a normal or Gaussian distribution. Also ob¬ 

servable on this type of a plot is the fact that the variations 

of plus or minus one standard deviation lie between the probability 

of .16 and .84. Extending this to two standard deviations would 

include 95.5% of all data presented. In Figure 16, the striking 

difference between data taken in the summertime and in the winter 

months is indicated. A much greater variability is noted during 

the sumner months when the atmosphere is inclined to be less stable. 

A similar plot of wintertime variability lor three different air¬ 

crafts, (the XB-70, the B-58, and the F-104), is shown in Figure 17. 

While these aircraft are considerably different in size, it is ob¬ 

served that the probability curves are essentially similar indi¬ 

cating that aircraft size is not a strong factor in the statistical 

variability of overpressure measurements. 

The statistical variability of the sonic boom bow wave rise time 

normalized by peak overpressure value is presented for the SR-71 

aircraft in Figure 18. Rise time was measured as the time from 

the onset of the bow shock overpressure rise to the time of the 

maximum overpressure. The overpressure values used to normalize 

the rise time data were generally on the order of one psf and 

therefore the histogram essentially represents the distribution 

of rise time values. It is observed that the most frequently oc¬ 

curring value of the rise time is approximately 10 milliseconds. 

The longer rise time values were associated with the rounded wave 

forms and shorter rise times are associated with peaked wave forms. 

An additional presentation of the normalized rise time is presented 

in Figure 19. This presentation attempts to explore the effects 

of flight conditions or specifically of altitude on the SR-71 rise 

time. The data symbols represent the average of a large number of 

flights taken within +3 n.mi. of the ground track and the vertical 

extent of the lines indicates the scatter in the experimental data. 

While it is difficult to specify absolute trends from data with 

such large scatter, it is possible to observe that there is a tend¬ 

ency for the rise time to be larger at the higher altitudes. A 

possible explanation of this trend may be related to the develop¬ 

ment of the age variable of the signal and its approach to an 

asymptotic limit but a more probable explanation is related to 

atmospheric effects. Beyond the asymptotic limit, further sharpen¬ 

ing of the signature is not probable and correspondingly, atmos¬ 

pheric scattering may effectively thicken the shock front. Ir¬ 

respective of the cause, the tendency for the SR-71 aircraft to 

produce signatures with a finite rise time continues to be demon- 
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strated by recent overflight measurements made In Pendleton, Oregon. 

Since Increased rise time Is considered to be a favorable charac¬ 

teristic from subjective response considerations, these data will 

be examined in detail to explore the parameters contributing to 

this favorable signature characteristic. 

IV. SONIC BOOM EFFECTS ON ENVIRONMENT 

Since the sonic boom is a rapid transient pressure pulse, it is ap¬ 

parent that it may have the potential of producing adverse physical 

and psychological effects on people, animals, and structures. Accord¬ 

ingly, a large number of the overflight studies were directed at eval¬ 

uating these potential effects and at attempting to quantitatively 

relate the magnitudes of structural and psychoacoustic interactions 

to the characteristics of sonic boom signatures. The tests previously 

mentioned to evaluate the feasibility of using the sonic boom as a 

weapon produced essentially negative results and the balance of the 

overflight testing was directed at the general acceptability of over¬ 

land supersonic flight in terms of psychoacoustic reactions and po¬ 

tential structural damage. 

a. Structural Effects. The character of the transient structural 

loading is indicated in Figure 20. The aircraft is approaching 

the building from left to right and initially there is a racking 

load followed by a period during which the positive pressure pulse 

engulfs the building. This inward pressure loading is quickly re¬ 

versed as the negative portion of the pressure pulse passes over 

the building and then finally as the tailwave passes the building 

receives a second racking load. The response of a building to a 

typical sonic boom stimuli is shown in Figure 21. The sonic boom 

signature illustrated in this figure is of the "spikey" character 

with the peak overpressure just slightly under 1.5 psf and a dura¬ 

tion of approximately 100 milliseconds. From the measurements 

made inside of the house, it is observed that the overpressure 

levels are considerably reduced and that the wave form is markedly 

altered. The curve labeled "Noise" represents measurements made 

with a filter which passed acoustic signals in the audible range. 

The amplitude of this signal is an order of magnitude lower than 

the internal pressure pulse. A lower curve labled "acceleration" 

indicates the vibrations of the floor which would be sensed directly 

or through the furniture in the room. This characteristic is a 

direct response to both the outside pressure pulse and the inside 

pressure oscillations. Because of the comparatively favorable 

psychoacoustical evaluation of finite rise time sonic boom sig¬ 

natures when heard outdoors, it is considered desirable to eval¬ 

uate the response of building structures to these signatures to 

determine if the structural characteristics of the building off¬ 

set the desirable characteristics of the signature on the indoor 

observers. 

During the overflight program at Edwards Air Force Base, it was 

possible to evaluate the effects of sonic booms of considerably 

different duration on the acceleration of walls of one- and two- 

story houses. The results of the wall acceleration measurements 

are shown in Figure 22 and are given for overpressures up to 4.4 lbs. 

per square foot. While the three different aircraft used had sig¬ 

nature durations of one, two, and three hundred milliseconds, it 

is difficult from the figure to discern difference responses for 



the different aircraft. It is also observed that at the maximum 

overpressures experienced in these tests, the wall accelerations 

were considerably below the value set as a criteria for structural 

damage. 

Subjective Reactions. A major feature of the recent Edwards AFB 

tests was that of measuring the psychoacoustic reactions of sub¬ 

jects to sonic boom overflights. These reactions were evaluated 

in terms of a more familiar noise; namely, the noise of aircraft 

flyovers. Subjects were selected from nearby communities and were 

exposed in random order to pairs of subsonic aircraft flyovers and 

sonic booms generated by different aircraft at different overpres¬ 

sure levels. The evaluated experimental data is presented in 

Figure 23 where the large shaded area represents not only experi¬ 

mental scatter, but the difference between the subjective reactions 

of subjects located inside houses and subjects located out-of-doors. 

The lower boundary of the shaded region was generally related to 

indoor subjective response. This type of comparison is somewhat 

limited in value because weighting factors with respect to dura¬ 

tions and pure tones of the flyover noise were not included and 

the sonic boom signatures were not weighted in terms of signature 

rise time which is known to result in a relative reduction of the 

sonic boom annoyance level. 

Seismic Effects. It has been postulated that the effects of the 

sonic boom on ground-induced motion might be an area for concern. 

Accordingly, ground-induced motions resulting from overflights by 

fighter and bomber aircraft have been measured in terms of the 

three components of the ground acceleration. Measurement of the 

ground particle velocity presented as a function of time is given 

in Figure 24. This pressure wave resulted from the sonic boom 

produced by a B-58 aircraft and the theoretically anticipated 

values are indicated by the dashed curve. The highest values of 

the particle velocity are associated with the passage of the bow 

and tail shockwave and are the expected motion of an elastic 

surface under a transient load. The superimposed lower-amplitude 

higher-frequency variations on the time history record are due 

in part to the Rayleigh wave phenomena. A large number of ground 

particle velocity measurements are presented in Figure 25 as a 

function of sonic boom overpressure. It is noted that the maximum 

particle velocity is in the order of 250 microns per second. This 

value is less than one percent of the damage threshold criteria 

now recommended by the U. S. Bureau of Mines. Otherwise expressed, 

earthquake damage is considered to be associated with particle ve¬ 

locities approximately 100 times the values indicated in Figure 25. 

Effects on Other Aircraft. In the 1963 Edwards overflight program, 

the question of possible shockwave effects from a supersonic air¬ 

craft as it passes over a small subsonic aircraft was investigated. 

Several light aircraft were instrumented for accelerations and were 

overflown by the sonic boom generating aircraft which generated 

sonic booms from one to 16 psf. Accelerations of the instrumented 

aircraft were also measured when it was parked on the ground and 

during maneuvered flights. Typical results of the sonic booms on 

the light aircraft are shown in Figure 26. Normal accelerations 

experienced by the aircraft on the ground are observed to be ap¬ 

proximately 0.3 g's whereas the aircraft in cruise experienced an 

appreciably smaller acceleration. By comparison, the accelerations 
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when taxiing over a rough runway or in air turbulence are both 

shown on the figure and the latter accelerations are greater than 

those experienced during the sonic boom overflights. One observer 

in a Comanche aircraft noted that the 16 psf sonic boom was heard 

in cruise flight es a muffled sound and that the only visible ef¬ 

fect on the aircraft was a slight movement of the window. He was 

attenpting to observe the wing surface for possible oil canning 

but was unable to detect any distortion due to the passage of shock- 

wave. It is generally concluded as a result of these tests that 

sonic booms do not constitute a hazard for other aircraft in flight 

or on the ground. 

V. COSTS OF SONIC BOOH EXPERIMENTATION 

The United States' active envolvement in sonic boom research has pro¬ 

vided significant Insight into the legal and social costs of this 

type of experimentation. Four extensive test programs which were 

conducted in a field community environment will be considered in this 

section in terms of their economic aspects as measured by the asso¬ 

ciated costs and, when appropriate, damage claims. Specifically, 

these experiments are the (1) St. Louis Community Response Study, 

(2) Oklahoma City, Oklahoma, Public Reaction Study, (3) Structural 

Reaction Program, White Sands Missile Range, New Mexico, and (4) 

Sonic Boom Experiments at Edwards Air Force Base, California. 

a. St. Louis Community Response Study 

The St. Louis program was conducted during the period July 1, 

1969, through January 31, 1962, with the United States Air 

Forcé, National Aeronautics and Space Administration, and the 

Federal Aviation Administration participating. This program 

utilized B-58 and F-106 aircraft to generate a total of seventy- 

six (76) booms, over a seven-month period, with a maximum over¬ 

pressure of 3.1 psf and an average of 2.0 psf. Since this was 

basically a military training operation rather than a sonic boom 

research program, overpressure and valid claims data was obtain¬ 

able only during an 11 day period. During this period, overpres¬ 

sures from 16 booms were recorded and 165 damage claims were in¬ 

vestigated by professional engineers. The community response 

personal interview studies consisted of a total of 1,145 initial 

interviews followed by a re-interview of the respondents at a 

later date. The approximate cost of obtaining the overpressure, 

damage, and public reaction data was $100,000.00. The cost for 

aircraft operations is not included since the training character 

of the program made it difficult to delineate the purely research 

costs. The final number of damage claims filed as a result of 

the program was 1,624 for a value of $366,019.00, of which, 825 

claims were approved by the USAF for a cost of $58,648.00. 

b. Oklahoma City Public Reaction Study 

The Oklahoma City Program was initiated on February 3, 1964, and 

terminated on July 31, 1964. The program was a joint effort of 

the USAF, NASA, and FAA, and was under the immediate direction 
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of the FAA's Supersonic Transport Development Office. FAA per¬ 

formed the planning, direction, and management function and es¬ 

tablished most of the operational requirements. NASA participa¬ 

tion was primarily technical including structural Instrumenta¬ 

tion and overpressure detection. The USAF provided aircraft sup¬ 

port and adjudication and payment of claims for all sonic boom 

damage in the Oklahoma City Study area. 

The public reaction was obtained through the establishment of a 

telephone conçlaint center and periodic public opinion polls ac¬ 

complished by the National Opinion Research Center of the Uni¬ 

versity of Chicago. Structural reaction to the sonic boom was 

evaluated by a local engineering firm, Andrews Associates, Inc., 

which investigated the response of several test houses. Addi¬ 

tional scientific support was provided by Oklahoma State Univer¬ 

sity. The Remmert Adjustment Company of Oklahoma City, acting 

under contract to the FAA, received all alleged damage and com¬ 

plaint telephone calls, conducted investigations of claims, and 

forwarded their findings and recommendations to the Judge Advocate 

General's Office, Tinker Air Force Base, Oklahoma City. This of¬ 

fice then accomplished final adjudication and claims payment sub¬ 

ject to normal review and appeal procedures standard with the 

United States Air Force. 

The overall operation®! aspects of the Oklahoma City program are 

summarized in Table I. 

TABLE I 

Oklahoma City Operational Aspects 

Beginning Date 

Termination Date 

Total Scheduled Supersonic Flights 

Total Flights Cancelled 

Total Flights Completed 

Scheduled Flights Per Day 

Standard Flight Schedule 

Scheduled Overpressures 

February 3, 1964 

July 30, 1964 

1394 

141 

1253 

8 

7:00 a.m. 

9:00 a.m. 

11:00 a.m. 

1:00 p.m. 

7:20 a.m. 

9:20 a.m. 

11:20 a.m. 

1:20 p.m. 

1.3, 1.5, and 2.0 psf 

In initiating the study program, there was a gradual build-up to 

the sonic boom overpressure objectives. At the start of the pro¬ 

gram, there was only one flight per day with a scheduled overpres¬ 

sure of one psf. This was increased slowly to a schedule of eight 

flights per day at one psf and then to eight flights at a scheduled 

overpressure of 1.5 psf. This operational level was reached after 

approximately three weeks. Then there was a similar increase from 
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1.5 psf to two psf which was accomplished in a manner to ensure 

controlled transition. The aircraft utilized in the program 

were the F-101, F-104, F-106, and the B-58. During the 26 weeks 

of the program, 15,452 telephone calls and letters were received 

by the complaint center; of these, 9,732 alleged damage. Four 

thousand nine hundred and one damage claims were filed for a 

value of $2,492,577; of these, 289 were approved for $19,355.00. 

Also as a result of this test program, seven lawsvits were filed 

against the United States and the Government was joined as a 

third party defendant by insurance companies in cwo other actions. 

Three of the cases against the United States were filed while 

the test program was in progress seeking injunctions to stop the 

program. The remaining cases sought compensation for property 

damage allegedly caused by the sonic booms. 

The three injunction suits seeking to halt the program were dis¬ 

missed and the program continued without interruption. In the 

remaining six cases, which seek compensation for alleged damages, 

the disposition is as follows: (1) The Government has success¬ 

fully defended three suits totaling $101,268,984.00, (2) the 

plaintiffs have received compensation in two suits totaling 

$133,257.00, and (3) one suit for $5,439.00 is awaiting trial. 

The total cost of this program including aircraft support and 

payment of claims was $1,039,657.00. 

c. White Sands Missile Range 

The Structural Reaction Program was conducted during the period 

November 18, 1964, through February 15, 1965. This program was 

designed to determine structural response characteristics for 

overpressures ranging from 2.0 to 28.0 psf and cumulative struct¬ 

ural effects from repeated boom resulting from flights at a fre¬ 

quency of 30 per day. This study, conducted at the White Sands 

Missile Range, New Mexico, consisted of two phases. The first 

phase began on November 18 and ran through December 15, 1964, and 

generated a total of 615 sonic booms. The nominal overpressure 

ranged from 2.0 psf through 16.0 psf progressing at scheduled 

increments of 2.0 psf. Thirty flights were scheduled for each 

overpressure level. The second phase began January 15, 1965, 

and ended February 15, 1965. A total of 879 booms were generated 

during this period. The cumulative effect of sonic boom was ex¬ 

plored by exposing structures to 680 sonic booms at a nominal 

overpressure of 5.0 psf. A total of 76 flights were conducted 

to obtain data on the effects of focusing of sonic booms due to 

aircraft maneuvers. 

Sixteen types of structures were included in the test, seven of 

which were built specifically for this program. Five t""pes of 

plaster, interior finishings and a variety of commercial glass 

installations were studied during the two phases. Prior to pro¬ 

gram Initiation, a thorough engineering inspection was conducted 

for each structure to establish a state of repair and overall 

condition. Daily inspections were conducted at 30 minute inter¬ 

vals on each of the structures by a 22-man engineering team. 

Subsidiary test objectives included the determination of the ef¬ 

fect of sonic booms on the hatchability of chicken eggs; human 

hearing impairment or adverse physiological effects caused by 



sonic boom at high overpressure ïevols; and sonic boom charac¬ 

teristics associated with aircraft maneuvers. The total cost of 

this program including construction of test structures and air¬ 

craft support was $511,100.00. 

Edwards Air Frrce Base 

The Sonic Boom Experiments at Edwards Air Force Base, California, 

were a joint effort under the management of the USAF, funded by 

the FAA with the NASA, ESSA, and USDA participating. The general 

objectives of these experiments were: 

1. To measure the judgments of the relative acceptability of 

sonic booms and noise of various intensities from various 

types of aircraft. 

2. To determine the response of "typical" house structures to 

sonic booms having different signature characteristics. 

3. To obtain detailed measures of sonic boom signatures as 

functions of the type of aircraft, mode of operation, and 

the atmosphere through which the wave was propagated. 

4. To observe the response of animals to the sonic booms. 

The aircraft used during this program were the XB-70, SR-71, 

YF-12, B-58, F-104, F-lll, KC-135, WC-135B, and Cessna 150. A 

total of 367 supersonic flights and 261 subsonic flights were 

accomplished. A detailed breakdown of the flights appears on 

the following table. 

TABLE II 

Edwards Experiment 

Number of Overflights by Aircraft Type 

SUBSONIC 

KC-135 99 

WC-135B 119 

BLIMP 6 

C-131B 19 

Cessna-150 18 

TOTAL 367 TOTAL 261 

The total cost of this program, including the salaries of the 

observers, construction of test houses, claims, and airciaft 

support was $2,151.00.00. 

SUPERSONIC 

YF-12 2 

SR-71 34 

XB-70 20 

B-58 169 

F-104 124 

F-106 18 
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The costs of the four research programs is summarized in 

Table III. The programs are listed in order of increased 

complexity of the test objectives. As is to be expected, the 

cost of sonic boom overflight experiments increased as a func¬ 

tion of the diversity of the experiment and as a result of 
using advanced aircraft. 

TABLE III 

Sonic Boom Research Costs 

($ in thousands) 

St. Louis $158.6 

White Sands Project $511.1 

Oklahoma City Project ^ Q3g ^ 

Edwards AFB $2,151.0 

TOTAL $3,860.1 

VI. RECENT OVERPRESSURE INSTRIHENTATION DEVELOPMENTS 

The instrumentation used to measure the sonic boom overpressures 

described in Sections III and IV was the culmination of many years 

effort because of the special character of the sonic boom meatutre- 

ment problem. The spectrum of the sonic boom N wave contains appre¬ 

ciable energy at frequencies in the order of 0.1 Hz up to several 

thousands Hz and hence standard instrumentation was not adequate 

without extensive modifications. The development of this instrumenta¬ 

tion is described by Hilton and Newman in Reference 13. Generally, 

the microphones used as the measurement systems were required to have 

essentially flat frequency response from nearly d.c. to the upper 

frequency range. In all of these recording systems, it was necessary 

to have experimenters in attendance to ensure continual operation and 

proper functioning of recording equipment. 

Recently, a means of obtaining random sonic boom overflight data from 

unattended recording equipment has been developed. The instrument is 

referred to as a transient data recorder (TDR) and is currently being 

used in the Pendleton atmospheric program indicated on Figure 1. A 

picture of the transient i ta recorder is shown in Figure 27. The 

operation of the measurement equipment has been described in detail 

by Power in Reference 14. The recorder is self-concained and micro¬ 

phones are located at distances up to 500 feet from the recorder. 

There are three microphone pickups used with each recorder and upon 

arrival of a sonic boom, one of the three microphones acting on an 

overpressure threshold sensor activates the equipment for each of 

the three acoustic data channels. The recorder utilizes three equally 

spaced record heads on a cylindrical drum which continuously rotates 

inside an open loop of tape. When the signal on the threshold mike 

exceeds a predetermined value, a recording commences and continues 

for 1.6 seconds. After the recording interval the recorded tape is 

transferred to a storage reel while a new tape is positioned from a 

supply reel. By this mode of operation, the tape is advanced only 

during the actual recording of a signature and the expenditure of 
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large amounts of magnetic tape while waiting for a sonic boom is 

avoided. As a result of this feature at least 800 independent events 

may be recorded on a single reel of tape. A typical TDR recording 

of an N wave is shown in Figure 28. It is observed that at the end 

of the recording period, a calibration signal is imposed giving both 

the amplitude of the sonic boom overpressure and the duration which 

is derived from a 100ms, 50Hz square wave signal. In addition to this, 

the date and time of day are also recorded. The transient data re¬ 

corder with 99 pickup microphones is currently being used in the at¬ 

mospheric effects test program at Pendleton, Ore. They have been ar¬ 

ranged in both a checkerboard array and in a two-mile linear array. 

Because these recorders can operate unattended, it is possible to 

utilize random military overflights as the source of the sonic boom 

generating aircraft and the need for special overflights is avoided. 

VII. RECENT DEVELOPMENTS IN SIGNATURE PREDICTION 

The basis of most sonic boom signature prediction methods relies on 

the developments by G. P. Whitham described in Reference 15 and sup- 

X plemented by the procedures of Hayes (Reference 16). These two basic 

fcorks have provided the foundation for a quasy-linear theory which 

can define the sonic booms of lifting aircraft configurations in a 

uniform atmosphere at some distance from the aircraft. Before these 

theoretical methods could be utilized to calculate signatures for 

comparison with the experimental overflight measurements described 

in Section III, it was necessary to develop procedures for calculating 

the propagation of the sonic boom from the aircraft to the ground 

through real atmospheres. One of the early methods for computing the 

propagation of sonic booms through real atmospheres was described by 

Kane and Palmer in Reference 4. That method was modified by Friedman 

as described in Reference 17 and also by Kane in Reference 18. 

In view of the complexity of these highly numerical techniques, it 

was difficult to make direct comparisons and resolve differences that 

accrued from utilizing the different programs. Accordingly, a study 

was undertaken by Hayes and others under contract to the NASA to 

clarify the confusion existing in the area of sonic boom propagation 

theories. This contract effort culminated in the development of a 

sonic boom propagation technique and computer program described in 

Reference 19. The procedure is based on linear geometric acoustics 

and uses an age variable to define the non-linear effects on the shape 

of the sonic boom pressure signatures. By so doing, the results can 

be computed in the form of complete signatures, independent of far- 

ficld assumptions necessary in other techniques. As a result, it is 

possible through the use of the new program to observe the progression 

of the signature shape development' with distance from the aircraft in 

steady flight, as a function of aircraft maneuvers and with standard 

or non-standard real atmospheric effects. 

a. Atmospheric Overpressure Corrections 

A recent investigation (Reference 20), by Haefeli, has utilized 

the new method to evaluate the effects of different atmospheric 

conditions and aircraft maneuvers. One result of these calcula¬ 

tions is shown in Figure 29. In that figure, the Mach number ef¬ 

fects on the overpressure for an F-104 aircraft are presented in 
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terms of /\p/ ZiPstandard where standard \»alue is that 
for a Mach number of 1.25. On the figure, the overpressure var¬ 

iation with Mach number in a uniform atmosphere without winds is 

shown as the lower curve. The value in a standard atmosphere 

without winds is also compared with the results obtained by ap¬ 

plying the correction factor, K^, to uniform atmosphere curve by 

the method described in Reference 4. It is shown that over the 

Mach number range indicated and for this specific aircraft the 

Reference 4 technique gave peak overpressure values which were 

essentially consistent with those of the Reference 19 method. 

Aiso presented on this figure are calculations of the sonic 

boom in the presence of the high altitude wind shear profile. 

Examination of the ray tube areas for this calculation indi¬ 

cated that at a Mach number of 1.3 focusing occurred just 

above the ground level. This is a result of the large wind 

decrement between aircraft altitude and the ground and yield•) 

the very large overpressure ratios. 

b. While the new computational procedure compared well with the 

procedure of Reference 4 in the calculation of peak overpres¬ 

sures, the computations shown in Figure 30 demonstrate an area 

of potential refinement by the Reference 19 technique. In 

Section III.c., it was mentioned that theoretical methods pre¬ 

viously used overestimate the signature length. In Figure 30, 

a comparison between the signature length computed by the two 

techniques is shown as a function of Mach number in terms of 

the signature length parameter Lsignature/í-airplane. For the 

two representative aircraft chosen, namely the F-104 and the 

SCAT 15-F, it is seen that the computations using the uniform 

atmosphere, K^, tends to give increasingly longer signature 

lengths as a function of Mach number than the lengths confuted 

by the new Reference 19 method. In fact, the new procedure 

gives signatures which are as much as 20 percent shorter than 

those computed by the previous method. This result is consistent 

with much experimental data particularly at the higher Mach numbers. 

c. Signature Aging 

The most salient difference between the new method and the pre¬ 

vious Methods may be explained in terms of the amount of signa¬ 

ture distortion which is governed by an age variable, 'J' . The 

age variable is an integral which is proportional to the distance 

from the aircraft and inversely proportional to the square root 

of the product of the atmospheric density times the ray tube area; 
i.e 

This age variable represents the cumulation of the weak non-linear 

effects which result in the formation and merging of shock waves. 

In this Figure 31, the effects of signal aging are shown for a 

standard atmosphere and are compared with results obtained from 

a uniform atmosphere calculation. Also shown are the ray tube 

area variations with altitude. It is observed during the propa¬ 

gation from 80,000 feet to the ground, that the ray tube areas 

are essentially linear with altitude and tend to deviate slightly 

at the lower altitudes because of the increased density. A 
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significant difference, however, is noted in the age variable 

which for the standard atmospheric calculation tends to an 

asymptotic limit. In fact, the value of the age variable at 

approximately one atmospheric scale height (i.e., in this case, 

50,000 feet), below the aircraft in a uniform etmosphere is 

approximately equal to the asymptotic value of the age vari¬ 

able in the standard atmosphere. This indicates that the 

asymptotic age in the real atmosphere has a finite limit and 

signature distortion need not continue in all cases to the 

classic N wave. In the uniform atmosphere, however, the age 

variable increases w'thout limit and the asymptotic solution 

always yields an N wave. From a practical standpoint, this 

implies that "F" functions which are designed to produce unique 

signature characteristics, such as the finite rise time signa¬ 

tures, may in fact propagate tc the asymptotic form and then 

proceed to the ground without further distortion. 

d. Maneuver Calculations 

As was mentioned previously, the ARAP Program permits the 

inclusion of any type of maneuvers in all planes and will 

yield the ground shock Intersection patterns and signature 

shapes. Since it is based on acoustic theory, however, it 

will predict the location of focalisation but not the magni¬ 

tude of the overpressures. 

Ah additional fact that has been developed in the Reference 20 

calculations is that the changes in overpressure due to an air¬ 

craft's maneuvers may be a strong function of the aircraft's 

' characteristics. This was observed in calculations using two 

different aircraft, (and hence two different ”F" functions), 

which executed the same maneuver but experienced amplification 

factors differing by as much as 100%. This is illustrated by 

the results presented in Figure 32 which shows the change in 

overpressure during a pushover for the F-104 and the SCAT 15-F. 

For the F-104, the leading shock is much stronger in the push¬ 

over, n^ * -0-5, than in level flight, whereas for the SCAT 15-F, 

the leading shocks are nearly the same. For both aircraft the 

shapes of the signatures are affected greatly by the pushover 

which in turn is an indication of the sensitivity of the ray 

tube area to the rate of change of flight path angle. It must 

be pointed out that computation of maneuver characteristics can 

only be as reliable as the input data. This means that the "F" 

function must be continuously variable as a function of many 

parameters, such as: Mach number, load factor, angle of at¬ 

tack, etc. In the calculation to date, the "F" function vari¬ 

ations have been accommodated by simplifying assumptions in 

lieu of a procedure for rapidly developing a multiplicity of 

"F" functions. Accordingly, this fact should be recognized as 

a limitation o'¿ the theoretical sonic boom prediction methods. 

VIII. SIMMARY 

Hie sonic boom overflight programs described in the preceding 

sections have generated a broad knowledge and understanding of 

the basic fundamentals of sonic boom generation, propagation, and 
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physical effects on structures. The majority of the operational 

and maneuver related sonic boom characteristics are sufficiently 

well defined to preclude any unexpected results due to the over¬ 

flight of supersonic aircraft. Further information is needed to 

identify the interactions of sonic boom with atmospheric inhomo- 

geneities and to define psychoacoustic acceptability. One area 

which appears promising is the utilization of the recent knowledge 

of signature aging to design acceptable signatures, most probably 

signatures with long rise times, or what has been referred to as 
"bangless booms,". 
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SUMMARY 

Techniques to apply electro-kinetic forces and to add thermal energy to the flow field around 

a supersonic transport have been proposed to alter the shock configuration and thereby to reduce 

sonic boom. Two questions are discussed in this paper. 

1. Are the techniques for reducing the boom physically valid? 

2. For those techniques which are valid, are the weight 

requirements for the electrical equipment within payload 

capability? 

For the first question, it is found that the concepts advanced so far for the aerodynamic 

interactions are deficient in that an intensive interaction in more than one spatial dimension 

between the electric discharge or combustion over the nose and wing and the incoming supersonic 

flow will lead to a detached bow shock, not the attached shock of weak family claimed in the proposed 

schemes. Under these circumstances, both the boom and the drag are increased. 

The second question of the specific power consumption (S.P.C.) is Investigated. The estimate 

of the thrust generation and electric power required by the discharge is based on the analysis of a 

one-dimensional model which includes the key physical processes of the electric discharge. The 

S.P.C. is found to be of the order of 1 watt per dyne of the redistributed pressure force of the 

oncoming air around the supersonic airplane, (or 1/2 megawatt per pound force). New cathode materials 

or ingenious cathode configurations can reduce the S.P.C. at most by a factor of 10. Consider the 
supersonic transport at 65,000 ft (20 km) cruising altitude and at M - 2.7. For a 10X reduction of 

the strength of the leading shock, with possibly a 10X reduction of boom Intensity, electric power of 

the order of a thousand megawatts is required. At the specific weight of 1 lb. (or 1/2 kg) per ^ 

kilowatt of electric power, the electric equipment is beyond payload capability. 

The conclusions reached are: The electro-aerodynamic and combustion techniques currently 

proposed are conceptually deficient. While some configurations, to be proposed in the future, of > 

the electro-aerodynamic devices may prove to be conceptually valid, they are technically not 
feasible. Efforts for reduction of boom intensity should concentrate on the development of detailed 

optimisation of the aerodynamic design of the airplane. 
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I. Introduction 

Sonic Boom (or sonic bang) refers to the pressure distribution at the ground level produced 
by an airplane In Supersonic Flight. In the absence of any upstream propagating signals, upon the 
arrival of the airplane In the air space, the air is forced to deflect suddenly through shock waves 
to conform to the airplane contour. A complicated wave system around the airplane results as Is 
sketched in Fig. 1. It is this wave system that produces pressure variation on the airplane surface 
that supports the airplane weight and acts against the engine thrust. The waves Interact extensively 
and decay fairly rapidly with distance away from the airplane. This pressure field is very complex 
and is influenced by the airplane configuration. As the waves decay with lateral distance from the 
airplane, the details of the near pressure field gradually disappear and the boom generally emerges 
in the asymptotic form of an N-wave; also shown in Fig. 1. Theoretical studiesdT-C*) have revealed 
the qualitative dependence of such decaying waves. The boom of an airplane depends primarily on its 
"effective volume" and may be roughly divided into two parts: that due to the airplane volume at 
zero lift and that due to the angle of attack of the airplane in producing lift. The two components 
of the ground level boom may be referred to as the volume boom, ipv, and the lift boom, ApL, given 
respectively as 

. , / ,1/2 ,„2 ,,1/8 d I 
^v-MPaV (M -x) -m'-m 

1/2 (M2 - 1) ' W1/2 1 
Api ■ \ po —m-~m nyr 

*L h 

(la) 

(lb) 

Ky and are shape factors of order 0.5 to 1.0 and vary slowly with changes in shape. pa and p0 
are the atmospheric pressure at flight altitude and at ground level respectively. The airplane is 
assumed to be cruising at altitude h at Mach number M. d is the characteristic diameter of the air¬ 
plane volume and W is the weight of the airplane. Both components decay as the quarter power of the 
relevant length scale in the flight direction: iv may be taken as the overall length of the airplane 
while should be taken as the characteristic length of the lifting surface. Apy decays as 1/2 
power of pa at flight altitude h while ApL is independent of pa. With the atmospheric pressure decay¬ 
ing exponentially with increasing altitude, Apy decays rauch more rapidly than Ap^ as h increases. 
Thus, at low altitudes, Apy dominates. However, at the cruising altitudes of commercial supersonic 
transport ApL becomes the larger component although Apv remains significant (Fig. 2). Under these 
circumstances, the reduction of the lift boom, Ap^, is of primary concern. 

By increasing the scale lengths i.v and ü.Li tfle boom will be reduced according to the 1/4 power 
law. These scale lengths can be increased by extending the airplane structure. This is generally 
deemed undesirable from a structural point of view due to the obvious increase of the airplane weight. 
Any possibility of effectively increasing these scale lengths without additional structure is clearly 
of great interest. Thus the concept of creating a "phantom" airplane of increased length over the 
physical dimensions has been proposed for boom reduction. It must be noted that a physical extension 
of the length of the airplane by affixing a long spike in front of it will produce little effect on 
the boom without a significant redistribution of the lift and volume from the airplane onto the spike. 
In the limit, a spike of zero thickness and great length attached to the airplane nose would have no 
effect on the boom although the length of the airplane may be much Increased. Under the circumstances, 
neither tv nor would be increased by the spike with Kv and kL unchanged for the original volume 
and lift distribution over the given scale lengths. If one prefers to adopt an extended length as 
ty and i.L, then both ky and kL must be correspondingly reduced due to the different distributions. 
The boom can be proportionally reduced according to the increase of the length scale only to the 
extent that the lift and the volume are actually redistributed along the axis so as to keep ky and 
k^ unchanged. This is the crux of the simlltude argument. 

The determination of the optimum distributions of airplane volume and lift for minimum values 
of the propationality constants ky and KL has been the subject of extensive aerodynamic studies!5)-^) 
Difficult and tedious as such studies may be, they will point to the correct direction of designing 
airplanes with lower boom. Even without a careful aralysis of the aerodynamic situation, it is 
obvious that if the leading shock wave could be rep. seed by a very long series of isentropic com¬ 
pression waves or by a succession of weaker shock wa.es, the airplane drag and boom would be 
simultaneously reduced. Such progress towards boom reduction might be accomplished with carefully 
designed compression ramps with the associated weight penalty of the ramp structure. Now, if the 
air could be so deflected and compressed gradually, pr .or to the arrival of the supersonic airplane, 
without the use of physical ramps, reduction of the sonic boom might be expected in the form of 
smaller ky and KL without the weight penalty of the ramps. The above considerations give rise to 
the early warning concepts, the underlying principle of which does not appear to be completely 
different from that of the concept of the phantom airplane of extended scale lengths. 

Alternately, if the exhaust gas from the jet engine could be cooled significantly while main¬ 
taining the engine thrust, the reduction of the effective volume of the exhaust jet would reduce kv 
and therefore the volume boom.10 Or, if one could increase the lift curve slope dC^/da or the lift 
drag ratio L/D of the airplane, the constant Kl and hence, the lift boom ApL would be reduced. A 
great variety of schemes may be proposed to operate on one or several of the basic ideas described 
above. Although the physical identity of the annoying or objectionable aspects of the sonic boom 
are not firmly established, it is believedthat the reduction of the peak pressure rise and of 
the time of rise are among the most significant factors. In this sense, any schemes enumerated 
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above for reducing Ap and widening the compression region may be considered as possibly leading to 

devices for reducing the sonic boom. For each such device, two questions must be faced: one, la 

the scheme conceptually correct in that a boom reduction would result; and two, Is the scheme techni¬ 

cally feasible and economically Justifiable? 

II. Aerodynamic Interaction 

The suggested devices for boom reduction Involve the coupling of thermal energy^! H or electro- 

kinetic forcesl2»13 to the conservation laws of nass and momentum. Cahn and Andrew?!?) demonstrated 

(Fig. 3a) that a corona discharge over the nose leads to a thick, diffused or scattered shock layer 

over the nose and conjectured about a slower pressure rise and a weaker leading shock. The Idea of 

extending the compression region into the undisturbed air upstream of the airplane Is pursued by the 

proposal of direct Injection of electrostatic charges from the nose (Fig. 3h). In each case, the 

effective length of the airplane was to be increased by the upstream penetration of the charged 

particles. The deflection and compression of the undisturbed air was to be visualized as the response 

of air to the early warning carried by the Ionized particles. The early warning can also be achieved 

by other means. Energy additions to the undisturbed air may be achieved by focusing light of various 

frequencies or the more exotic laser beam. Chemical energy may be released from fuel Injected up¬ 

stream In the form of external combustion. Since the nose region is at higher pressure than down¬ 

stream locations, the energy released there may in part be recovered through a guided expansion as 

in the form of useful thrust. Thus external combustion was proposed not only as a boom reduction 

device but with the added benefit of auxiliary thrust generation.?)-1) All these schemes presumed 

that an extended region of upstream compression would a priori weaken the leading shock and Increase 

the effective length scale, both contributing to boom reduction. 

The first question is now considered: are these schemes conceptually correct? When disturb¬ 

ances in the form of heat and/or of momentum addition are introduced at some point on or along the 

upstream axis (or plane of symmetry), there cannot be a purely Isentroplc or a shock free flow in the 

nose region ahead of the solid boundary. The hypothetical configuration of two (or more) detached 

straight shocks (Fig. 4a) deflecting the upstream supersonic flow In two (or more) steps to conform 

to the required flow deflection at the nose Is not compatible with the mass continuity relation near 

the axis and hence cannot occur; a vacuum would be required. 

When the fluid motion Is continuous through the axial region, the lateral velocity component, 

V, the streamline deflection angle 6 and the streamline curvature k must vanish on the axis and are 

odd functions of the distance from the axis. The lateral motion may be the result of the action of 

lateral force or of the expansion of gas volume under heat addition, for example. The streamlines 

In the upper half plane must be concave to conform, at least in part, to the deflection of the wedge 

or cone surface. The centrifugal force due to these curved streamlines Is sustained by a pressure 

gradient across the streamlines. The pressure field is set up by a curved shock just upstream of the 

disturbance. The cross stream momentum balance Is 

KP<12 - - IS + fn (2) 

where pq2 is the local dynamic head of the flow with local curvature k>0. The distance normal to 

the curved streamline is designated by n and fn Is the component of the body force acting on the 

fluid In the normal direction. 

Consider the case of heat addition with fn - 0. Let the curved shock be defined by y8 (xg) 

where the origin x8 - y8 - 0 coincides with the intersection of the curved shock on the axis. 

Immediately behind the shock, we have 

Here i|/ is the Stokes, or the planar stream function, 6 is the streamline deflection angle and sub¬ 

script s indicates qualities evaluated along the shock wave. For ys2o, the symmetry requires 

The equality sign holds when ys • 0 on the axis. With pq and p.q» both finite and positive, we 

conclude that along the shock 

(¾ - - wry. (17),/(37), i 0 (6) 
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Now, for planar ahock, the pressure-deflection polar diagram (p-i) is shown in Fig. 16-4d. 

With (dp/dfi) i-0, the local planar shock elements of the curved shock in the vicinity of the axis 

must be of the strong family as shown in sketch Fig. 16-2c, starting with a normal shock (transition 

O-N Fi^. 16-4d) on the axis. The configuration of curved shock with weak family elements forming a 

cusped peak on the axis (Fig. 16-4b) is dynamically unstable^) although kinematically consistent. 

The reason for this is that the dynamic force balance requires that the pressure decrease parabolically 

with distance from the axis while the cusped weak shock family would produce a pressure field in¬ 

creasing from the axis. The bow shock, (Fig. 16-4c) with a norm; . shock across the axis, can be the 

only result. This gives a subsonic region between the shock and the nose at a pressure considerably 

higher than the pressure produced by an attached shock of weak family over the sharp nose. The 

higher air pressure behind the bow shock considerably decreases the penetration distance of the 

disturbance so that it is within the stand off distance of the bow shock wave. 

In the case of electric discharge over the nose, the electro-aerodynamic interaction provides 

a lateral force on the stream in the subsonic region at elevated pressure behind the bow shock. The 

resultant lateral force is, however, of higher order immediately behind the shock since the bow shock 

itself is the initial response of the uniform supersonic flow to downstream disturbances. The 

general pattern of strong aerodynamic interaction between the uniform supersonic flow and some down¬ 

stream disturbance remains unchanged, no matter whether the downstream disturbance of the various boom 
reduction devices is of the nature of heat, momentum or mass addition. A sketch of the flow field 

between the bow wave and a wedge nose charged as anode (or cathode) is shown in Fig. 16-5. 

The detached bow shock wave is much stronger than the oblioue shock attached to the nose and will 

lead to a higher peak pressure rise of the N-wave in the far field. It will also produce higher drag 

on the airplane, and most likely lower lift. The loss of lift is inferred from Fig. 16-4d, since the 

pressure difference on a wedge surface at an angle of attack u as might be produced by shocks of 

strong family is not only of smaller magnitude but of opposite sign as that produced by shocks of 

weak family. The loss of lift and the increase of drag produced by the shocks of strong family 

would further increase the boom and lead to serious deterioration of the performance of the airplane. 

The external combustion scheme patented by Schoppe^1) is similar to a forward facing ramjet. 

The boom is to be reduced in an undisclosed way and subsequent exhaust expansion of the heated gas 

is to compensate to some extent for the drag created by the bow shock However, there is the added 

expense of a significant increase of the volume boom.Further under the cruise condition, the 

main engines are not operating at maximum thrust so that the fuel for the external combustion can 
be used much more effectively if burned in the primary engines. The auxiliary thrust of the ex- 

L’.rnal combustion scheme does not offset the several boom increasing factors of heat addition. 

Plausible schemes of boom reduction should avoid rhe detached bow shock over the cse or the 

leading edge of the airplane. However, detached waves in the downstream portion of the anpxane 

flow field are not serious in boom production. In fact, strong shock waves in the midfield may be 

desirable in the sense that the effect of devices to increase the local pressure will be addition¬ 

ally magnified by the strong shock interactions. If the optimum lift distribution for a given air¬ 

plane is known from aerodynamic studies, but the airplane configuration departs from this optimum 

due to other design constraints, redistribution of the lift by either electro-aerodynamic or thermal 

devices may be accomplished to approach this optimum. The redistribution would be at the expense 

of electric power or chemical fuel Instead of structural changes. Accordingly, we next examine how 

effectively electric discharge may be utilized in this manner for reducing the boom of a given air¬ 
plane. 

III. Stream Thrust Generation by Gaseous Discharge 

Electric discharge in moving air modifies the flow field through momentum and energy exchange 

between the ionized and the neutral particles of air.16 It will cause changes in the general pattern 

of the supersonic flow es was discussed in the previous section, even if the center line is replaced 

by a straight solid boundaiy (invlscid or viscous). Approximations are required to make an analytical 

estimate on the pressure change produced and the power expenditure required of the electric discharge 
in the complex flow field downstream of the curved shock. A one dimensional model in which the 

electric field E is parallel to the flow velocity u is adopted here. This one dimensional configurat¬ 

ion is the most favorable for the momentum exchange between the ionized particles and the air to pro¬ 

duce a change of the atr pressure. The various physical processes important in electric discharge are 

represented phenomenologically within the continuum framework. The phenomenological representation 
is convenient since we wiuh to appl, our result to various modes of electric discharge in which 

different physical processes dominate respectively. This approach is also necessary because the 

Information concerning the details of the fundamental physical processes of electric discharge are 

numerous, varied and unevenly known. The strongest assumption made to facilitate analysis is the 

neglect of diffusion of the ionized particles. While the lateral diffusion can be consistently 

neglected in a one dimensional model, the longitudinal diffusion is known to be important in some 

interesting phenomena of the detailed structure of the electric discharge. We believe, however, 

that the neglect of diffusion tends to overestimate the thrust generation and underestimate the’ 

power expenditure and such an assumption is therefore in favor of the pioi’osed schemes. Such errors 

will reinforce rather than defeat our conclusion of the very poor performance of the proposed devices. 

Of lesser importance, the change of the global temperature of the discharge medium is also neglected. 

Other minor simplifications are adopted along the way to facilitate the analysis. 
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The governing differential equations are: 

J+ “ °+(Vd+ + u) ( > 0 ) 

j_ - o_(Vd_ - u) ( > 0 ) 

J+ “ “3. + 63+ + * 

^ (-j_) “ oj. + BJ+ + * 

Id Í+ J- 
_ — E - (o+ - a_) - 

(5) 

(6) 

(7) 

(8) 

(9) 

,pu 
du 

dx ' dx 
Eo, kEo - fJ 

- E(o+ - o_) + (1-k) Eo (10) 

¿ (pu) - 0 dl) 

The first pair of equations (5 & 6) relates the convective currente j± to the convective velocities 

(Vj* i u'/ and the charge densities a+ for ions (+) and electrons (-) respectively, where V¿ is the 

drift velocity of the respective particle. The second pair of equations (7 & 8) represents particle 

conservation for each species under the assumption that singly charged ions and electrons sre created 

in pairs with no other charged particles present, a and 8 are ionization constants due to electron 
or ion encounters and X is that due to external sources, assuming that electrons and ions are always 

created in pairs. The Poisson equation (9) relates the electrostatic field and the charge densities. 

The last pair of equations (10 & 11) expresses the global conservation of momentum and mass. Here 

ions are assumed to transfer all the momentum acquired from the electric field in excess of what is 

required to maintain the local drift velocity V,j+ to the neutrals. An efficiency factor k is intro¬ 

duced for the electrons. This is due to the large number of inelastic collisions that occur for 

the electrons. If k - 1, the electrons are taken as equally effective in momentum transfer as ions 

and the neutral gas would experience a force only when there is local net charge. We shall refer to 

this portion of the momentum transfer as the electric pressure effect. If k - 0, the electrons are 
considered as Incapable of transferring momentum. The momentum transfer to neutral gas due to ions 

alone is known as the "Electric Wind".(17) We shall refer to the net momentum transfer due to the 

difference (1-k) in the capability of electrons and ions in momentum transport as the electric wind 

effect. 

The drift velocities are taken from Ref. 18 as the correlations of experimental data: 

V. - b. X 105 (E/p) 
d+ + 

V. - ax 105 (E/p)** 
d+ + 

9 ** 
Vd - b_ X HT (E/p) 

VJ - a X 109 (E/p) 
Q “ 

for E/p << 1 esu field/torr 

'v. 1 esu field/torr 

<< 10-1 est- field/torr 

2: 10_1 esu field/torr 

The constants a+ and b+ are of 0(1) for most gases. For air a+ - 1.7 and a_ - 1.4. The electron 

ionization constant a Is given likewise as a semi-empirical relation: 

a(x) “ Ap exp [ - Bp/E(x) j 
where B corresponds to ionization energy and is about 1.22 esu field/torr for air. A is the saturat¬ 

ion constant about 15 cm"1 torr-1 f0r air. Other ionization constants may be expressed likewise but 

generally much smaller than a. 

The electric equations (5-9) may be uncoupled from the momentum and mass conservation equations 

(10) and (11) since u/V(j+ and u/Vd_ are generally much less than unity. Even if u/V<j+ may not be 

too small, a perturbation procedure can be set up to correct for small but significant values of 

u/Vd+.(l67 Thus, equations (5-9) can be solved first independently for the five unknowns o±, j+ 

and E. The boundary conditions on the electrodes are: 

On the anode x-0 o+(o) ■ 

On the cathode x“d J_(<() “ 

J+(o) - 0 (15) 

d 

Yj+(d) ” / Sj.OOd* (16) 
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where Y Is the cathode emission coefficient due to ion incidence and 6 is the emission coefficient 

due to various processes in the dischar^, pending on electron concentration. Two overall boundary 

conditions are the voltage drop across the electrode 

d 
¿V - J (-E) dx < 0 (17) 

o 

and the global current density 

Jo « j+ + j_ (18) 

The solution of the system of equations (5-9) depends critically on the overall cathode 

emission parameter u/a defined as: 

a 
Y + B/a + 6/q 

1 + Y + £ U - f) 

(19) 

^-6 2 
For dark and normal glow discharges, the overall current intensity J0 is small < 10 amp/cm 

and the cathode remains cool, u/a is of the order of 10_2 % lO-^, varying slightly with E/p. In 

abnormal glow discharges, and in discharges with hot cathode, u/a may be 0 (10_1). 

The five electric quantities, o+, j+ and E have been solved in terms of the coefficients a 

and u/a and are given in Ref. 16 in dimensionless form. The results relevant to this discussion are 

taken from Ref. 16 and shown here in Figs. 16-6 and 16-7. 

When o+, j+ and E are determined the momentum equation 10 can be Integrated from the anode, 

0, to the station x to give 

„22 
B p 

p(x) + pu (x) 
8tt n2_2 B p 

p + P U - 
O O o 

O 
8tt 

J X 
o 

- • p f (1-k) dx • 10 

P o 
-8 (20) 

2 
The quantity (p + p ) is often referred to as the stream thrust in one dimensional gas dynamics. 

The additional term in the stream thrust, e2/8it, is the energy density of the electric field per 

unit volume, which may oe interpreted as the mechanical force per unit area, i.e., the electric 

pressure. The Integral term on the left hand side of (20) represents the deficiency of momentum 

transfer by electrons, i.e., the "electric wind" effect. It is necessary to express the electric 

wind term as an integral because the variation of the number densities of ions and electrons and the 

variation of the electric field in the discharge region are drastic. The relative effectiveness of 

electrons in transferring momentum to the neutrals is also incorporated in equation (20). 

In this equation (20) the positive x direction Is from the anode (x-0) to the cathode(x»d>0) 

with air flowing with velocity u in the positive x direction. If the air flows from the cathode 

(x-0) to the anode (x-d), a negative sign should be added to both f^ and to the space charge equation. 

Under the circumstances, the sign of the electric wind term in equation (20) will be changed pro¬ 

vided that we understand th^t the Integral from (x“0) to x means the Integral from the cathode 

(x-0) to some positive value x in the stream. 

Equation (19) is written in a form where the local electric pressure E^/8-t may be considered 

as part of the stream thrust. For the case k • 1, with electrons transferring momentum as effect¬ 

ively as ions, the one dimensional model simply states that the total stream thrust (p + pu^ - e2/8ïï) 

remains constant and the local static pressure rises and falls directly with the variations in the 

electric pressure I,2/8n and the momentum flux of the stream (pu'u). The local static pressure will 

be increased by the value of the local electric pressure e2/8h so that the total stream thrust 
(p + pu2 - E-/8t) remains unchanged with or without the electric field. The total stream thrust is 

modified only by the electric wind effect. This is a consequence of the assumption made in the one 

dimensional analysis that both u/V,j+ and u/V(j_ <<1 in the discharge region so that the electric 

properties are not affected by the flow of the neutrals. 

If the air motion, u, is directed away from a nonpermeable anode surface, with boundary con¬ 

dition u0 » 0, the static pressure on the anode will be increased by the anode field e20/8ii, but 
decreased by the electric wind. If the inter-electrode distance is large enough, the electric wind 

term may eventually lower the static pressure when 

p*d j (1-k) d (^-) > 0(102) cm. torr 

At 60 to 65 kilo ft. altitude, p ■v 30mm. Hg. The condition of lower static pressure on the anode 

surface may then be obtained if the positive column extends several certimeters away from the anode 

surface. If the air motion is directed away from a cathode surface, tne electric wind serves to 

increase the static pressure over the cathode in addition to the cathode electric pressure, which 
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ln general la eubatentlally larger than the electric pressure at the anode. 

The electric wind term, besides depending upon the effective inter-electrode distance, 

p-dj (1-k) d(|) 

is directly proportional to the reduced discharge current density, J„/p2. Smaller overall voltage 

drope will maintain the same J0/p2 in a given gas discharge for smaller inter-electrode distances. 

In general, both the cathode and the anode regions are much smaller in physical extent than the 

positive column.' The magnitude of the electric vino etfect at a given static pressure, p, is pri¬ 

marily determined by the current density J0 and the lo"gth of the discharge. If we maintain the 

reduced current density J0/p2 constant, a discharge with shorter positive column with a smaller 

overall voltage drop will consume less power. The discharge phenomena near the electrodes do not 

change substantially, even if the positive column is nearly eliminated; and in which case, the 

electric wind term is negligible and we have the case of minimum power requirement. 

To maintain such a steady discharge in air at several cm. Hg pressure, without a positive 

column, the overall voltage drop is only slightly above 300 volts; i.e., the normal cathode fall, 

since the anode drop is generally small. When appropriate values of the constants for air are 

adopted, numerical results from equation (20) and Figs. 16-6 and 16-7 show that the maximum change 

in the stream thrust (p + pu2) fot these conditions takes place at about 10 dynes per watt of electric 

power input evaluated as: J0 (V, - V0) - J0|¿v|. If the electrodes are further apart, the voltage 

drop must be Increased to maintain the current density and produce the electric wind. There will 

develop a positive column in which the E field is fairly low and uniform. The electric wind effect 

will then contribute to the change of the stream thrust at the expense of additional electric power 

roughly, again from equation (20) and Figs. 16-6 and 16-7, at 1 dyne/v;att. The electric wind process 

taking place within the positive column is much less efficient than the processes in the cathode and 

the anode in changing the stream thrust. 

In an attempt to modify the lift distribution of an airplane, planar electrodes may be distri¬ 

buted over the lifting surface. In the immediate vicinity of such planar electrodes, the situation 

is essentially one dimensional normal to the electrode locally. The significant deviation from one 

dimensionality lies in the less efficient positive column. Hence, the quantitative estimate of the 

specific power consumption based on the one dimensional analysis are the most optimistic for electro- 

aerodynamic interaction. 

XV, Specific Power Consumption for Boom Reduction 

The electric discharge in the downstream flow field between two planar electrodes on the lift¬ 

ing or volume surface will be considered as produced by placing fictitious cathodes (or anodes) some¬ 

where in the stream facing the electrodes on the airplane surface. The change of the stream thrust 

in the flow field would then be due to (1) the anode (or cathode) electric pressure E /Bn and (2) 

the portion of the electric wind term extending into the stream. When the proper sign is taken in 

equation (20) under the different circumstances, the change of the stream thrust in the positive 
column to the electrode on the airplane surface can be obtainel. The electric power expenditure to 

achieve the change of stream thrust under this hypothetical situation would be no less than that 

required for maintaining the entire discharge region, excluding the fictitious cathode (or the anode) 
fall. Thus, the electric power required to maintain an electric discharge over a cm of the airplane 

surface to produce a change of 1 dyne/cm2 of the stream thrust in the flow field or of 1 dyne/cm* of 

stagnation pressure on the electrode will be of the order of 1 to 10-1 watt/cmz j dyne/cm^ ai given 

in the one dimensional analysis. 

At an airplane cruising altitude of about 65,000 ft. with a cruising Mach number of M00“2,7 and 

5* Initial deflection of the external stream at the leading edge, a 10Z change of the pressure rise 

across an attached oblique straight leading shock would mean a change of the stream thrust of 
3.4 X 103 dynes/cm2 (7.5 lb/ft2). Regardless of how this is achieved, the eloctric power needed to 

accomplish this 10Z change of leading edge shock pressure rise per square cm. of shock frontal area 

would be 0.34 to 3.4 x 103 kw or 0.3 to 3 mega-watts per square foot of frontal area of the modified 

ahock. Conservatively, the shock should be weakened over one-tenth of the chord length to produce a 

meaningful reduction of the boom. If such is to be accomplished for a commercial supersonic air 

transport, purely through an electro-aerodynamic device, the electric power requirement on board the 

airplane is of the order of thousands of mega-watts. Clearly, at the present technology level for 

power equipment of 4 to 5 pounds per kilowatt, electrical equipment of the order of million of pounds 

is beyond payload capability. 

One may raise the following questions concerning the general validity of the previous inference. 

(1) Might other modes of electric discharges be more efficient than dark or glow discharges? .2) 
Would it be possible to reduce significantly the power required by varying the different physical 

parameters or materl Is governing the electric discharge in air? The results of the analysis in 

Reference 16 was given in a dimensionless form through various phenomenological conster.cs. The pract¬ 

ical ranges of values of •’hese constants will deny this possibility as is explained below. 

To maintain an electric discharge in air without a hot cathode, the overall voltage drop must 

be larger •■han the 300 volts cathode fall. The only means for reducing the power expenditure in the 
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absence of the less efficient electric wind effect Is to reduce the discharge current density J- 

whlle maintaining the dimensionless parameter J* of current density a constant. The magnitude of 

J* determines the level of stream thrust change In the discharge by means of electric pressure 
over the electrodes. 

From equation 20, reference (16) and Figs. 16-6 and 16-7, we have, 

(21) 

A small discharge current density J0 will result If 3+, A, and B are r;<duced and a/u Is Increased. 
From equations (20) and (21) we have that both stream thrust and current density are proportional 

to p2. Thus the power expe'dlture to produce unit change of stream thrust Is not affected by the 
air pressure within reasonable ranges. 

Now a+ Is the mobility constant of the positive ion in the discharge. A and B are the charact¬ 

eristic constants of ionization of the gas by electrons. They have fixed values for air, given with 

equations (2) and (12), within the experimental errors of the data. In fact the ranges of variations 

of these phenomenological constants for most gases (molecular or rare) are limited to within the 

order of magnitude. The remaining parameter a/u Is the only one which may vary considerably for 
various choices of electrode material and cathode operating conditions. In fsct, the latter deter¬ 
mines to a large extent the mode of operation of the electric discharge. 

Equation (21) shows that smaller values of ui/a (therefore, smaller cathode emission) mean 
smaller discharge current density. Thus, under conditions when electric discharge through a gas 

is relatively difficult to initiate and sustain, that is, when artificial stimulation of cathode 

emission by "external" means is almost required at very low discharge current density of much less 

than 10”° amp/cm2, the effective parameter a/u is large. The value of a/u in these cases may be as 

much as IQd or more depending on various circumstances, but largely upon cathode materials and 

cathode conditions. For the normal glow discharge, where the photo emission from the cathode due 

to the photons generated within the gas discharge becomes significant a/u 'v 100 to 10. 

For more intense discharges at still higher current densities, the glow discharge becomes 

abnormal and the thermal emission from the cathode becomes significant, with a/u of 0(10) or less. 

Under these circumstances, the theoreticsl treatment given in Ref. 16 fails progressively. As 

equation (21) shows, J0 becomes infinitely large when a/u -► e « 2.718. This is the mathematical 

indication of the failure of the physical model adopted when arc discharge conditions are approached. 
The transition to a fully established arc discharge is usually not a smooth process. The cathode 

fall diminishes rapidly and the cathode emission becomes almost entirely thermionic. 

An apparently steady and fully established arc discharge between planar electrodes is not 

really^steady. The current density J. is very large but remains finite of the order of several 

amp/ran and is confined in a very small cross-sectional area. The cathode fall is small and the cath¬ 

ode field is less than the anode field. The diffusion loss in the positive column dominates. The 

analysis in Ref. 16 does not apply for the arc discharge. Experimental results for the arc discharge 
and the results of a recent analysis based on a diffusion dominant model, (Ref. 19), give for the 

magnitude of the specific power expenditure 1 dyne/watt, which is the same value as for the other 
discharge processes. 

It is clear that the most efficient self-sustaining electric discharge that requires the least 
electric power for producing a given change of thrust is the Townsend discharge of very small 

current density of orders 10”6 amp/cm2.or 10”3 amp/ft2 or less. The Corona discharge and the 

brilliant glow discharges produce larger current density and larger change of stream thrust but at 
the expense of larger electric power per unit change of stream thrust. 

The second question relates to electrode geometry and materials. The value of a/u varies 

considerably for various choices of electrode material but not to the extent described above for 

the different types of discharges. Since a larger value of a/u corresponds to a smaller cathode 

emission, the more efficient discharge would be more difficult to initiate and more difficult to 

maintain and would produce very little change in stream thrust because of the small current density. 

In any case, equation (21) shows that the effect of a/u in determining J0 enters as a logarithm. 

The reduction in discharge current density and power expenditure cannot be changed by an order of 

magnitude under any circumstances. The electric power requirement is fixed at the order of ^1 watt 

to produce a change of stream thrust of 1 dyne over a cm2 of shock frontal area. 

V. Summary and Conclusion 

We have explored and examined various schemes for reducing sonic boom of a supersonic airplane. 

The shock repellant concept, the concept of creating a phantom plane and the concept of early warn¬ 

ing are similar in principle. They could be implemented by electrical, optical or chemical devices. 
These concepts are, however, aerodynaraically unsound since their presumed model of weak aerodynamic 

interaction cannot be realized. In the absence of a solid boundary on the axis, weak aerodynamic 

interaction would lead to flow fields not compatible with the conservation laws. Under the actual 

strong interaction, a detached bow shock wave would result. Devices based on the above concepts for 

boom reduction would, instead, intensify the boom and increase the drag of the airplane. 
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Calculations based on aerodynamic theory Indicate that the dominant component of the boom of a 

cruising commercial supersonic air transport Is due to lift. The reduction of the sonic boom could be 
more advantageously sought from the redistribution of the lift, rather than volume, along the longi¬ 

tudinal axis of the airplane to approach some optimal conditions. Electro-aerodynamic devices could 

be employed to accomplish such redistribution. However, the power expenditure required is of the or¬ 
der of 1 watt/cm^ to change the stpeam thrust or the flow pressure by 1 dyne/cm?, regardless of the 

circumstances of the electric discharge. If such electro-aerodynamic device should be used solely to 

reduce the boom of a commercial supersonic transport through a 10Z reduction of the strength of the 

leading shock, thousands of nega-watts of electric power are required on board the airplane. The 

electric equlprent alone Is three orders of magnitude beyond total payload capability. 

It is therefore concluded that low boom characteristics are most likely achieved through 

effective aerodynamic design concepts as against external additions of heat or momentum to the 
flow field. 
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Fig. 16-1. Decay of shock waves. 

Fig. 16-2. Relative Significance of Lift and Volume Boom. 
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Electric Charges 

Injected Electric Charges 

Fig. 16-3. Schematic Drawing of Propoeed Electroaerodynamic Device«. 

Fig. 16-4. Pattem« of Aerodynamic Interaction. x# - y# 

the curved «hock on the axis, fige, b and c. 

0 coincide« with the Intersection of 
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Flow Over Anode 

Fig. 16-5. Flow over anode or cathode. 

Fig. 16-6. Change of Stream Thrust vs. Dimensionless Discharge Current Parameter J* 
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Recant proposal» by th» P.A.A. for legislation on nazi ma nois» level» fron airoraft enphasise 
th» need for reduction in th» noia» radiated fron »ngiin». High bypasa ratio engine noise is 
dominated by the fan and turbine sources. Noise fron these conponents may be reduced by the 
application of absorbent liners to the engin» ducts. The design of such liners for optimum 
acoustic performance requires experimental data on the behaviour of absorbent systems in a 
representative environment. A description is given of a high sound présenos level impedance tube, 
and a large scale absorption flow facility« developed by Rolls-Royce for this purpose. Sons 
results for typical liner designs obtained in these rigs are presented and disoussed. 
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THB HEED FOR ACOUSTIC ABSORBERS 

The need for a reduction in the aircraft nolae nuisance la becoming Increasingly widely recognised, 
by the public, by industry, and by governments. The first firm steps towards legislation requiring 
lower levels from aircraft around airports have been taken by the F.A.A. in issuing their Ho.tiqg 
of Proposed Rule Making, in January of this year. The proposed rules do not deal at the present 
with existing aircraft, but their effect is best illustrated by a comparison between the proposed 
maximum allowed levels, and the noise levels observed from present day aircraft, shown in FIGURB 
1. This shows the typical flyover levels produced by a range of aircraft with unsilenced engines, 
measured at % nautical miles from the start of the take off run. 

It is clear that the proposed legislation demands real progress both in the advancement of noise 
reduction technology, and in the immediate application of the silencing methods already under 
development. It is also clear that the new levels have been strongly influenced by the reduction 
in noise generation associated with the trend towards higher bypass ratios for propulsion of sub¬ 
sonic transport aircraft. Increasing by-pass ratio implies not only lower overall noise levels 
at constant thrust, but also a change in the relative importance of the individual sources 
contributing to the overall noise. FIGURE 2 illustrates the change by presenting the component 
noise source levels for engines of by-pass ratio 0, 1.5, ã 5. These represent roughly the long 
range transport engines of 1960-64, 1964-70, and 1970-1980. The increasing significance of »nginm 
blading noise in general, and fan noise in particular, as by-pass ratio is increased, is apparent. 
Several engines of low or zero by-pass ratio have been in service for some time with jet noise 
suppressors of a common basic type, but there are no engines in general service yet with suppressors 
of a common basic type, but there are no engines in general service yet with suppressors designed 
to reduce fan or compressor noise. 

The potential reduction in overall noise level, during take off, obtainable by complete suppression 
of the three major sources of rearward noise; jet, turbine, and fan is shown in FIGURE 3. If we 
could achieve effectively total suppression of fan noise on a typical engine of 5 si by-pass ratio, 
we should obtain a reduction in overall noise level of about 6 PNdB. If in addition we were able 
to get rid of all significant turbine noise, we would obtain a further reduction of about 6.5 PNdB. 
That is, a total reduction of about 12.5 PNdB in rearward overall take-off noise is possible in 
such an engine by treatment of noise sources within the engine, without attention to the externally 
generated noise produced by the propulsive jets. The major engine manufacturers are 
considerable efforts to reduce the noise generated by the engine blading, but once the design 
cycle of an engine has been determined by a compromise among the many competing economic «nd 
technical factors, the most readily applicable way of achieving further noise reduction is by 
fitting noise absorbent linings to the engine ducting. 

THE DESIGN PROBLEM 
* 

The task of the noise suppression engineer in this case is to design duct liners which will modify 
the engine noise spectrum at specified distances and thrust levels in such a way that the — 
reduction in perceived noise is obtained. This is illustrated in FIGURE 4. The variables at his 
disposal, within the constraints imposed by performance and weight considerations, are the dis¬ 
position and area of the liners, and the detailed design of the liners themselves. In its 
simplest form, the objective is to produce the maximum value of peak attenuation (dBn), and to 
vary the frequency of peak attenuation (fp) so as to obtain the greatest possible reduction in 
perceived noise. This may involve variations in f along a duct in order to Increase the band¬ 
width of attenuation. ' 

At the time when the high by-pass ratio engines for the new 3 & 4 engined transport aircraft were 
designed, there was no generally available and reliable method, either theoretical or empirical, 
by which suitable absorbent linings could be designed, or their performance predicted. Rolls- 
Royce had therefore, in common with other engine manufacturers, to undertake an experimental 
programme designed to provide the data on which successful designs could be used, and to develop 
sufficient understanding of the physical processes involved to allow reasonably accurate prediction 
of their acoustic performance. During this programme we have used and developed some test 
apparatus which will be briefly described in this paper. 

The acoustic behaviour of an absorbent system can be described in a simple form by the expression 
for the acoustic impedance 2, which is the complex ratio of the r.m.s. pressure p to the r.m.o. 
particle velocity v, both measured at the surface of the absorber. 

or R il Where R = resistive component 
X ■ reactive component 

In practical applications R is largely a function of the properties of the absorbent material, 
in a given environment, and is of greatest significance in determining the maximum attenuations 
while X is largely controlled by the properties of the cavity behind the liner. The problem of 
predicting the acoustic performance of a noise suppression system is principally that of predictis» 
the acoustic impedance of the system under environmental conditions. 

On the basis that the acoustic impedance of an absorbent liner in a fan or turbine would be stronalv 
influenced by:- 

1. The environmental sound pressure level. 

2. Boundary layer pressure fluctuations. 
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and IV.-ther that th* attenuation oit-.tned fron linings with a given environmental impedance would 

be affected by s- 

1. The distribution of acoustic energy amongn. the ^roj-^ating modes. 

2. The separation between the treated walls of the duct. 

3. The length of liner in the direction of flow. 

4. The axial mean air flow Mach Number. 

5. Velocity and temperature gradients within the duct. 

we have used and developed several types of test apparatus to study these effects. 

D.C. FLOW RESISTANCE 

The simplest test which gives information on the acoustic behaviour of liner materials is the 
determination of the steady flow resistance. The apparatus is illustrated diagramatically in 
ÏIGURB 5, and the value of flow resistance obtained is indicative of, but not in general identical 
to, the resistive component of the liner impedance for alternating flows. Test results (FIGURE 5) 
indicate that for most liner materials the flow resistance increases linearly with velocity. This 
observation is consistent with the view that the flow resistance is made up of a constant viscous 
drag component, and a form drag component varying with the first power of velocity. Perforated 
materials, having a larger characteristic pore size than fibrous materials, exhibit in general a 
lower viscous component, the velocity dependence being a function of the porosity. 

HIGH INTENSITY IMPEDANCE MEASUREMENT 

A flow resistance test gives us some information of the variation in the resistive component of 
the acoustic impedance over a range of steady flow velocities, but it does not throw light upon 
the reactive component. Both parts of the impedance may be determined in a standing wave, or 
impedance tube; but in the generally available form this is limited to a maximum sound pressure 
level at the material surface of about 120 dB. Typical ; axiraum pressure levels in a fan duct close 
to the blades are of the order of 165 dB. To allow measurements to be made at representative 
sound pressure levels, the standing wave tube shown diagramatically in FIGURE 6 has been developed. 

The apparatus is similar in principle to the standard low intensity standing wave tube, but 
incorporates four driver units. These are of electrodynamic type rated at 100 watts each, mounted 
at the ends of four ducts of 1" square cross section placed axi-symmetrically above the basic tube 
test section. The four driver tubes are smoothly joined and the area exponentially reduced to the 
1 3H diameter test section. An i condenser microphone is mounted on a long adaptor which is 
remotely actuated along the axis of the tube. The maximum sound pressure levels obtainable range 
from 173 dB at 1.25 KHz to 160 dB at 6.3 KHz. A photograph of the apparatus is given on FIGURE 7. 

Typical variations of the reaietive and reactive components with frequency for a fibrous material 
mounted over a 1 inch cavity measured in this apparatus are plotted in FIGURE 8 for values of sound 
pressure level of 120, 150 & 160 dB. It is seen that tue resistive component, whilst fairly 
constant over the frequency range of interest, is sensitive to the sound pressure level, as would 
have been expected from the eteady flow resistance teats. The relationship between the resistive 
component, at a fixed frequency of 2 KHz, and sound pressure level for this lining io shown in 
FIGURE 9, which supports the roughly linear behaviour deduced from FIGURE 5. The corresponding 
results for a perforated liner FIGURE 10 shows similar trends. 

A convenient way of expressing the relative acoustic efficiency of materials determined in the 
standing wave tube is the normal incidence absorption coefficient. 

^ h „ (R This is defined as the ratio of the acoustic energy absorbed by che mate.'lal 

to that incident upon it. Typical variations of N with frequency and S.P.L. are in FIGURES 
11 & 12. In a given environment the peak (resonant or X = 0) absorption value is determined by the 
resistive component of the absorber i.e. a function of the lining material, and the frequency at 
which peak absorption occurs is largely determined by the reactance of the absorber, i.e. a function 

of the backing cavity dimensions. 

An important conclusion drawn from the result of tests in the high intensity standing wave tube 
was that in order to obtain the desired lining impedance (approximately the local characteristic of 
air) at the sound pressure levels found Inside engine ducts, Unings oust be fitted which display 
considerably lower flow resistance measured at low sound pressure levels, Also, the rate of change 
of resistance with sound pressure level was found to be an important design factor for a lining 
material, since it influences the extent to which the lining will depart from optimum acoustic 

performance at off-design speeds. 

In order to explore the variables, other than high sound pressure level, which are li'cely to affect 
the attenuation obtained from a duct lining, a flow rig is necessary. We are using the facility 
shown in FIGURE 13. This has available two test ducts, having cross sectional dimensions of 16" 
X 30", & 16" X 47" with maxi.mum lengths of lining in the direction of flow of 80" & 40". 
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Absorbent linings may be attached to the larger walls of the ducts in adjacent removable flat 

panels giving a maximum separation between treated surfaces of 16". Flow velocities of up to .6 

Mach No. are obtainable in the ducts, with maximum overall sound pressure levels of 157 dB. In 

the cold duct the maximu'j air temperature is about 55°C, whilst in the hot it can be varied from 
300°C to 450°C. 

The source of air for these ducts is a large B.S.100 turbo-fan engine of by-pass ratio one. The 
by-pass air and turbine exnaust stream can be passed either through the test ducts or discharged 

into a muffler as indicated in FIGURE 14 which shows the flow diagram for a test on a cold duct 

lining. A sound insulating wall has been built around the entire engine to screen from the 

measurement area all noise except that emerging from the test duct. The design of the facility 
was strongly influenced by a wish to reproduce as closely as possible, the conditions existing 

within the ducting of the type of engine for which linings were to be developed, while allowing 

the maximum flexibility for basic investigations. By fixing the cold duct width at 16 inches, 

the ratio of wall separation to characteristic wavelength of a full size engine has been reproduced 

and a sufficiently high duct aspect ratio has been obtained to allow it to be treated with fair 

validity as a limiting case of a thin annular duct. 

Measurements are taien by a polar ¿my of microphones around the duct exit at 40 feet radius, the 

^ octave levels being integrated to obtain comparative radiated powers between runs at identical 

flow conditions with a hard walled duct and with the lining under test. The semi-free field 

measurement technique is dictated by the difficulty of constructing an adequately ventilated 

reverberant chamber for both cold and hot tests. It has the advantage of allowing assessment of 

the directivity changes associated with particular silencer designs. 

ÿ 
The in-duct spectra measured upstream of the teat ducts are quite representative (FIGURE 15) of 

those occurring in the fan and turbine ducts of current high by-pass ratio engines. Cross-duct 

velocity profiles and boundary layer thicknesses are also typical of engine values. These conditions 

give the advantage of allowing rapid preliminary assessments of the suitability of liner designs for 
these applications. 

EFFECTS OF FLOW 

A simple procedure which has been used in the prediction of the acoustic performance of liner 

designs is to determine approximately, or to estimate from other data, the sound pressure level 

in the engine duct at the design condition. This value is then used to establish a point on a 

curve of flow resistance against velocity, from which is derived the resistance necessary to give 

the design impedance at the environmental conditions. The appropriate resonant frequency is 

obtained by choice of the backing cavity depth, on the assumption that the reactance of the liner 
itself is not a sensitive variable. 

A sample of the results obtained on the flow rig shows that such a procedure can be seriously 

mis-leading. FIGURE 16 shows comparative attenuation spectra for two types of liner tested at 

.4 Mach No. at 30°C at 40 inch panel length. The two liner materials are a fibre metal of nominal 

flow resistance 25 c.g.s. rayls (at .2 m/sec), and a perforated sheet .015"thick .095"diameter 

holes at 20¡£ porosity. Both liners are backed by a cavity one inch deep, subdivided into 
hexagonal cells. 

These two liners show under representative environmental conditions similar maximum attenuation 

and bandwidth, although their flow resistances measured under steady flow conditions analogous to 

the measured environmental sound pressure level are quite different; being 33 raj* & 3.5 rayls 

respectively. The use of such a design method as outlined above is apparently of limited value 

when considering a wide range of liner materials. The implied A.C. resistance obtained from D.C. 

flow resistance measurements and that obtained in the high intensity impedance tube are in good 

agreement. It is apparent therefore, that the alternating flow regimes through the fine pores of 
the fibre metal liner and the relatively large holes of the perforated liner are sufficiently 

different in a representative emironment to require measurement of the r.m.s. velocity at the 

liner surface to define the operating point on the resistance v. sound pressure level graph. 

In order to find the actual ac ’otic resistance and reactance in a representative environment, 

point measurements of pressure, using small area microphones, and of velocity; using hot wire 

anemometers, will be made at the lining surface in the flow facility. Data from representative 

lining designs can then be used to provide reliable values of environmental resistance and reactance 

to allow accurate prediction of the performance of absorbent liners in real engine situations from 
simple laboratory determined data. 
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SUMMARY 

This paper describes three basic phases of acoustic testing and analysis work necessary 

to advance the state of the art of quiet engine designs which, in turn, contribute to 

the reduction of noise emanating from aircraft. The paper provides a description of 

types of laboratory test equipment and some important, early results that may be obtained 

from such equipment; far field (open field) acoustic ground test facilities and test 

results; and finally, flight test facilities and flight results. 

Throughout the paper emphasis is placed on the importance of specifying the noise 

requirements early (and carrying out early substantiating tests) so that the engine 
will incorporate the basic features necessary to achieve the specified noise levels at 

a minimum penalty in performance, weight, cost, and reliability. Also, the need is 

spelled out for an analytical effort closely integrated with, and parallel to, the 

experimental work to gain an understanding of the basic mechanisms of noise generation 

and suppression and to develop reliable prediction methods for system tradeoff studies 

and future noise level projections. 

—- —— 
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AIRCRAFT ENGINE ACOUSTIC DESIGNERS ARE CONSTANTLY CONFRONTED with the task of predicting engine 

flyover nolee for a given aircraft application during preliminary design phases of the engine. 

This is as it should be, for the acoustic requirements should be Integrated Into the propulsion 

system design as are other important requirements (such as powerplant weight and specific fuel 

consumption). Until recently, however, the state of the art of acoustic design did not permit 

an accurate assessment of the acoustic characteristics of preliminary designs for wide variations 

of such parameters as jet velocities, pressure ratios, and bypass ratios (In the case of fan 

engines). By necessity, the acoustic designers resorted to elemental scaling rules, empirical 

scaling laws, and past measurements from full scale engines that on the surface appeared to be 

acoustically similar (but In fact quite frequently turned out to be acoustically dissimilar). The 

necessity for reaching further back into the engine design features to determine the acoustic 

characteristics becomes obvious. To this end, one must devise laboratory experiments, augmented 

by analysis, that will tend to develop the acoustic characteristics early in the development of 

the propulsion system. These experiments must then be followed by full scale engine static far 

field acoustic tests to verify or improve the laboratory correlations, and finally flight tests 

are required to obtain the resultant acoustic characteristics of a particular engine design. All 

along the engine development path (and particularly from the flight test results) it is necessary 

to "feedback" Information to each phase of the acoustics program to update and Improve the noise 
prediction methodology. 

To expound on this noise prediction methodology, this paper describes some facilities and test 

equipment and provides typical test results, for each of the three basic acoustic development 

phases: Acoustic Laboratory Tests; Full Scale Far Field Static Acoustic Tests; an! Flight Tests. 

ACOUSTIC LABORATORY TEST FACILITIES 

Figure 1 Illustrates a test set-up that enables evaluation of some of the acoustic characteristics 

of fans/compressors. Such evaluations can be carried out early In the engine development program 

(along with the fan/compressor aero evaluations). Illustrated by the Figure are traverse planes 

for acoustic probes that can provide Information relative to the axial and radial distribution of 

the noise emanating from both the front and discharge sides of the fan/compressor. The type of 

data that typically can be obtained from such tests is illustrated by Figure 2. From this Figure 

one can clearly identify the fundamental blade passing frequency (and harmonics). Analysis and 

integration of these types of data can lead to such information as: the radial distribution of the 

sound energy in the duct; maximum sound pressure level at any point In the duct; axial mode of 

decay of the energy; and integrated total sound power from the front and aft end of the fan/ 
compressor. 

An important factor relative to this type of test is that measurements are taken close to the noise 

generating sources. This fact enables one to seek out and reduce the generation mechanisms — 

explore such factors as blade/vane ratio and spacing as well as aerodynamic factors as they relate 

to noise generation. Coupled with adequate theoretical analysis, data from such tests can Improve 

prediction techniques. For example, Figure 3 illustrates the comparison of theoretical predictions 
and measured test results for two different rotor configurations. Without the benefit of an 

extensive source measurement program the prediction technique would not have been developed to the 

degree indicated by the good agreement of the predicted and measured results. 

Another Important aspect of aircraft engine noise reduction that can be quite effectively pursued 

by laboratory type experiments is noise reduction by acoustic treatment. Initial development 

phases of acoustic treatment can be carried out by use of a standing wave test apparatus 

(impedance tube). This equipment is illustrated by Figure 4. Basic acoustic properties, such as 

the acoustic treatment resistance and reactive components of the acoustic impedance, and normal 
incidence absorption coefficients, can be obtained by use of this equipment. Also, the effect of 

sound pressure level on the absorptive properties of the treatment can be determined. The 

particular apparatus illustrated has a frequency range of 0.5 to 6.3 KHz. Noise from the 

generators travels down the tube, through an exponential horn, and is incident upon a 4" by 4" test 

sample located in the sample holder at the left of the Figure. With the six noise sources 

operating, sound pressure levels of the order of 160 dB for selected frequencies, and 140 dB over 
the entire frequency range, can be obtained at the sample. 

Typical results from the impedance tube are illustrated by Figures 5 and 6. Figure 5 provides 

the reactive and resistive components of a honeycomb type acoustic treatment. Altering these 

components by altering the physical characteristics of the treatment enables one to tune the 

treatment material for absorption at selected frequencies that are predominant in the spectra of 

noise from a given engine design. Figure 6 illustrates the design potential by plotting 

experimentally obtained absorption characteristics of a treatment material tuned for a single 
frequency and those for a second material designed to have two peak frequencies and a broader 
range of good absorption characteristics. 

Although of significant value, impedance tube test results are not sufficient to formulate a good 

acoustic treatment design, even though the engine noise spectral characteristics are known. In 

actual aircraft engine applications, the flow effect over the treatment alters the absorption 

characteristics. Laboratory tests to account for this factor may be performed by treatment duct 

flow test equipment such as is illustrated by Figure 7. The equipment design is such that the 

aerodynamic conditions, for either the inlet or discharge of engines, can be simulated. The 

noise source generator can be located either upstream or downstream to simulate flow either in 
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the direction of, or agalnet, the direction of noise propagation. With this apparatus, sound 

levels of the order of 160 dB can be obtained. Microphone probes are eaiployed ahead of and after 

the treatment to measure the degradation of sound (sound transmission loss) due to the presence of 

the treatment. Typical of the results that one might obtain are those Illustrated by Figure 8. 

The Figure Illustrates the effect on transmission loss as a function of Mach number for a single 

geometry and single type of treatment. From these data It Is axiomatic that properly designed 

treatment (tuned for desired frequencies) must account for flow effects. Analysis of the type of 

data Illustrated by Figure 8 also can be used to direct refinements of the treatment design, which 

In turn could be reevaluated on the Impedance tube apparatus. 

Other laboratory type acoustic development apparatuses that provide the opportunity for early, in¬ 

expensive evaluation of acoustic design concepts are portable research compressors. Examples of 

uses of these types of equipment are Illustrated by Figures 9 and 10. The IS inch compressor 

shown by Figure 9 Is configured to evaluate the effect of blade/vane ratio and vane wake effect on 

noise generation. For the particular test set-up Illustrated, the original Inlet guide vanes that 

were designed for the compressor have been removed and sets of- rods of circular cross section were 

substituted for the vanes. . The number and site of the rods are easily varied to provide different 

blade/vane combinations. Sound pressure levels are measured in the duct at each of three radial 

probe positions, by microphone. The microphone probes terminate In a Pc coll mounted on pop of the 
compressor. Figure 10 Illustrates a 26 inch research compressor set up to evaluate a given aound 

absorption treatment configuration. For this particular test the compressor has betti moved to an 

outdoor area (open field) and both probe microphones and far field microphones used to record the 

test data. 

FULL SCALE FAR FIELD STATIC TEST FACILITIES 

Figure 11 Is an aerial view of an open field (far field) acoustic test facility sufficiently well 

equipped to provide excellent far field acoustic evaluations of both full scale aircraft engines 

and large sise fans/compressors. At the left of the Figure is a test pad for mounting full scale 

engines. Microphones are located around this test pad every 10* for an arc of 180* at a distance 

of 250 feet. Far field acoustic evaluations have been made on both turbojet and turbofan engines 

using this test facility. A typical Installation of a fan engine mounted In this facility for 

acoustic evaluation Is Illustrated by Figure 12. 

A second acoustic test pad, suitable for acoustic evaluation of fans/compressors, Is Illustrated at 

the center of Figure 11. Fans/compressors mounted on this pad are shaft driven through coupling 

to a 15,000 horsepower gas turbine (LM1500). This arrangement Is unique In that It permits Inde¬ 

pendent far field evaluation of the acoustic characteristics of rotating machinery, separated from 

the effects of relatively hot core jet velocities that would be Involved with the total engine. 

The Inlet and exhaust to the gas turbine drive for this facility Is well baffled and heavily treated 

with acoustic treatment so as to adequately muffle any noise from this source. 

The control room (visible In the background of Figure 11) for both of these acoustic test pads 

contains all the usual measuring and monitoring equipment that would be found In any normal test 

cell set-up. In addition, however, acoustic recording provisions to record 25 FM channels and 

3 AM channels on a one inch magnetic tape are also available. 

Figure 13 Illustrates a 36 inch fan being readied for installation on the fan/compressor far field 

acoustic test pad. The Figure shows the fan with the aft cowl duct removed. This vehicle was 

designed such that the fluid flowpaths of the fan were fabricated to allow testing with or without 

various lengths and amounts of acoustic treatment. Prior to testing the fan without treatment, 

predictions of sideline perceived noise levels were made, based on previous laboratory type experi¬ 

mental work and analytical correlations. A comparison of the predicted and experimental results 

is Illustrated by Figure 14. Also shown on the Figure are the measured sideline PNdB reduction 

produced by placing acoustic treatment In the fan flow path cowling. Significant noise reduction 

Is obtained over the entire operating range of the fan. 

Acoustic treatment can be designed to be effective in reducing fan noise over a wide frequency 

range as Illustrated In Figure 15. The multiple pure tones (which are a harmonic aeries with the 

Initial tone at the once-per-rev frequency of the fan) are radiated most strongly into the forward 

quadrant. The two narrowband spectra at the top of Figure 15 are reproduced from a forward quad¬ 

rant far field measurement location with and without Inlet suppression on the cowl wall. The 

effectiveness of the treatment is obviously reducing the highest MPT components by 16 dB. The 

one-third octave band spectra at the bottom of the Figure Illustrates the suppression bandwidth as 

measured in the aft quadrant at two engine power settings. The treatment In the aft ducting 

suppresses not only the fundamental blade passing frequency but also the fan broadband noise. 

A final Important feature of a fan engine suppression system Is the capability of "balancing" the 

aft and forward radiated noise. The experimental results of Figure 16 svows that the sideline 

perceived noise level peaks can be made equal with the proper Installation of Inlet and exhaust 

duct treatment, an important conalderation when designing for minimum peak flyover noise. 
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FLIGHT TEST FACILITIES 

Of the many acoustic flight tests performed by General Electric at various locations throughout the 
United States, one of the more unique acoustic flight test set-ups was established, and the test 
performed, by General Electric's Flight Test Operation at Edwards Air Force Base in California. 
The series of flight tests were performed specifically to determine the ground to flight engine 
acoustic correlations for the Convalr 990 (CJ805-23 fanjet engine). Falcon (CF700 fanjet engine), 
and B52 test vehicle (TF39 fanjet engine). The flight test set-up for this series of tests Is 
Illustrated by Figure 17. The extensive array of microphones is illuatrated by the Figure. For 
this test set-up, radar tracking was employed to identify the space relationship of the aircraft 
relative to the microphone field at any gi;en time, and the signals synchronized with the acoustic 
tape recorders. Flights for the three aircraft were performed at various altitudes, flight speeds, 
and engine power settings. Figure 18 illustrates a Convair 990 flyby during one of the acoustic 
test series. Ground noise tests of these aircraft were also performed prior to the flight tests. 

One type of result from these tests is Illustrated by Figure 19, showing the comparison of ground 
and flight measurements for the Convalr 990 (CJ805-23 engine). There, of course, were many other 
interesting results, including some humidity absorption data based upon similar flybys at difieren 
altitude«. 1 

Flight test set-ups need not be nearly as elaborate as*' 
niflcant results. For example, a single line of microphoni 
cameras synchronized with the recording system to determine th 
craft with the microphone field has successfully been employed 
correlation with this type of test set-up is illustrated by Figure 20. 

described to obt 
.11 use of 

of the air- 
nd to flight 

drmulate this plot 
static ground test noise data was stored in a digital computer. The aircraft was then flown by 
digital computer and the noise level and specific "tent" noise characteristic predicted as a 
function of time. The actual experimental data from the flyover tests were then also plotted. 
The agreement is fair. The important point is, however, that any significant discrepancies in the 
comparison should be "fed back" into the static ground test noise development phase and into the 
prediction math model, and reasons for the discrepancies developed. 

CONCLUDING REMARKS 

The fundamental procedures for developing aircraft engine acoustic characteristics and for formu¬ 
lating noise prediction methods are not basically dissimilar to the procedures for developing 
performance characteristics and formulating prediction methods for other of the aircraft engine 
components (for example, compressor performance characteristics). In fact the same basic 
facilities may often be employed (virtually simultaneously) to do both. As with other engine 
components, the acoustic development quite frequently should start with fundamental laboratory 
type tests based upon specifications as a consequence of the preliminary engine design (including 
acoustic design considerations). It is then quite natural to follow through with acoustic cell 
tests, full scale acoustic static tests, and finally acoustic flight tests, with adjustments in the 
acoustic design as the engine progresses through the normal development cycle. 

It has been said that, in the past, aircraft engines have been designed and developed and then 
attempts made "to make them quiet". This is not to say that the desire "to design them quiet" was 
not always present, but it is more likely that neither the theoretical and experimental technology 
nor the necessary facilities were available to carry out the task at a level sufficiently sophisti¬ 
cated to obtain the desired "quiet" results. Based upon need, a rapid growth has taken place in 
both aircraft engine acoustic technology and in the acquisition of good acoustic test facilities to 
carry out the necessary acoustic development along with the development of the other components of 
the engine system. 

Results to date are encouraging from the standpoint of being able to significantly reduce the noise 
levels caused by turbomachinery sources emanating from aircraft engines. However, the degree to 
which these features should be incorporated into operational systems will depend upon a combination 
of economic, social, and political considerations. A sizeable effort which is international in 
scope, is being directed towards making a Judicious compromise between these factors and much work 
remains to be done before such deliberations can be concluded. 

The facilities, programs, and methods of the type described herein will provide a significant part 
of the input necessary to achieve this end. 
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Figure 10 - 26” Acoustics Research Compreasor, Duct Treatment Test Set-up



Figure 11 - Aerial View of Far Field Acoustic Test Facility (Peebles, Ohio)
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Figure 12 - Fan Engine Mounted in Full Scale Engine Acoustic Test Facility
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SUMMARY 

Advanced acoustical design features have resulted in the elimination of several sources of noise from the JT9D high bypass 
ratio turbofan engine being developed by Pratt A Whitney Aircraft With reductions in pure tone noise levels radiated out the 
inlet duct, combination tone noise has been uncovered as a principal remaining noise source at high powers where the fan 
blade tips are supersonic. Studies of the generation and propagation of this noise have been conducted on a variety of 
research rigs as well as on the full scale engine. Detailed mapping of the inlet duct noise field forward of a supersonic tip 
speed fan has provided a basic understanding of the properties of this noise source. Substantial reductions in the level of noise 
from this source have been demonstrated by the installation of sound absorbing liners in the inlet ducts of turbofan engines. 
Results of these studies are reviewed in this paper. 
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ALTHOUGH THE ADVENT of commercial high bypass ratio turbofan engines has resulted in lower noiae levels, the 
importance of the fan noise component has increased. The lower level of jet noise achieved with these low jet velocity engines 
causes fan noises to be potentially even more dominant than those from current low bypass ratio turbofans. This trend, 
illustrated in Figure 1, is expected to persist into the future when even higher bypass ratio propulsion powerplants are 
developed, and for a wide variety of lift fan type engine? now being studied for future transportation systems. The increasing 
importance of fan noise is attributable not only to increases in bypass ratio, but also to the strong trend toward advanced 
designs which incorporate much higher operating fan tip speeds than used for the high bypass engines now being developed. 
High fan tip speeds permit the engine designer to achieve light weight, compact engine designs not possible with lower fan 
speeds. Because of these trends, the achievement of quieter, high performance aircraft powerplants in the future depends 
strongly on the ability to develop quieter fans. 

Research to date in fan noise has shown that at least three separate and distinct noise generating mechanisms are involved. 
One mechanism generates discrete tones of blade passing frequency. These tones from current low bypass ratio turbofans are 
generated by the periodic chopping of fan blades through wakes from upstream structure or vanes, and by the periodic 
impingement of fan blade wakes on downstream structure or vanes. These blade-vane wake interactions produce the shrill 
whine most noticeable during landing. An insight into the generation of this noise is provided by Reference ( 1 ). The noise 
generation principles derived in Reference ( 1 ) have been exploited in the design of the high bypass ratio JT9D engine now 
being developed for commercial service. As a result, this engine has lower levels of discrete tone noise than current low bypass 

ratio fans having inlet vanes. 

A second source of noise inherent in all fans is broadband noise thought to be generated largely by the interaction of 
turbulence with fan blades and vanes. Details of the generation of this noise have not yet been described satisfactorily by 
theory. This noise can be expected to be a continuing problem for advanced installations, particularly installations such as 
wing mounted lift fans, in which aerodynamic constraints on the inlet design could result in highly turbulent flow into the 

fan. 

The third source of fan noise, and the one to be discussed in this paper, is combination tone noise, sometimes called multiple 
pure tone noise. This noise becomes pronounced at supersonic blade tip speeds such as are used during take-off of most 
current turbofan engines and will be present from the commercial high bypass engines under development. All fan noise 
components are illustrated in Figure 2, which shows a typical narrow band inlet noise spectrum from a Pratt A. Whitney 
Aircraft JT3D low bypass ratio turbofan engine at a take-off power fan tip speed. At all powers, interaction tones and 
broadband noise are produced by this engine. The presence of combination tone noise can be observed only at supersonic fan 
tip speeds such as are used for take-off. 

Each fan noise component has a distinctive quality to a listener. A majority of listeners judge the shrill discrete tone noises 
generated by wake chopping interactions to be the most annoying component. Broadband noise generally is judged to be the 
least annoying. Combination tone noise has a most distinctive sound. Subjective judgments of this noise indicate it to be less 
annoying than pure tone noise, but more annoying than broadband noise. To a listener, the "apparent” frequency of this 
noise is judged to be at the engine rotational speed, or frequency, which is quite low. Most engines have rotational speeds in 
the 30 to 200 revolutions per second or cycles per second range depending on the engine size, larger engines having lower 
speeds The quality of combination tone noise has been described by some as being similar to the noise from a buzz-saw in 
operation. 

Because it was recognized that combination tone noise could be judged less annoying than a strong pure tone noise, attempts 
were made during the development of noise reduction features for low bypass ratio engines to produce combination tone 
noise with a subsonic rotor operated behind an inlet vane assembly. To achieve this, the blades in the rotor were irregularly 
spaced in the disk as shown in Figure 3. These rotors were tested behind inlet guide vane assemblies having uniform angular 
spacing between vanes. It should be noted that the frequencies of the interaction tones produced are determined entirely by 
the rotor blade spacing and not affected by either the number of inlet vanes, or by whether the inlet vanes are spaced in a 
non-uniform pattern. Tests of rotors such as the one shown in Figure 3, produced the measured noise spectra shown in Figure 
4, and indicated that a large number of lower tones could be produced in place of one strong tone so that the desired 
combination tone noise quality was attained A noise spectrum for a conventional rotor having uniformly spaced blades 
which produced one strong tone is shown for comparison. In achieving the irregular blade spacing, large variations in local gap 
chord ratio were required. This resulted in unacceptably high performance degradation for the modest improvement in 
measured noise level. For this reason, further work on subsonic rotors with irregular blade spacing was not pursued. As an 
interesting sidelight, the principle of irregular spacing to break up objectional tones has been applied successfully to the 
design of vehicle tires to eliminate objectionable highway noises and to the design of automobile cooling fans. 

The importance of combination tone noise from single stage fans without inlet guide vanes became apparent in 1965 when 
several noise tests were conducted using the large diameter single stage fan demonstrator engine shown in Figure 5. This 
engine was used to evaluate and refine the advanced acoustical design features being introduced by Pratt A Whitney Aircraft 
in its JT9D engine which was then being designed. Omission of the inlet guide vanes from the single stage fan and large 
spacing between the fan blades and the exit guide vanes were JT9D engine design features intended to eliminate many sources 
of interaction tones. See Reference (2). A noise spectrum at an inlet angle measured during supersonic blade tip speed 
operation of the demonstrator engine is shown in Figure 6. Because the acoustical design features were effective, the 
interaction tone at blade passing frequency is low in level and does not protrude far above the level of the broadband noise. 
However, several discrete tones in the 300 to 1200 Hz frequency range (4th and 5th octaves) are apparent in the inlet noise 
spectra. Each of these tones is an integral multiple, or harmonic, of the rotational frequency of the engine, 50 revolutions per 
second (3000 rpm). Adjacent ton is are separated in frequency by 50 cycles. This frequency separation produces the 
characteristic low pitched sound of combination tone noise. 



Tests on the demonstrator engine provided an indication of several characteristics of combination tone noise. A plot of 
combination tone, broadband, and blade passing noise energy versus tip speed is shown in Figure 7 The amount of energy 
radiated as combination tone noise increased markedly as the rotor tip speed went through sonic giving an indication that the 
generation of this noise was related to shock wave formation at the fan blade tips. Plots of the radiation pattern of 
combination tone noise such as the one shown in Figure 8 indicated that the noise was radiated entirely out the inlet duct, 
and not out the fan discharge duct. The other fan noises, interaction tones and broadband noise, are radiated out both the 
inlet and fan discharge duct. 

With combination tone noise identified as a major take-off power noise source from single stage fans which incorporate design 
features to reduce noise from other sources, emphasis was placed on understanding the generation of this noise. A program to 
investigate the generation of combination tone noise was initiated using the 28 inch diameter single stage fan rig shown in 
Figure 9. This rig, which incorporates the first stage rotor of a JS2 engine, is capable of operating at tip speeds as high as 12S0 
feet per second, well into the supersonic region of interest. With the inlet duct opening cito an anechoic (echo-free) room, 
noise measurements in the semi-far field of the inlet can be made. Although the size of the room is not adequate for true far 
field measurements, the noise directivity patterns measured at an 8 foot radius from the 28 inch rig were representative of 
noise directivity patterns measured in the far field of full scale engines. Also, changes in noise directivity pattern noted from 
modifications to the rig are useful in predicting changes in the far field noise for full scale engines vhen similar modifications 
are made. 

One inherent disadvantage of most indoor fan noise test rigs is that the measurement of fan discharge noise is not possible. 
This, however, was not a major disadvantage in the study of combination tone noise which is radiated only from the inlet. 

Shown in Figure 9 is the special inlet microphone probe traverse mechanism used to position accurately the microphone on 
the probe tip anywhere in the inlet duct. Traversing of the microphone in the radial axial, or circumferential directions is 
possible. This probe mechanism was used extensively to map out the noise field in the cylindrical inlet duct in front of a 
supersonic tip speed rotor. In order to measure accurately the time history of the supersonic blade passing wave form, it was 
necessary to use transducers and a measuring system having a frequency response up to at least SO KHz for a blade passing 
frequency of about S KHz. Acoustical measuring systems which have acceptable frequency responses up to only 10 KHz are 
incapable of reproducing the steep pressure rise indicative of the passage of shock waves and thus would distort the time 
history of the wave form. 

A typical near field rotor pressure field spectrum measured in the inlet duct near the outer wall about I inch forward from 
the 28 inch rotor blades operating at supersonic tip speeds is shown in Figure 10. The wave form pressure history having one 
pressure pulse per blade also is shown and is quite uniform. This was expected because the blades in the rotor were installed 
with equal spacing and the individual blades were manufactured to close dimensional tolerances which would suggest similar 
characteristics for each. The steep rise in the wave leading edge is indicative of the passage over the microphone of shock 
waves from the individual blades. As indicated by the noise spectrum, which is the Fourier analysis of the wave form at this 
location, the discrete tone at blade passing frequency is quite prominent in the rotor nearfield. 

When the microphone was located 10 inches axially upstream of the rotor tips, a very dramatic change in the noise spectrum 
was noted. The spectrum at this location for the same rotor speed as for Figure 10 is shown in Figure 11, along with the wave 
form measured by the probe. The blade passing frequency tone decreased by about 20 decibels, whereas some combination 
tone components in the 500-1SOOKC region actually have increased in level by as much as 5 decibels. This spectrum compares 
qualitatively with the noise spectrum illustrated in Figure 12 measured by the “far field” microphones. 

To determine what was happening to the noise from the supersonic rotor travelling upstream against the flow in the inlet 
duct, the probe was traversed axially and the wave form of the noise signal in the duct was displayed on a cathode ray 
oscilloscope and photographed every ½ inch of probe travel. An electrical impulse on the rig shaft was used to trigger each 
photograph to occur when the rotor passed through a given angular position. This series of wave forms is shown in Figure 13. 

As the probe is traversed upstream, the character of the wave form is observed to change dramatically from the uniform wave 
form noted near the rotor to a series of pressure pulses having non-uniform spacing and non-uniform amplitudes farther 
forward of the rotor. This irregular wave pattern was observed to repeat each revolution of the rotor, indicating that the Mach 
wave from each individual blade is slightly different but highly repetitive. Because this irregular wave pattern is repeated each 
revolution of the rotor, the noise spectrum obtained from harmonic analysis is found to contain energy at all multiples of 
rotational frequency. Thus, a “transition zone” exists in the duct forward of the rotor where a marked decay in blade passing 
frequency noise level occurs and is accompanied by a marked increase in combination tone noise. This “transition zone” is 
illustrated in Figure 14, along with the overall noise decreases forward of the rotor as measured from an axial traverse of the 
inlet probe microphone. From analysis of data of the type shown in Fig.ire 13, it was possible to reconstruct the spiral field 
of the wave fronts from adjacent blades in the duct forward of a supersonic rotor. This is illustrated in Figure 15 which 
compares the wave front locations measured with those that were predicted for that blade tip Mach number and axial flow 
condition. 

As a result of these tests, it became apparent that combination tone noise would be generated by supersonic tip speed fan 
engines, and would contribute to community noise. 
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Although the design fan speed of the JT9D engine had been kept relatively low to minimize noise generation, the blade tips 
were supersonic during takeoff. Combination tone noise generation was expected to be produced at this condition so 
methods of suppressing this noise were required in order thr t the potentially quiet operation of the engine could be realized. 
Because combination tone noise resulted from the propagat. jn of the Mach wave pattern created by fan blades at supersonic 
speeds, little could be done to prevent generation of this noise other than to restrict operation of the fan to subsonic tip 
speeds. However, if fan operation was limited to subsonic tip speeds, the resulting increase in engine size and weight would 
have been unacceptable. A method which was compatible with the other engine design requirements was required to control 
this noise 

Because the shock waves differed from blade to blade, some lack of uniformity within sets of blades produced to the same 
close tolerance must be involved. Closer control of blade tolerances was considered as a method of reducing this noise. Tests 
were conducted on rotors having a few blades installed with leading edge angles well outside of normal tolerance limits and 
other rotors were tested which had a few blades installed with blunter than normal leading edges. Tests of these rotors 
showed that combination tone levels could be increased by increasing the non-uniformities of the rotor. On the other hand, 
tests of blade sets carefully selected from large quantities of similar blades to have more uniform properties than would be 
expected from normal assembly procedures have shown only slightly lower levels of combination tone noise. Although the 
use of closer manufacturing tolerances on fan blades might provide some small reduction in this noise, it does not appear to 
be a practical method of reducing this noise. Close tolerances currently are used for these parts and greater accuracy would be 
quite difficult to achieve for production parts. The strong possibility also exists that a perfectly uniform rotor would, in place 
of combination tone noise, have a strong concentration of noise energy in more objectional blade passing frequency tones. 
Kven if a rotor having a pertectly matched set of identical fan blades could be produced it would soon become non-uniform 
and generate combination tone noise in service because of non-uniformities resulting from normal repair procedures to blend 
out local nicks which result from ingestion of small foreign objects during taxi and ground operation 

The application of acoustical trestment to the walls of the inlet duct near the fan leading edge was considered to suppress 
combination tone noise. Treatment in this location where the “transition zone” occun appeared quite attractive for several 
reasons As only the outer portion of the fan blade operates at supersonic speeds, the blade attached shock waves are most 
intense near the outer duct wall, where the location of treatment presents no major structural or aerodynamic problems to 
the inlet designer. Near the rotor face, the noise energy is concentrated at blade passing frequency, which allows the 
treatment to be tuned for a relatively narrow band of frequencies. Well forward of the transition zone the noise coven a wide 
range of frequencies and complicates greatly the problem of selecting an optimum tuning for an acoustical liner. 

A series of acoustically treated inlet duct linen was fabricated and tested on the 28 inch diameter rig. Various lengths of 
linen having different types of treatment were evaluated. Several configurations showed substantial reduction of combination 
tone noise. One example is illustrated by Figure 16. It can be observed in Figure 17 that the combination tone noise in the 
case illustrated was reduced about 15 db with the short length of treatment shown Although quite significant reductions 
were realized in combination tone noise, essentially no reduction in discrete tone noise was achieved A probable reason for 
the lack of blade passing frequency tone suppression is that this noise is generated over the whole fan inlet annulus whereas 
combination tone noise is concentrated near the treated outer duct wall 

Results of tests on the 28 inch rig have provided insight into the generation of combination tone noise and have been used to 
guide the design of inlet liners for tests on JT9D engines. Similar levels of noise suppression have been achieved with these 
short lengths of inlet liners on full scale engines Airplane installations of JT9D engines also have benefited from the results of 
this combmation lone noise suppression work. Moderate lengths of very effective, light weight acoustical treatment have been 
incorporated in inlet duct walls with the result that combination tone noise in flight is suppressed at little loss in airplane 
performance. Although much work remains to be done before equally effective methods can be found to suppress the other 
sources of fan noise and jet noise, the successful inves igation and subsequent reduction of combination tone noise represents 
an engineering achievement which will help to alleviate noise in communities near airports. 
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Figure 7 Variation Of Fan Noise Components With Fan Tip Speed. 

Figure 8 Combination Tone Noise Far Field Radiation Pattern. 
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Figure 11 Waveform And Noise Spectrum Measured 8 Feet From The 28 Inch Rig Inlet When Operating At A Supersonic 
Tip Speed. 

Figure 12 ‘Far Field” Spectrum Measured 8 Feet From The 28 Inch Rig Inlet When Operating At A Supersonic Tip Speed. 
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Figure 14 Relative Strengths Of Inlet Noise Spectral Components At A Supersonic Tip Speed Measured During An Axial 
Traverse Of The Microphone Probe. Note The Reduction In Blade Passing Frequency Noise And The Increase In 
Combination Tone Noise Forward Of The Rotor. 
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Figure 15 The Inlet Duct Pattern Shown In -a- Was Reconstructed From Axial Microphone Traverses Data Of The Type 
Shown In Figure 13. An Idealized Pattern Predicted For A Perfectly Uniform Rotor Is Shown In -b- For 
Reference. 
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Figure 16 One Of Severil Inlet Treatments Tested On The 28 Inch Rig.

Figure 17 Noise Uvels Measured From The 28 Inch Diameter Rig With And Without The Inlet Treatment Installed 
Indicated A Substantial Reduction From The Treatment.
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SOMMAIRE 

Par suite des contrainte* qui résultent de* limitation* de bruit sur les aéroport* at de* projet* 
de certification acoustique des avions, les méthode* d'eitimation du bruit de* turboréacteur* «ont 
d'une grande importance, tant pour les constructeur» de moteur» et d'avions que pour les exploitant» 
(compagnie* aérienne*, aéroport*...), 

La méthode proposée s'appuie en grande partie *ur des méthodes de calcul détaillées, établies par 
la SNECMA. Elle permet, à la différence des méthodes usuelle*, de faire une estimation trè* rapid* 
du bruit, par simple lecture d'abaques. 

Les paramétre* thermodynamique», génér.-.lemant nécessaires â ces calcul*, ont été remplacé* par des 
grandeur* thermopropul*ive» caractéri»int globalement le moteur (poussée nette, consommation *péci“ 
fique, débit, rapport de dilution...) et qui sont directement accessible* dans une notice descrip¬ 
tive d'un turboréacteur. 

L'estimation du bruit maximal (évalué en PNdB) produit p».r un avion, »oit au point fixe, »oit en vol 
(M f 0,5), peut être faite tant pour le compresseur que pour l'éjection, que le moteur »oit simple 
flux ou double-flux. 

On constate une bonne concordance entre les valeurs mesurées sur avions et le» valeurs calculées à 
l'aide de cette méthode. 
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NOTATIONS 

Aire efficace du col d'une tuyire convergence 

Corde axiale au pied des aubes de le première roue 
mobile 

Consonmation spécifique 

Diamètre du col d'une tuyire convergente 

Diamètre extérieur de la première roue mobile 

Fréquence de passage des aubes de la première roue 
mobile 

Poussée nette du turboréacteur 

Hauteur radiale des aubes de la première roue nubile 

Nombre d'étages de la soufflante d'un turboréacteur 
double-flux 

Distance de l'observateur à la trajectoire d'un avion 
ou è l'axe d'un turboréacteur 

Nombre de turboréacteurs équipant un avion 

Nombre de Mach de vol de l'avion 

Vitesse de rotation d'une soufflante ou d'un compressaur 

Niveau de pression sonore linéaire maximal è la distance L 

Niveau de pression sonore linéaire maximal de référence 
(L ■ 100 m, sans atténuation atmosphérique) 

Niveau linéaire maximal de bruit perçu è la distance L 

Terme de généralisation pour le bruit d'éjection (niveau 
de pression sonore linéaire maximal è la distance L pour 
une poussée de I daN) 

Débit-masse d'un turboréacteur 

Rayon extérieur de la première roue mobile 

Rayon intérieur de la première roue mobile 

Vitesse d'entraînement de la première roue mobile 

Nombre d'aubes de la première roue mobile 

Rapport de dilution d'un turboréacteur double-flux 

Rapport de moyeu 

Indice de convection 

Termes correctifs 

Conditions de vol è Hach M O 

Grandeurs primaires d'un turboréacteur double-flux 

Grandeurs globales d'un turboréacteur double-flux 
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LES METHODES D'ESTIMATION DU BRUIT D'UN TURBOREACTEUR font généralement appel i dee calcula fort 
longs et nombreux par suite, d'une part de la complexité des interdépendances entre l'émission 
acoustique et les paramètres géométriques et aérothermodynamiques d'un moteur, d'autre part du 
caractère laborieux de l'évolution des niveaux en PNdB à partir des distributions spectrales de 
la pression acoustique. De ce fait, on a souvent tendance ä considérer que l'estimation du bruit 
d'un turboréacteur est essentiellement du domaine du "spécialiste en acoustique". 

De plus, la majorité de ces méthodes nécessitent la connaissance de nombreux paramètres caractéris¬ 
tiques du cycle ou du dimensionnement du moteur qui, très souvent, ne peuvent être fournis que par 
le motoriste. 

La méthode,que nous proposons ci-après, permet d'estimer le bruit maximal produit par un turboréac¬ 
teur, grâce à des abaques très simples qui font appel aux grandeurs thermopropulsives globales géné¬ 
ralement publiées dans les fiches descriptives ou dans le dossier d'installation et de caractéris¬ 
tiques de ce turboréacteur. 

CONDITIONS D'APPLICATION DE U METHODE 

Les abaques que nous présenterons permettent ainsi l'estimation du bruit d'éjection d'un turboréac¬ 
teur (particulièrement élevé pour des moteurs simple flux) et celui des compresseurs et soufflantes 
(prédominant pour des moteurs double-flux â rapport de dilution élevé). Pour ces deux sources de 
bruit principales d'un turboréacteur, on pourra déterminer les niveaux de pression sonore (en dB) 
et les niveaux de bruit perçu (en PNdB) maximaux qu'elles produisent au niveau d'un observateur pla¬ 
cé à une distance L de la trajectoire d'un avion ou de l'axe d'un turboréacteur au point fixe. La 
figure 1 schématise le problème. Nous avons choisi, pour la présentation des résultats, trois dis¬ 
tances L dont l'usage est courant dans ce genre de calculs (L - 100, 300 et 450 mètres). 

Les estimations pourront être faites pour un avion au point fixe ou pour un avion en vol, pourvu 
que son Mach de vol soit inférieur â 0,5. Dans ce dernier cas, nous admettrons, en première appro¬ 
ximation, que l'axe des turboréacteurs est parallèle â la trajectoire de l'avion. Dans un souci de 
simplification, les éléments de calcul ont été établis pour des conditions atmosphériques standard : 

- Pression : 760 mm Hg 

- Température î 15°C 

- Humidité relative : 70 Z 

Les niveaux de bruit que l'on pourra déterminer sont valables dans des conditions de champ libre 
(propagation des ondes acoustiques en atmosphère homogène au repos - pas de réflexions ni d'ab¬ 
sorptions par le sol). 

Signalons que pour la détermination des atténuations atmosphériques et pour l'évaluation des niveaux 
de bruit perçu (PNdB), nous avons retenu des méthodes d'usage courant (1), (2). 

En outre, nous avons supposé que les turboréacteurs ne comportent pas de dispositifs réducteurs de 
bruit tels que des silencieux de jets, des traitements acoustiques dans les manches d'entrée ou 
dans les conduits d'éjection du flux secondaire... 

BRUIT D’EJECTION 

Dans cette première partie, nous présentons un certain nombre d'éléments qui permettent d'estimer 
le niveau de bruit maximal produit par l'éjection de turboréacteurs simple flux ou double'-flux, que 
perçoit un observateur placé â une distance L de l'axe du moteur. Les abaques proposés ont été éta¬ 
blis ä partir de méthodes de prévision du bruit des jets développées par la SNECMA (3), (4). Ces 
méthodes, basées sur des résultats d'essais obtenus sur maquettes et sur turboréacteurs,' se prêtent 
au calcul du champ sonore complet d'un jet (niveaux et spectres de pression acoustique) dans un do¬ 
maine étendu de conditions d'éjection. 

Nous examinerons ici la seule détermination du niveau de pression sonore linéaire maximal (en dB) 
et du niveau de bruit perçu correspondant (en PNdB) pour les deux types d'éjection suivants : 

- Ejection de turboréacteurs simple flux ou double-flux â flux mélangés 

- Ejection de turboréacteurs double-flux?â flux séparés 

Rappelons que l'angle d'émission sonore maximale d'un jet, repéré par rapport â l'axe du jet, est 
compris entre ^ 25° et ^ 55° suivant la valeur de la vitesse d'éjection. 

La précision que l'on pourra espérer de ces estimations reste celle des versions intégrales des mé¬ 
thodes citées, à savoir approximativement ± 2 PNdB. 

I 
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TURBOREACTEURS SIMPLE FLUX OU DOUBLE-FLUX MELANGES - Soit un tel réacteur, propulsant un avion 

ä un Mach de vol Mj,. Pour déterminer le niveau de bruit maximal, produit â une distance latérale L 

de l'axe du moteur, nous avons établi un certain nombre d'abaques qui nécessitent que l'on connaisse 

les quatre grandeurs suivantes : 

- la poussée nette Fn (daN) du réacteur au Mach de vol Mq 

- la consommation spécifique Cg (kg/daN.h) 

- le débit-masse q (kg/s) 

- le diamètre du col de la tuyère convergente D (m) 
c 

Nous avons retenu ces grandeurs, qui figurent généralement dans les dossiers de caractéristiques des 

moteurs, de préférence S des paramètres tels que la masse volumique du jet détendu qui interviennent 

dans la méthode originale (3). 

Si le débit-masse en vol n'est pas connu, on peut le déterminer avec une approximation suffisante è 

l'aide de la figure 2, pourvu que l'on connaisse le débit au point fixe pour la même vitesse de ro¬ 

tation du compresseur. De même, la section Ac (donc le diamètre Dc) du col de la tuyère peut se dé¬ 

duire des figures 3a è 3e, lorsque la poussée nette F , le débit q et la consommation spécifique Cg 

du réacteur sont connus. 

La détermination du niVeau de pression sonore linéaire maximal è l'une des distances latérales L re¬ 

tenues (L • ICO, 300 et 450 m) s'effectue comme suit : 

On détermine d'abord (figure 4) un niveau de pression sonore de référence N^ à la distance L ■ 100 m 

X m ■ </l ♦ ,0 ‘»s.o r„ ‘'> 
ufC étant un terme de généralisation, égal au niveau de pression sonore de référence, lorsque la 
poussée du réacteur est égale â I daN. L'abaque met parfaitement en évidence les influences séparées 

de la poussée spécifique Fn/q, de la consommation spécifique et de la poussée nette sur le niveau 

de pression sonore maximal produit par un jet. Toutefois, le niveau Nr ainsi déterminé ne tient pas 

compte de l'atténuation-atmosphérique dont l'effet sur le niveau global dépend essentiellement de la 

forme et de la position du spectre sur l'échelle des fréquences. Les abaques de la figure 5 repré¬ 

sentent, en fonction du diamètre Dc de la tuyère et de la poussée spécifique Fn/q, la correction AN| 

qu'il faut retrancher du niveau de référence Nl0 pour obtenir le niveau de pression sonore maximal 
N^ â l'une des trois distances L choisies 

Nl (dB) - NLq - ANj (2) 

Pour la distance L « 100 m, AN] représente le seul effet de l'atténuation atmosphérique, tandis 

qu'aux deux autres distances, il inclut l’effet de la divergence sphérique des ondes (loi en 1/L2). 

Le niveau de bruit perçu maximal en PNdB, è l'une des distances L, s'obtient en ajoutant au niveau 

de référence N^ un terme correctif AN^ 

NP, (PNdB) - N. + AN, (3) 
L Lq ¿ 

Ce terme correctif (figure 6) englobe l'atténuation atmosphérique, la divergence sphérique et les 
écarts entre les niveaux exprimés en PNdB et en dB car ces derniers dépendent des mêmes paramètres 

Dc et Fn/q que l'atténuation atmosphérique. 

TURBOREACTEURS DOUBLE-FLUX A FLUX SEPARES - Supposons qu'à présent l'éjection se fasse par 

deux jets coaxiaux distincts. Une étude théorique (4) a montré que le bruit produit par une telle 

configuration d'éjection pouvait être considéré comme la somme du bruit que produirait le flux pri¬ 

maire seul, au cours de son mélange avec le milieu ambiant, et d'un terme additif AN3 qui représente 
la contribution du flux secondaire au bruit total. Ce terme additif est une fonction du rapport des 

sections d'éjection secondaire et primaire, du rapport des vitesses d'éjection des deux flux et, 

dans une certaine mesure, de la distance entre les deux sections d'éjection. De nombreuses études 

expérimentales sur maquettes ont confirmé l'approche théorique citée qui montre en outre que la vi¬ 

tesse de vol, pourvu qu'elle soit faible, a une influence secondaire sur la quantité AN3. Afin de 
ne point compliquer la méthode que nous présentons, nous avons supposé que, pour M f 0,5, le terme 

AN^ était indépendant de la vitesse de vol. Dans un même souci de simplification, nous négligeons 

l'influence de la distance qui sépare les deux sections d'éjection. 

Si nous considérons donc un turboréacteur double-flux à flux séparés, propulsant un avion à un Mach 

de vol Mq, nous calculerons d'abord le niveau de pression sonore de référence du flux primaire (fi¬ 

gure 4) : 

<Vp - </L ♦ 10 <Vp (4) 

étant déterminé par les grandeurs primaires (Fn)n/qp et (C ) qui peuvent être calculées à par¬ 

tir des relations du tableau I, de même que la poussée primaire P(Fn)p- 
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TABLEAU X - Calcul des grandeurs primaires d'un turboréacteur double-flux 

1 - 1 1 - 2 

(Cg)p (kg/daN.h) 

F X 

Cst q' - 3'3218 . ♦ X 

F X 

Cst q‘ - 6*533 1 ♦ X 

q‘ - , + X <25'72'* - 34 V q‘ - , + X <36'328 ' 34 V 

F 
—E- (daN/kg/s) 
S 

Ft 
- (1 + X) —- X (25,724 - 34 M ) 

qt 

F, 
“ 0 + X) -S- - X (36,328 - 34 M ) 

qt ° 

F (daN) 
P “ Ft - it . * X <25'724 - 34 V ■ Ft - i ♦ X <36’328 - 34 V qt 

=a F l sp P P 

Mach de vol 

Nombre d'étages de la soufflante 

Consonnation spécifique globale 

Poussée nette globale 

Débit-masse global 

Rapport de dilution 

Grandeurs primaires 

Afin de réduire le nombre de variables qui interviennent dans les calculs, diverses hypothèses ont 
été faites dans l'établissement de ces relations. Ainsi, nous avons supposé que le rapport de com¬ 
pression moyen des soufflantes est de 1,45 pour des soufflantes â un étage et de 2 pour des souf¬ 
flantes â deux étages. De plus, nous avons pris un rendement polytropique de 0,87 et nous avons tenu 
compte de pertes de charge forfaitaires dans la manche d'entrée et dans le conduit d'éjection du 
flux secondaire. 

Le niveau de pression sonore maximal produit â l'une des distances L par l'ensemble des deux flux 
peut alors s'écrire : 

Nl (dB) - Nl + ÛN3 - ANj (5) 

et le niveau de bruit perçu correspondant en FKdB : 

NPl (PNdB) - NL ♦ AN3 ♦ AN2 (6) 

ANo est lu sur les figures 7a et 7b (suivant le nombre d'étages 1 de la soufflante) en fonction des 
grindeurs globales qui caractérisent le moteur au point fixe pour le même point de fonctionnement, 
à savoir, sa consommation spécifique, sa poussée spécifique et le rapport de dilution X. Les gran¬ 
deurs ANj et AN2 sont lues sur les abaques des figures 5 et A en considérant la poussée spécifique 
globale du turboréacteur au Mach de vol MQ et un diamètre fictif Dc. Ce diamètre s'obtient â partir 
d'une aire Ac, déduite des figures 3a â 3e, à l'aide des caractéristiques globales du turboréacteur: 
(Fn)tt (Fn/^t et (Cq)t Mach de vol M0. Cette section fictive correspond ä la section d'un réac¬ 
teur double-flux ä flux mélangés équivalent, ayant mêmes débit, poussée nette et enthalpie totale 
que le réacteur considéré. 
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BRUIT DES COMPRESSEURS ET DES SOUFFLANTES 

Par suite de la grande conçlexitC des mécanismes qui sont d l’origine du bruit des compresseurs et 
du nombre important de paramétres qui le déterminent, il est presque illusoire d'espérer aboutir ä 
une méthode qui présente le même caractère de simplicité et le même degré de précision que celle 
que nous avons établie pour les jets. Parmi les méthodes de prévision qui existent â l'heure actuelle, 
de complexité d'ailleurs très variable, aucune ne prétend fournir des estimations dont la précision 
soit supérieure è ± 6 PNdB. 

Dans le cadre de ce travail, nous avons par conséquent choisi la méthode qui, tout en faisant inter¬ 
venir les paramètres principaux déterminant le bruit d'un compresseur ou d'une soufflante, se prê¬ 
tait le mieux è la suppression des calculs intermédiaires, tout en conservant sa précision initiale. 
Sa validité a pu être vérifiée au cours d'essais que nous avons réalisés sur des compresseurs expé¬ 
rimentaux. 

Pour effectuer l'estimation du bruit maximal, perçu è une distance latérale L de l'axe du moteur, la 
méthode retenue (S) nécessite la connaissance des trois grandeurs fondamentales suivantes : 

- la vitesse de rotation de la première roue mobile de la soufflante ou du compresseur N (tr/mn) 

- le diasiètre extérieur de la première roue mobile De (m) 

- le nombre d'aubes de la première roue mobile Zg 

Les compléments apportés è cette méthode nécessitent que l'on connaisse en outre : 

- le débit-masse aspiré q (kg/s) 

- le rapport de moyeu v » 

La vitesse de rotation et le débit sont généralement connus, le diamètre de la première roue mobile 
et son rapport de moyeu v peuvent être déterminés à l’aide d'une coupe du moteur et le nombre d'au¬ 
bes Z- peut être obtenu (s'il n'est pas connu) avec une approximation suffisante â l'aide de la fi¬ 
gure B. 

Grèce è la forme standard simplifiée du spectre de la pression sonore maximale, proposée dans la mé¬ 
thode choisie (S), nous avons pu établir les abaques des figures 9 et 10 qui offrent la même rigueur 
numérique que celle qui aurait été obtenue en utilisant la méthode originale. Ces abaques sont vala¬ 
bles pour des compresseurs classiques de turboréacteurs simple flux ainsi que pour des soufflantes 
de turboréacteurs double-flux. Ils représentent respectivement, pour les trois distances latérales 
retenues (L ■ 100, 300 et 450 m), le niveau de pression sonore linéaire maximal (en dB), et le niveau 
de bruit perçu correspondant (en PNdB), en fonction de la vitesse de rotation N et du diamètre exté¬ 
rieur De de la première roue mobile du compresseur ou de la soufflante. Les courbes sont paramétrées 
en fonction de la fréquence centrale de la bande d'octave qui contient la raie spectrale correspon¬ 
dant è la fréquence fondamentale de passage des aubes de cette première roue : 

F 
Zr . N 

60 (Hz) (7) 

Le tableau II ci-dessous rappelle les fréquences de coupure des bandes d'octaves normalisées qui sont 
susceptibles, dans la majorité des cas pratiques, de contenir F. 

TABLEAU II - Fréquences de coupure des bandes d'octaves normalisées 

Octaves (Hz) 1 000 2 000 4 000 8 000 

Fréquences de 
coupure (Hz) 

700/1 400 1 400/2 800 2 800/5 600 5 600/11 200 

POUR UN TURBOREACTEUR SIMPLE FLUX, il n'y a lieu de considérer que l'émission amont du bruit 
du compresseur, dont le niveau maximal est directement fourni par les abaques des figures 9 et 10. 
Ce niveau maximal est perçu dans une direction voisine de 70° par rapport ä l'axe de la manche d'en¬ 
trée. 

POUR UN TURBOREACTEUR DOUBLE-FLUX, on sait que le bruit de la soufflante, qui domine généra¬ 
lement ceux des étages de compression suivants, se propage à la fois vers l'amont et vers l'aval du 
moteur (respectivement par la manche d'entrée et le conduit d'éjection du flux secondaire). Le maxi¬ 
mum d'intensité de ces deux rayonnements est perçu dans des directions qui forment sensiblement des 
angles de 70* et 110“ avec l'axe de la manche d'entrée. 

Mais, par suite d'un phénomène de transport de l'énergie acoustique (convection) par l'écoulement 
d'air qui traverse la soufflante, l'émission aval est généralement beaucoup plus intense que l'émis¬ 
sion amont. Il nous a donc paru intéressant d'établir un certain nombre d'abaques qui permettent, en 
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tenant compte de l'effet de cette convection, de déterminer le bruit maximal émis vers l'amont, con¬ 
naissant celui qui est émis vers l'aval grâce aux figures 9 et 10. 

Le calcul de l'indice de convection (6), (7) a été effectué en supposant que l'énergie acoustique 
émise est proportionnelle au débit et à la cinquième puissance de la vitesse relative à l'entrée de 
la roue mobile et qu'elle est soumise à la convection produite par cet écoulement relatif. On obtient 
alors, par intégration entre le pied et le sommet des aubes, les puissances qui se propagent respec¬ 
tivement vers l'amont et vers l'aval de la soufflante et qui permettent de déterminer, en fonction 
des vitesses relatives au pied et au sommet des aubes, les valeurs de l'indice de convection global. 
Les figures lia à 11c représentent ces indices (différence entre les niveaux maximaux émis vers 
l'aval et vers l'amont) pour des soufflantes modernes sans directrice d'entrée, en fonction de la 
vitesse d'entraînement Ue - n DeN/60, pour différentes valeurs de débit spécifique q/!lre2 et pour 
des rapports de moyeu de 0,3, 0,4 et 0,5. Ayant déterminé le niveau maximal produit par l'émission 
aval de lasouffiante à l'aide des figures 9 et 10, on obtient, en lui retranchant la valeur appro¬ 
priée de 1 indice de convection, une estimation du niveau maximal produit vers l'amont. 

POINTS PARTICULIERS 

L'INFLUENCE DU NOMBRE DE TURBOREACTEURS sur le bruit émis par un avion dépend essentielle¬ 
ment de la position de l'observateur par rapport à l'avion. Considérons un avion équipé de m turbo¬ 
réacteurs identiques qui fonctionnent au même régime. On admettra, en schématisant le problème (5), 

pour un observateur placé sous la trajectoire de l'avion, il convient d'ajouter aux niveaux cal¬ 
culés pour les différentes sources de l'un des moteurs, la quantité : 

AN, 10 log10 m 

pour un observateur placé latéralement par rapport ä la trajectoire, il convient 
d'un certain effet de masque, d'ajouter la quantité : 

AN, 5 log 
10 

(8) 

, en tenant compte 

(9) 

L ABSORPTION PAR EFFET DU SOL peut modifier notablement les niveaux acoustiques lors des 
opérations au sol d’un avion (point fixe et roulage). Il est difficile, dans le cadre d'une méthode 
simplifiée, d introduire de tels effets car l'atténuation globale que subissent les ondes sonores 
qui se propagent au voisinage du sol est essentiellement fonction de la nature du sol, du spectre 
acoustique considéré et des positions relatives de la source et de l'observateur. Nous nous conten¬ 
terons de donner, â titre indicatif, des ordres de grandeur de cette atténuation pour les trois dis¬ 
tances de référence choisies : 

L - 100 m 

L • 300 m 

L ■ 450 m 

an5 

an5 

ANr 

2 â 4 dB 

3 à 7 dB 

4 à 9 dB 

LA REFLEXION DES ONDES SONORES par le sol conduit généralement, par un phénomène d'interfé¬ 
rences acoustiques, à une perturbation profonde des spectres, variable avec l'impédence du sol et 
les positions respectives de la source et de l'observateur (8). De même que pour l'absorption, il 
est difficile d introduire de tels calculs dans cette méthode. Signalons toutefois que l'augmenta¬ 
tion du niveau global qui résulte de ce phénomène peut atteindre des valeurs de l'ordre de 1 â 3 dB 
aussi bien pour un avion au sol que pour un avion en vol. * 

D'AUTRES EFFETS, tels que le mode d'installation des moteurs sur l'avion, les perturbations 
créées par le champ aérodynamique de l'avion sur la propagation initiale des ondes, peuvent altérer 
les valeurs des niveaux en ci mp libre qui permet de calculer cette méthode. Mais l'évaluation de 
ces effets reste encore difficilement accessible au calcul et fait davantage appel â des données em- 
pinques. 

LE NIVEAU DE BRUIT PERÇU EFFECTIF d'un avion en vol constitue une approche pour juger l'effet 
subjectif total que produit le passage de cet avion. Il est évalué en PNdB effectifs (EPNdB) en ajou¬ 
tant au niveau de bruit perçu maximal un terme correctif qui tient compte d’éventuelles irrégularités 
dans les spectres de pression acoustique (présence de raies par exemple) et une correction de durée 

. ‘ Son ^alcul fait donc intervenir 1 évolution du bruit en fonction du temps, au point d'observa- 
tion considéré, ainsi que la distribution spectrale de la pression acoustique en fonction de l'azimut 
De ce fait, un tel calcul sort du cadre de la méthode de prévision exposée. Néanmoins, pour les be¬ 
soins pratiques, il nous a paru intéressant de proposer des valeurs approximatives de l'écart entre 
le niveau en EPNdB et le niveau de bruit perçu maximal. La figure 12 représente les résultats d’une 
tentative de correlation de ces écarts en fonction de la seule distance L de l’observateur à la tra¬ 
jectoire, pour des Mach de vol qui correspondent sensiblement à l'approche et au décollage d'avions 
subsoniques. Malgré une grande dispersion (qui ne doit par surprendre) des résultats qui ont servi 

+ 2 PNdR hÜTV' ! cette courbe, les valeurs qu'elle fournit sont probablement représentatives, à 
, e la tendance genérale. Cette courbe permet donc, en première approximation, de chiffrer 

le niveau de bruit perçu effectif produit par le passage d'un avion sur une trajectoire de décollage 
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ou d'approche. Les écarts A entre les niveaux en EPNdB et les niveaux maximaux en PNdB que l'on pour¬ 
ra adopter pour les trois distances L choisies sont les suivants : 

L - 100 m A =■ - 4 PNdB 

L - 300 m A * 0 PNdB 

L - 450 m A » + 2 PNdB 

COMPARAISONS MESURES - ESTIMATIONS 

Dans cette dernière partie, nous examinons brièvement un certain nombre de comparaisons entre des 
mesures du bruit maximal d'un avion ou d'un turboréacteur au point fixe et les estimations faites 
avec la méthode proposée. Ces comparaisons, qui sont présentées par le tableau III, portent essen¬ 
tiellement sur le bruit d'éjection et sur le bruit de la soufflante,dont seule l'émission aval a été 
considérée. Quand il existait une incertitude sur l'importance relative des bruits d'éjection et de 
soufflante, l'estimation correspondant aux deux émissions a été effectuée. La valeur mesurée est 
comparée à la valeur maximale (repérée par un astérisque) de ces deux estimations. 

Les mesures qui font l'objet de ces comparaisons sont tirées de rapports d'essais divers dont, par 
suite de leur nombre trop important, nous n'avons pu citer les références. 

Signalons qu'il est â craindre que certains niveaux extraits de ces rapports aient été déterminés 
par association des niveaux maximaux atteints au cours du temps dans chacune des bandes d'analyse, 
conduisant ainsi è des valeurs en PNdB trop élevées. De plus, des perturbations multiples affectent 
généralement de telles mesures acoustiques (réflexions, atmosphère non homogène, effets d'installa¬ 
tion des turboréacteurs, etc...). 

Si l'on tient compte de l'ensemble de ces effets, il apparaît, au vu des écarts entre les mesures 
et les estimations, que la méthode exposée constitue une approche satisfaisante pour l'estimation 
du bruit des avions. 

CONCLUSION 

Par la méthode d'estimation du bruit des turboréacteurs que nous venons d'exposer, nous pensons met¬ 
tre ) la disposition du nombre toujours croissant de personnes, confrontées aux problèmes du bruit 
des avions, un moyen simple et rapide qui leur permettra de déterminer le bruit maximal produit au 
sol, lors du vol d'un avion. 

Nombre de ces personnes n'étant pas nécessairement des spécialistes, soit en acoustique, soit en ther¬ 
mopropulsion, nous nous sommes efforcés, dans l'établissement de cette méthode, de substituer aux pa¬ 
ramètres aéro-thermodynamiques caractéristiques du cycle du moteur et nécessaires au calcul du bruit, 
dea grandeurs globales telles que le débit, la poussée, la consommation spécifique... qui sont fami¬ 
lières ã la plupart des techniciens. Dans un souci de simplification, nous avons également supprimé 
le maximum de calculs intermédiaires portant sur des grandeurs acoustiques, tout en conservant aux 
méthodes de base utilisées, leur précision originale. Les estimations que permet la méthode ont né¬ 
cessairement un caractère d'approximation, notamment celles qui sont relatives au bruit des compres¬ 
seurs et des soufflantes car elles font intervenir un nombre trop restreint de paramètres significa¬ 
tifs. 

Nous pensons néanmoins qu'il sera possible de développer à l'avenir des méthodes qui, tout en répon¬ 
dant au même souci de simplification, tiendront compte du maximum de facteurs intervenant dans la 
génération du bruit des turboréacteurs et ravaleront les calculs du bruit d'un avion au niveau de 
calculs de routine. 
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C^- Nlo- 10lo9l0(Fn)Mo 1 : 100m I 

Cs [kg/daN.h] 

Fig.4 Bruit de jet: niveau de pression sonore linéaire maximal de référence 
(L = 100 m - pas d'atténuation atmosphérique) 
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Fig.8 Détermination approchée du nombre d'aubes d'une roue mobile 
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1000 2000 5000 
7 

10000 20000 

N [tr/mn] 

Fig.9 Niveau de pression sonore linéaire maximal de compresseurs ou de soufflantes 

(L - 100, 300 et 450 m) 

I 
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NPl- 66 log D# 
[PNdB] 

1000 2000 
TTT1 T 

5000 10000 20000 

N [tr/mn] 

Fig. 10 Niveau de bruit perçu linéaire maximal de compresseurs ou de soufflantes 

(L = 100, 300 et 450 m) 
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Fig. 11(.) 1- = 0,3 

400 450 

CZ) Ue [m/*] 

[kg/n.2.,] 

"..n 

350 400 450 

cz) ue [m/s] 

Fig.11(b) V - 04 

Fig.11 Indice de convection 
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Fig.11(c) Indice de convection: v = 0,5 

I PNdB— PNdB 

Fig.12 Difference: EPNdB - PNdB 



METHODES DE DEPOUILLEMENT ET DE 

TRAITEMENT DE L'INFORMATION ACOUSTIQUE 

POUR L'ETUDE DU BRUIT DES MOTEURS D'AVION 

par Jaoquaa HAÏ 

Offioa National d'Etudes et de Recherches Aérospatial 

29» arenue de la Dirision Leolero 

92 - CHATILLON-eoua-BAGNEUX . 
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SOMMAIBB 

AprAe avoir brièvement rappelé le principe dee analyseure 

en teapa réel utllleée jour l'étude des signaux acoustiques, 

on expose lea techniques O.N.E.B.A. d'enregistrement et de 

dépouillement qui pernettent actuellement d'accéder à l'analyse 

autonatlque d'un eaaal. 
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L'ETUDE DES BRUITS d* moteur d'arion nécessite l'analyse d'un très important rolume de signaux 

acoustiques. Des analyseurs de spectres en temps réel étant récemment apparus sur le marché, il 

conrenait dès 1ers d'adapter les techniques d'enregistrement et de restitution pour accéder & un 
dépeuillement rapide par l'automatisation d'un certain nombre d'opérations. 

LE PRINCIPE DES ANALYSEURS EN TEMPS REEL UTILISES. 

Ils sont de deux types i un analyseur tiers d'octare et un analyseur à bande fine. 

. VANALYSEUR TIERS D'OCTAVE1 - Le principe de cet analyseur est rappelé dans le seul but de 

adopté” 16 dS 80rtie deS 8peotrea l“'11 délivre et justifier la technique de dépouillement 

V» 

! 
I 

L'analyseur comprend N filtres tiers d'octave opérant en parallèle sur le signal, (fig.(l)). 
A chaque filtre sont associés un détecteur, de constante de temps** C. et un circuit mémoire 

Synchronisées par un même ordre O (t) à l'instant t , toutes les mémoires figent à cet instant 

les valeurs de sortie des détecteurs. Un commutateur rapide lit successivement le contenu des N 
mémoires qui est transposé en décibels par un seul amplificateur logarithmique. Le spectre tiers 

Í 8i°sl 8é'’ial^Bé» est nu®érisé. A la sortie numérique A (Ij) est associé un signal 
identifiant le numéro de la composante (jème tiers d'octave). Les mémoires sont ensuite vidées 

puis, par un ordre OU) les mémoires figent les sorties des détecteurs et un nouveau cycle 
commence. La durée d'un cycle { t.t ) est de l'ordre de 25 ms. 

REHARTE i Même pour la constante de temps la plus faible (100 ms) on voit qu'un certain 

nombre de spectres successifs sont redondants (non statistiquement indépendants). Dans ce oas on 

d!f fPe0tf8“ Ai "indéP0nd*nt8" Pour ¿i*/ - t¿ de l'ordre de 200 ms, ce qui 
permet d optimiser la proportion des spectres que l'on doit mémoriser. 

SfdR A.B- U'analyseur utilisé est du type hybride (analogique numérique) « 
on accède a 1 analyse d une certaine gamme de fréquence en temps réel grâce à une compression du 

signal dans le temps (ou accélération) qui permet d'accélérer de la même façon la vitesse d'ana- 

lyse. L analyse se fait de manière analogique, par contre l'accélération du signal se fait grâce 

a des techniques numériques (registre à décalage ou ligne à retard acoustique). Pour l'exposé du 

principe de cet analyseur le mode d'accélération réel est remplacé par un mode d'accélération 
symbolique t 

On suppose (fig. (2)) qu'une portion d'un signal X (t) de durée At est enregistrée avec 

une vitesse de defilement V sur une boucle magnétique. On restitue ensuite le signal grâce à une 

tête de lecture montee sur un bras tournant ( par rapport à la boucle la vitesse du lecteur est 

V ~ o(V- (o< » /J . Le signal Jra (t) lu pendant la ième révolution de la tête de lecture sera 
(a une translation près) le signal accéléré 1 

K (t) X («t) 

0< est le rapport d'accélération 

T F. [X (t)] 

"FF. [XßU)"^ (T. F. * Transformée de FourlerJ 

Analyseur Hewlett-Packard 8054 -------— 

Pautre de^ordre^e'Vr11 0h*Í8lr 8ntre d,ux 00nstant9s de temps. L'une de l'ordre de 100 ms, 

L'analyseur actuellement utilisé est un UA7B de Federal Soientifio Corporation 

en pesant X (VJ 

' 
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K (Vj 

< (y; 

lx x(«t)e dt 

-1X (V«; 
o< i 

On Toit au« 1'étendue speotrale d'un« périod« du signal accéléré et cell« du signal initial 
sont dans le rapport ai . 

Tf m fete J enregistrement 
T2 m tête de teeture 

On Tout connaître le spjotre du signal X(t) dans le domains de fréquence (B, NB) par H 
points de filtrage équidistants et arec une résolution B - _J_*. Il est équivalent (flg. (2)) 
d'analyser jra W avec un filtre de résolution d B. fri 

Si d'autre part le filtre et le système de détection qui lui est associé ont un temps de 

réponse“ de - -j— , il suffit pour analyser le signal d'utiliser un filtre glissant f dont 

la fréquence centrale V«- prend successivement les valeurs ttB itlê_Mat B aux instants 

o,%. 
ec d 
Compte tenu du tempe de réponse propre au dernier point d'analyse, le temps total d'obtention 

d'un spectre est 

T m (M. n AL. + _i_ s tL. et 
<X oí B d 

Pour o< - y on a 

T s ôt i La durée dé l'analyse est égale à la durée du signal. 

Si l'on ne considère que l'entrée et la sortie de l'analyseur, tout se passe cornue si le signal 

J*(0» de durée At , avait été analysé par N points de filtrage 'Ij m ¿B (j m t J m) le jèrae 

point étant obtenu à l'instant t m i AL . 
J N 

On suppose maintenant que t 

1® — Après la N révolution de la tôte de lecture ) le filtre recommence une séquence 
d'analyse i pour LmN+t Vy m B etc ... pour ¿mM+NljwNB. 

n On peut montrer que la durée du signai réel X(t) étant égal H df , son spectre ne comporte 

pas de pic dont la largeur est inférieure à 1 /ùt , il est par suite inutile de l'analyser avec 
un filtre à grande sélectivité. 

an Le temps de réponse d'un filtre est inversement proportionnel è sa bande passante. 
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En désignant par j le numéro de la composante spectrale (/'* t Í fl') 

Pour le ième point de filtrage le filtre éliraient est tel que ij m jB avec /*«'_# (tzl)1 

( P.E ■ partie entière). L /J 

2" - Au lieu de fi,,er une portion ¿t du signal sur la boucle, on enregistre en permanece jrfty. 

(fi« 1(3))Í*Ct 4 appliquer de manière continue le signal JT (£J à l’entrée de l’analyseur 

T1 : tète d enregistrement 

T* : 

Ts ' 

de feeture 

d et Virement 

d 
V 

d 

x'cVj)] ¡x'cvl fif.3 
On appelle keme spectre élémentaire |X*(y, i| (j-làfl) le spectre obtenu au c 

séquence d analyse. On a évidemment k * P.£. (l.I/H) + 1 . Pour un même point d’ 

représenté fig. (3) les portions du signal correspondant o- x valeurs hm! t k* 2. 

cours d 
analys 

la kèM 
"ij on a 

A travers un circuit quadratique 
lyseur. Un moyenneur les numérise et 
(fi«. (4)). 

, les composantes |X (^)1 apparaissent en sortie de l’ana- 
en prend la moyenne arithmétique par bande de frequence 

- sa,) 

speoSaii^y d^i^eTsrn^firrfx1*68^;^^0"^8 par ie Boy8rmeu ^fonction 

- G*(lj) . 1 Z I X*(Vyj I* t4 j Í AI 
A Haf 

On montre fig. (5) les portions de X (t) relatives reepoctivement à 

c!f!0cLpitSre0suÿ£î?8 epe°trale8 qui seront prises en compte par la chaîne d’acquis',tien 
jmpoAnl 
suçant 

l 
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* 
o (V,; 

Kát i 

? 
« (*,) i 

Durée d'jnjjyse (K+t) At_j 
fí9 

On volt iiua pour K»t la duré* d*analysa eat égala à la portion du signal traité 
((J(+l) df#/fdrjet qua GK (Ij) oorraapond aenalblemant & la méma portion da signal quel qua 

soit J . 

A désignant une constante d'étalonnage propre & l'appareil, 5(ÿj désignant la densité spec¬ 
trale de puissance aseooiée à X(t) (échantillon d'une fonction aléatoire stationnaire ergodique) 
on sait que 

SW . AF [IX*^] (E - Espérance mathématique) 

K gj| 
Par suite, A 6 (Ij) est une estimation absolument correóte de la densité speotrals de puis¬ 

sance 5(Vj j . 

En caractérisant la qualité de oette estimation par 

e_îiïü_ 
On trour« ■ <,/F t~t «*<>'<'/) 

On devra dono prendre K aussi grand que le permet la stationnarité réelle du signal acous¬ 
tique JC (Í ) étudié. 

COBCEPTIOH D'ÜIK METHODE D'ABALTSE RAPIDE ET AUT0HATI3KE "* 

L1 enregistrement analogique d'un champ sonore .ire, au bano, ou l'enregistremeut d'un bruit 
do survol sont appelés respectivement essai au ban. ju essai de survol. Une même bande analogique 
comporta plusieurs essais en série, mais l'automatisme de l'analyse est actuellement restreint à 
l'essai, qui forme ainsi l'unité de dépouillement. 

Il est à noter que la solution présentée loi se devait d'Itro compatible aveo l'emploi d'enre¬ 
gistreurs monopists à modulation directe (type NAGEA). 

PRINCIPE JE LA HETHODB - Un enregistreur analogique restitue l'essai à l'entrés d'un analyseur 
en temps réel | des signaux annexes (Hj) ajoutés au signal acoustique lors de l'enregistrement, 
commandent au système d'acquisition la prise en compte des spectres sérialisés qui apparaissent à 
rythme constant à la sortie de l'analyseur. Ainsi les spectres mémorisés se trouvent datés dans 
une base de temps issue de 1'expérience elle-même. 

mm A condition que SfVjpuiasé être oonsldérée comme constante dans chaque bande d'analyse B. 

nrnrn Les appareils électroniques spécialement étudiés pour oette méthode d'analyse ont été réalisés 
grloe A une étroite collaboration entre la Division d'Acoustique et la Division d'Eleotro- 
nlque et Mesures de l'O.N.B.R.A. 
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du dópoulll**0nt ^ *ign*l H1 en début d'essai initialise le 

ä, Âiùio(f;“i6).'‘u,'n a'"“‘ “ ^ *”“•u °h*'” •* 
essai n. t i 

enre- 

L f/jjrr*/ jcous ft que *U) 

O) Imeye symbo/ique c/e /a bsncfe jna/oytque 

t>) 

TECafllgCTE D1ENREQISTBEMEBT. 

A - CAS DES ESSAIS AU BAUC - 
un aloropbone déorlVanl un aro de 

L'essai consiste à enregistrer le signal acoustique mesuré 
oerole (o) autour du moteur (fig. ?). 

par 
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Un relais 6 solidaire du microphone est exolté par les contacts 6i i ces "tops-relais" 

sont traduite par la chaîne en tops oalihrés qui s'inscrivent our la hands analogique. Do 

mtae les relais A et B engendrent un top ^ (début d'essai ou Hg (fin d'essai) suivant le sens 

d'évolution du microphone sur (o) (flg. 8). 

Siçnj/ 

’ m/ero 

Commit! du du 
mo/tur. choriot 

En fonctionnement automatique, a et b déclenchent toute la séquence d'enregistrement i démar¬ 

rage de l'enregistreur, du chariot, tops Ri, puis arrêt du chariot et de l'enregistreur. Un 

pupitre, réplique de toutes les commandes et des tops, permet en fonctionnement manuel d'élaborer 

un enregistrement ayant la même structure que celui obtenu en séquence automatique. On peut ainsi 

donner à l'étalonnage par pistonphone -ou à l'étalonnage électrique— la même présentation qu'un 

essai normal et par suite automatiser l'analyse des essais d'étalonnage lors du dépouillement. 

LA LO01OQUE DE T0PA0E est schématisée fig. (9). Lee oiroults (o< ) représentent des fonotions 

logiques "ou'VO., 0_, 0i représentent trois osoillateurs qui délivrent reepeotivement les fré- 

ruenoes t,m tou H* , ftw aaoo H* , famS*M H* . Lorsque l'ordre R1 se présente à l'entrée sous la 

forme d'un oréneau de tension, il exolte les oirouits o(, et qui pendant la durée du créneau 

ferment les commutateurs C. et C-. En (2) sortie du sommateur on dispose alors de la somme des 

sinusoïdes ft et f¿ . Grâce á¿( ct,c ) et au oallbreur, le commutateur Ce substitue au signal 

acoustique le signal " + ft " pendant une durée oalibrée de 10 ms oe qui constitue le top R^. 
De manière analogue se compose de " ^ + /j " et R, de " ft + fj 

J”L 

/ 

-T"L 

J L 

inrepstreur 

fig.9 - Logique detopege des bones dessus 
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Le ohoix d'un topage à l'aide de deux fréquences permet de rendre très improbables des détec¬ 
tions parasites par des fréquences pures contenues dans le signal acoustique, La durée des tops 
(10 ms) est optimisée pour leur permettre d'étre détectée sans qu'ils modifient sensiblement l'ana¬ 
lyse spectrale du signal acoustique.. 

B - LESESSAISDESUH70L - Le principe de l'enregistrement est analogue au précédent. Ls 
logique dT"TôpIge est identique, seule diffère l'origine des ordres i ils sont émis par une sta¬ 
tion pilote, qui les distribue par radio (ou liaison directe) aux différent» s stations satellites 
d'enregistrement ainsi qu'au Centre de trajectographie (ci: ¿théodolite), fig. (lO). En particulier 
les ordres H, sont synchronisées par une horloge et sont datés dans la ba."» de temps du oinéthéo- 
dolite dont le dépouillement permettra de préciser la position de l'arlci. assooiée à cnaque top 
B 

3’ 

Vers 
cméthèodo/ite T Vers /es sU/tons 

Site/h/ts 

LA STATION PILOTE émet les 
les trois types d'ordres 
nécessaires i l'ordre 
"Harohe", les ordres do top 
Rj et l'ordre "Arrêt". Les 
ordres R3 sont émis par 
l'horloge de topage, mais 
pour prévenir d'éventuels 
départs ou arrlts intempes¬ 
tifs des enregistreurs 
magnétiques les ordres 
"Marche" et "Arrêt" sont 
répétés à cadence régulière 
par le générateur d'ordres. 

Shtion ufe Hite {/0) t 

f/q 10. Ensemble d'enregistrement des bruits de surro/t 

LE GENERATEUR D'ORDRES com¬ 
prend une horloge de topage 
qui pilote deux générateurs 
de créneaux auxiliaires G. 
et O, i 0. est synchronise 
sur íes fî-onts positifs, 02 
sur les fronts négatifs 
des créneaux délivrés par 
l'horloge. Les circuits 
iß) représentent des fonc¬ 
tions logiques "et" 

Sf : Sortie des ordres "Mircèe" récurrents 

S, : „ "ÂirOr 
c . “a" 
Oj ■ „ 

Fig. 11 - Le générateur d'ordres 
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K titre d'exemple, on donne, (fig. 12) le fonctionnement du générateur d'ordres en représen¬ 
tant lee états logiques des différents points du circuit. 

Convention: ètot O 
/ 

CO 

(2) 

Horloge , 
detopege 

(0) 

Horloge 
d'êrrét 
W d’ (O 

(2) ’er (0 

(V 

(S) 

S, 

Sz 

(O *r (S) sj 

—fl_i—n_n n n 
_h_n__n__n__n 
—riJiJi_n_n_n_n_rui_n_jL 

n n n n_ 
-rLJi_n_n_ 
_n_n_n_n n 

I» * 

Merche 

LE CODEUR D'ORDRES transforme ensuite les ordres "Harohe", "Arrêt", "R." suivant un principe 
identique à oelui de la logique de topage des bancs, (fig.9) s à chaque créneau d'ordre on associe 
la somme de deux sinusoides " et tj " de même durée que le créneau (fig. 13). 

if- 
Codeur 

— d'ordres 

Ss- 

LA STATION SATELLITE reçoit les tops (" f¿ + f¡ ") le premier ordre "Marche" qu'elle detecte" 
démarre l'enregistreur puis aveo un retard suffisant pour permettre la mise en vitesse de l'enre¬ 
gistreur il donne un ordre R1 à la logique de topage, qui lui associe un top calibré R^ sur la 
bande analogique. 

Les ordres "Marche" suivants ne seraient pris en compte qut si un ordre parasite "Arrêt" avait 
stoppé le rystème en cours d'essai. Les ordres "R." sont systématiquement transformés en tops cali¬ 
brés R^ sur la bande. 

Enfin le prewler ordre "Arrêt" que la station détecte dohne un ordre R2 à la logique de 
topage, donc un top calibré R^ à la bande, puis arrête l'enregistreur. Les ordres "Arrêt" suivants 
ne seraient pris en compte que si un ordre parasite "Marche" avait démarré le système après la fin 
de l'essai. 

TECURIQUE DE DEPOUILLEMENT. 

DEROULEMENT D'UNE SEQUENCE DE DEPOUILLUMEMT - La mise en marche du lecteur magnétique est 
commandée manuellement, le top R initialise la chaîne, les tops R. ordonnent 1'acquisition (ou la 
synchronise par rapport au phénomène) le top R- arrête la chaîne et le lecteur. Le lecteur magné¬ 
tique s'arrêta après chaque essai, il est alors possible manuellement d'approprier à l'essai sui¬ 
vant les réglages de la chaîne d'analyse. Le premier essai de chaque bande est un signal de réfé¬ 
rence obtenu par un pistonphone dont le spectre est mémorisé par l'ensemble d'acquisition 
permettant ainsi un étalonnage absolu de tout le système (fig. H). 

a Le décodeur utilisé est analogue à oelui décrit au paragraphe suivant (fig. 15) 
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tous las topa Stre déleotéa *U déoo4a** oorr*ot t*a top# i 
d»a. à ia. „„.„„.J., 00it„„, d'^” ^ «*“«“•• P“-».. 

Amphhateurs 
sélectifs Détecteurs Ferme un 

Ordre ft, 

Ordre R, 

Ordre R, 

0Pdre77ar..lt.s ^ provenant de réponses trnneUoirt.^M^Hffl1^ ‘U df?od*ur d* do“” 
déphasages entre lea oiroults, lea fréquences f et f- n'ïînÎ!^*“! ■<1*otlf** Par ««its das 
instant. Pour préciser le rôle du oalibreur de vaHh J ÂPPar*i3««nt pas exactement au mims 
lequel f, précède légèrement ft ,TtUT *' Talldati°n. °« oonsidèr. l-sx..pls d'un top 83 pow- 

On représenta (fig. 16,) les sorties du détecteur (¾) et du forneur (^). 

d'une durée de /¿s^ei^nia dl^idítUn“!^)! Le sijSl^^^í lí ^°1 F1} logl*u# 
décodeur ne ralide les signaux ^ et F2 que pendant 1 * applî<iué aux oi«“lts "et" du 

leurs réponses aux transitoireB)rtle8°répon3epndede i* 8dleotl^lt< dee amplificateurs qui définit 
l'instant t.O seront sumslínt amorties Í • î”« ““ ^Luolr^l 
gendre pas un ordre parasite. matant r . C, nn„r *-- fr0 pour que oe traneitùire n'en- 
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ek vj/ie/ation) 

fiq. fS. i) 

f/'g. f£. Cjj/breur de Vê/ïcbtion 

L'ACttlISITION ET LE TRAITEMENT HUMERI OPE DES SPECTRBS. 

Trois typsa ds dépouillements sont à distinguer i 

Typs I I les analyses fines d'essais au bano 
Type II I les .-jialyses "tiers d'ootave" d'essais au banc 

Type III I les analyses "tiers d’ootare" d'essais de survol. 

Deux raisons nécessitent oette distinction i 

a _ ies top». Rn des essais au bano sont liés à des repères géométriques fixes | aussi, lors 
du dépouillement, permettent-ils en pilotant directement l'acqaisition numérique d'asso- 

oier è chaque spectre la position correspondante du microphone. Par contre, pour les 

essais de eurvol, le rythme d'acquisition des spectres est piloté par une horloge indé¬ 

pendante. Cette horloge date les tops R3 qui ont été simultanément enregistrés lors du 
survol dans la base de temps du oinéthéodolite. Ainsi après calcul, chaque spectre est 

daté dans la base de temps du système de trajeetographie. 

b - L'analyseur à bande fine, en temps réel, est associé à un moyenneur qui permet d'appro¬ 

prier le temps d'intégration T au type de champ sonore étudié. De oe fait la chaîne 

d'aoquisition prend en compte le même nombre de spectres que oe qu'exige la résolution 

angulaire choisie. L'analyseur tiers d'ootave on temps réel ne dispose que de deux cons¬ 

tantes de temps (IOO ou 200 ms et 1 ou 2 s). Par suite, lorsque ni l'une ni l'autre ne 
convient à la résolution angulaire souhaitée, il faut acquérir un grand nombre de spectres 

numérisés que l'on regroupe ensuite par calcul en prenant la moyenne arithmétique des 

composantes de chaque tiers d'ootave. 

DEPOUILLEmiT Dü TYPE I 1 Aux spectres 5 W pris en compte par la chaîne d'aoquisition, la 

figure (IT) assooie les angles LB correspondant aux portions de signal analysées. Le numero t lu 

spectre, également mémorisé, permet au programe de calcul d'associer à chaque spectre W son 

"adresse angulaire" . 
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Fig. 17 - Analysas fines d'essai b 
au bano 

Si T désigne la temps d'intégration 
relatif aux spectre« moyens Si (•*) 

Tm K » tt 
si oes spectres se déduisent de la 

moyenne arithmétique de K spectres 

élémentaires. 

Far suite ÙO s Ci .1 

fl étant la vitesse angulaire du micro¬ 

phone décrivant A - B. 

L'angle moyen associé au speotre moyen 
5t (V; e»t rjiml (*■_ 

DEPOUILLEMENT DES TYPES II et IIÏ « La figure (l8) schématise le regroupement des spectres 
élémentairee mémorisés par la chaîne d'acquisition. 

Fig. 18C - Regroupement des spectres tiers d1octave pour un 
enregistrement de bruit de eurvol 
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Pour les essais au banc - Fig. (18^- le calcul donne A1 (1}) * ± Ç (*,) «t «ríce à un 

tableau de correspondance caractéristique de chaque banc d'essai le prograœse attribue au spectre 
# (1j) l'angle «oyen 

Pour les essais de surrol, on c synbolisé fig. (18L la position P^ de l'arion à l'instant 
\ où le signal acoustique relatif au k«"»« spectre élémeñtalre est enregistré. (De mime la posi¬ 
tion PA est associée & l'instant tt d'enregistrement du iéue top R^) 

— *•*» ^ . 
Au spectre moyen >1* « -L Z A* (V,) , le calcul associe l'instant 2. /* . 

* AT kaki 1 

Xzemple 1 en mémorisant un spectre toutes les 100 ms, pour une constante de temps de l'analyseur 
de 20Ò ms on obtient en regroupant avec k « 5 u*1 spectre toutes les 0,5 s. 

Les différentes étapes du programme de calcul" qui à partir des spectres mémorisés termine 
l'analyse de l'essai peuvent se résumer par les opérations suivantes 1 

- Prise en oonpte de la sensibilité de la chaîne complète (mesure et analyse) 
- Regroupement par paquets des spectres élémentaires 
• Prise en compte des corrections de chaîne, définies par tiers d'ootavs 
- Calcul de l'adresse angulaire ( yt ) ou temporelle ( Ij ) associée à chaque spectre après 

oaloul 
- Calcul à partir des spectres du niveau global en fonction de l'angle ou du temps 
- Pour les analyses des types II et II les résultats peuvent apparaître suivant deux 

rangements 1 

a) un rangement identique à celui de l’acquisition « pour chaque valeur du paramètre 
( J au t ) le spectre A (Vj) correspondant 

b) pour chaque tiers d'octave la fonction Aj ( y ) ou Aj ( ¿ ) 

- Les résultats sont stockés sur bande magnétique numérique 
- Des résultats d'essai -ou parties d'essai- peuvent être tracés par une table traçante 

nuaérlque 
- Un listing accompagne systématiquement chaque dépouillement. Il rappelle x''.dresse do 

l'essai, les valeurs des paramètres liés au dépouillement et donne l'évolution du niveau 
global obtenu par oaloul. La comparaison du niveau global obtenu par Intégration des 
spectres et du niveau global mesuré directement permet de vérifier le bon fonctionnement 
du dépouillement. 

COBCLUSION - La technique de dépouillement présentée permet un automatisme au niveau de 
l'essai. In tenant oonpte des opérations manuelles encore nécessaires avant le dépouillement en 
temps réel de l'essai suivant on peut admettre qu'actuellement le temps de dépouillement est de 
cinc fols è dix fois le temps réel d'enregistrement du phénomène. Par contre le futur laboratoire 
do dépouillement de l'O.H.B.R.A. permettra un automatisme complet au niveau de toute une bande 
magnétique analogique. Le rdle des topo "R" restore le mime » mais grâce à l'utilisation d un 
ordinateur de pilotage et d'acquisition toùs les réglages de la chaîne pour chaque essai seront 
faits automatiquemsnt et "les calculs d'acquisition" seront faits en temps réel par l'ordinateur. 
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SUMMARY 

An experimental investigation was completed of the distribution of the instan¬ 
taneous near field sound pressures during the axisymmetric screech mode of a choked 
air Jet. 

The data supplements a previous report by the same authors on the near field 
sound pressure levels and spectra of a similar Jet. 

The investigation helps to clarify certain aspects of Jet screech mechanism 
and provides data for predicting structural response in the near field. 

SYMBOLS 

x 
y 
t 

P?t,x,y) 
Pi/aU.x.y) 
Pi/3max^ 
Pi/îmin^*^ 
PoUr 
f 
♦/2if 
n 

axial distance from nozzle 
radial distance from Jet axis 
time 
time of trigger sound wave at reference microphone 
Jet sound pressure at moving microphone 
screech sound pressure after ^ octave filter 
maximum screech sound pressure, (y * const., t ■ const.) 
minimum screech sound pressure, (y ■ const., t * const.) 
Jet sound pressure at reference microphone 
screech frequency at reference microphone 
time delay relative to reference microphone 
integer 
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V 

IT HAS BEEN 
to those of 
enhanced or 
peaks and a 

NOTED that the sound spectra of choked Jets display additional features 
subsonic Jets. These features Include screech tones that can be 
suppressed by the position of upstream sound reflectors, broad band 
spreading cf the bandwidth of the background noise. 

Investigations of the screech tones of choked Jets (1,2,3,4,5,6,7) were limited 
for some years to the study of model Jets. A generally accepted explanation (1,2) 
of the screech mechanism was that a flow disturbance emitted a sound wave as it 
passed through a standing shock wave in the Jet. The emitted sound wave then 
travelled upstream through the ambient air and released a new flow disturbance at 
the nozzel lip. This new disturbance was amplified as it travelled downstream with 
the mixing region flow and the feed back loop was completed when the disturbance 
reached the original shock wave. In the case of a Jet with an upstream sound 
reflector it has been pointed out (8) that the feed back loop should include the 
additional time required for the sound wave to travel from the Jet nozzle to the 
reflector and to return. These original model investigations Included the measure¬ 
ment of the screech frequencies and comparison with the theoretical predictions, 
flow and sound visualisations, measurements of the root mean square sound pressure 
fluctuations near the Jet boundary and identification of axisymmetric and spiralling 
modes of oscillation of the Jet. 

More recently screech frequencies and broad band peaks have been observed on 
full scale Jet engines when operating under choked conditions at altitude. Reports 
of associated aircraft structural fatigue (9,10), interference with laminar boundary 
layer flow during flight tests (11) and the annoyance of crew or passengers within 
an aircraft suggest that studies of choked Jet noise may have important applications. 
The fitting of fan engines to subsonic Jet transport aircraft may free this type of 
aircraft from choked Jet noise problems but, on the other hand, future supersonic 
transport aircraft will be fitted wich engine nozzles that are choked with high 
pressure ratios. 

The object of this investigation was to extend the near field scund pressure 
level data that was reported in ref. (12). In particular detailed information is 
required on the instantaneous sound pressure distributions near a choked Jet during 
a screech cycle. This information is needed, firstly, to predict the response of 
a structure placed in the near field sound and, secondly, to obtain a better 
understanding of the details of the Jet screech mechanism. 

This report describes an experimental investigation of the pressure field cycle 
near a 2.25 in. diameter cold air Jet, with nozzle pressure ratio of 3.1, when the 
Jet was oscillating in the axisymmetric mode at a screech frequency of 3170 c/s. 

EXPERIMENTAL APPARATUS 

A block diagram of the equipment which was used to measure the sound pressure 
fields at various times during the Jet screech cycle is shown in Pig. 1. 

High pressure air was supplied through a 6 in. diam. pipe to a contraction 
section and to a parallel nozzle with internal diameter of 2.25 in. and length of 
4.2 in. An 11 in. diam. pipe flange was situated 3.9 in. upstream of the nozzle lip. 

A 1 in. diam. condenser microphone could be motor driven at a speed of approxi¬ 
mately I in. per sec., for a distance of up to 30 in., along a centre-line which 
was parallel to the axis of the Jet. The axial distance, x, of the microphone from 
the nozzle was measured on a position potentiometer and was used as the input to 
the horizontal sweep of an oscilloscope. The Jet sound pressure, p(t,x), with t as 
time, was fed through a ^ octave filter to give a screech pressure signal, 
Pi/î(t,x), that was connected to the vertical deflection of the oscilloscope. 
Therefore the oscilloscope display consisted of a compressed trace of Pi/3(t,x) 
versus x with the trace enclosed between the peak to peak envelope, Pi/smn-ix) and 

Pi/3min(x). 

The position on this display of the Instantaneous axial distribution of screech 
pressure, for a selected time during the screech cycle, was obtained by trace 
intensity modulation at times t - (t0+*/2irf+n/f), where t0 was the time that a 
screech wave with zero pressure and positive slope passed a fixed reference micro¬ 
phone, * was a selectable phase delay, f was the screech frequency ind n was various 
integers. The reference microphone, which was used to trigger the trace intensity 
modulation, was located in the plane of the nozzle at a point 0.5 in. below the Jet 
boundary. The reference sound pressure output, p0(t), was passed through a 1 octave 
filter to yield the reference screech signal, p0i/3(t). The screech signal was con¬ 
verted by the stroboscope unit into timing spikes and delayed by a selectable phase 
delay, ♦, to fire the oscilloscope intensity modulation at the required times. Thus 
the Intensified curve pi/3(4/2tf,x) versus x appeared across the display of Pi/3(t,x). 

Interconnection of the timing pulses, with the spark control of a schlieren 
system, allowed photographs of sound and Jet flow visualisation to be taken at the 
same selected time during the screech cycle. 



23-2 

The Sound pressure level at the moving microphone was recorded on a trace 

recorder. 

The translation of the axial traverse line of the microphone to a new radial 

distance v enabled one to plot the near field Instantaneous screech pressure 

distribution, pi/3(*/2xf,x,y), over the whole of an axial plane of the Jet and for 

various selected times during the screech cycle. 

NEAR FIELD SOUND PRESSURE LEVELS 

The root mean squares of the screech pressure over the cycle are plotted as 

sound pressure level contours in Fig. 3- 

The distinctive features (12) are noted and Include a series of standing wave 
type ÎS5eÎ?Si?ïuï almost perpendicular to the Jet axis. The two strongest lobes 

are located opposite the 3rd and 4th shock cells with maxima sound pressure levels 

of above 165 db at the Jet boundary. Three other maxima are found along the Jet 

boundary at the downstream end of the 2n<l cell, at the Is shock wave and at a 
position slightly downstream from the nozzle with sound level pressures respectively 

of approximately 160, 155 and 150 db. 

It will be noted that the lobe opposite the ist shock wave * short 
distance from the Jet boundary. The standing wave pattern of sound reflections 
tvnm nine flanee become evident in the area between the nozzle and the flange. 

to .bout 130 to no db in region. 10 In. ...y fro. 

the axis or 20 in. downstream from the nozzle. 

INSTANTANEOUS PRESSURE DISTRIBUTIONS NEAR JET BOUNDARY 

Typical distributions of the instantaneous screech pressure along two axial 

traveSe. £«• the Jet boundary at y - 2 In. and 3.75 

"»rrtS'nKSÄ'dui«™«» t'“" relation bet.l.n sound 
ÔreStuMa X tSa STaSaWh cell, for . ■ 0 deg., and the general movement of the 
whole sound wave distribution in a downstream direction as time increases from 

4 - 0 to 90 deg. 

A noteworthy feature of the sound wave distribution along traverse, (b), at 
y - 3Ï! ï» thaî tSï portion of the wave upstream of the 3rd shock wave appears 

to be travelling towards the flange whlle4th®. ^0^tlon. ofnílh!1’í^!1o°wnSt 
this shock wave appears to be travelling in the downstream direction. 

INSTANTANEOUS PRESSURE DISTRIBUTIONS OVER NEAR FIELD 

Contours of sound pressure distributions for four typical near fields are 

plotted in Plge. 5. 6. 7 .nd 8 end oorrespond re.p.ctlvely to «“J'181'' ’ 
fin i?n and 180 dee. or a time sequence of t = 0, 53, 105 and J-tc ysec. oy exam 

ining the four fields in sequence, one can visualise the motion of the pressur 

field during ïhe first half of the screech cycle. A photograph of a model of the 

pressure field for 4 “ 60 deg. is shown in Fig. 2. 

A distinct feature, almost independenc of time, is the ^0 pressure line that 

runs approximately certa^times', to the edge of’the third 

jie^rfÄoSrFirf6" 
The line appears to radially bisect a series of roughly concentric waves which 

have opposite signs on opposite sides of the bisector. 

The concentric waves appear to expand outwards from the surfaces of the 3^ 

and 4th cells and travel in the upstream, downstream and outward directions wit 

their amplitude being modulated as they pass through the partial standing wave 

pattern shown in Fig. 3. 

Very near to the Jet and in a region bounded approximately by the Jet boundary 

and a line drawn from the Jet nozzle to the point, (x - 6.5 in., y * 3-5 in.J, one 

nn4-»<i fhnt two Drcssurc maxima and two pressure minima are being amplified and 

Sn5.5g;T«;'r«i of ?«...« «ma the concentric »... .y.«.» 1. displaced 

outwards by a half wavelength. 

Many quantitative and qualitative details may be extracted from the J^an-^ 

taneous pressure fields for the complete and "radiated" 

wav^distribution^along the previously mentioned Jet boundary traverse line, (a), 

and the near field traverse line, (b). 
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MOTION OP PRESSURE WAVES AT JET BOUNDARY, (y « 2 in.) 

Details of the convection of the pressure waves distributed along the Jet 
boundary at y » 2 in. are shown in Pig. 9. The curves show the time history of the 
axial displacements of the pressure maxima (Pi/3max^» the pressure minima (Pi/3m4n), 
the zero pressures and the t 3 *7.7 mb. contours tÜring three screech cycles.' 1 

/•?ne ma^ ^race motion of the pressure maximum that appears to start from 
the flange at time, $ » 0.5 t. The maximum pressure passes through two standing 
wave anti-nodes, which are located between the flange and the nozzle and Just down¬ 
stream of the nozzle, at times <)> = 1.5 it and 2.5 * respectively. The convection 
speed of the maximum pressure is reduced initially to about 0.52 of the speed of 
sound at approximately the middle of the 1st shock cell and the pressure peak passes 
>he anti-node near the 1st shock wave, at time, ♦ = 3.67 *. Subsequently the pres¬ 
sure peak passes the anti-node in front of the 2nd shook wave at * - 4.83 w, the 
anti-node between the 2nd and 3^ shock waves at ♦ = 6.00 x, the anti-node between 

thf rVnd 4 shook waves at ♦ = 7.17 X and the next two anti-nodes at * - 8.25 x 
and 9.34 x respectively. 

The convection speed of the peak pressure increased to approximately 0.72 of 
the speed of sound in the region of the 3^ and Hth cells. It will be noted that, 
in the region of the Jet between the nozzle and the 3rd cell, the peak pressure 
crosses anti-nodes at a time interval of approximately 41 » 1.17 x. 

The time position of the crossing points of adjacent maximum and minimum 
pressures with the anti-nodes have been Joined by a broken line to show the time 
lags along the Jet. 

, i.**' also be noted that a straight line can be drawn through the crossin« 
points of the pressure maxima with the anti-nodes. This line has a slope equal to 
the speed of sound, it is directed in the upstream direction and, when drawn from 
the 3rd shock cell, will intersect the flange at time, * * 10.5 x, which is exactly 
5 screech cycles after the convected maximum pressure left the flange. This is in 
agreement with the predictions of ref. 8 although one could more generally point 
out from Pig. 9 that a feed-back loop chosen between any two anti-nodes would 
predict exactly the same frequency. 

MOTION OP PRESSURE WAVES ALONG NEAR TRAVERSE, (y = 3.75 in.) 

The motion of the axial pressure distribution along the line, y * 3.75 in., is 
shown in Pig. 10 during the period of three screech cycles. It shows the divergence 
of the upstream and the downstream radiations of pressure from the 3rd shock wave 
position. The mean speed of propagation of both sets of waves is approximately 
equal to the speed of sound. It will be noted that the maximum pressure peak of 
the upstream radiation reaches the flange at the time, 4 = 10.5 x, and confirms the 
conjecture of the flange "feed-back loop" which was suggested by the Jet boundary 
pressure distributions. j j uuuuuai* 

CONCLUSIONS 

A relatively simple experimental technique has been developed to study the 
instantaneous pressure distributions of sound pressure in the near field of a 
choked Jet during a screech cycle. 

Measurements are given of the near field sound pressures of a 2.25 in dlam 
Jet when operating at a pressure ratio of 3.I and screeching in the axisymmetric 
mode with a frequency of 3170 c/s. ' 

A strong source of pressure radiation is found at the 3rd and 4th shock cells. 

The radiation at the 3rd cell leads the 4th cell by approximately l£ x. 

The near field pressure consists of partial standing waves formed by the 
interaction of shock cell distributed sources, flange reflections and a convected 
pressure field associated with Jet flow disturbances. 

Piow disturbances appear to be released at the first cell by the standing wave 
pressure field formed by the flange. aiding wave 

The frequency of the screech is consistent with flange reflection feed-back 
theory although it is noted that more general feed-back loops, which include anv 
pair of anti-nodes, would predict the same frequency. 

calculating feed-back loop times it should be recalled that tt 

wfi'StUI'b^nCef<Withlj the ^et aPPears to increase in the Jet directic 
local acceleration and retardation of the disturbance may occur in eac 

mean speed 
and that 
cell. 
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FIG. I MEASUREMENT OF NEAR FIELD 
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ETUDE DU B B U I T DES 

AVIOBS AU DECOLLAGE 

I. P. A. P I A H K O MARC 

Oil 1 W ES fflTTMAIJB 

1.1,- Introduction 
Lorsqu'on abords 1s problfeas du bruit crAs par la trafic aArisn autour das aéroports, la pra- 
nlbra réaction du grand public ont d1 incriminar la soteur. 

s»— nitr qua la so urca du bruit sst affactiTsoant la aotaur, nous dorons dira tout da suits, 
on anticipant sur las conclusions do oatts étuds, qu'au fait la gêna qua perçoit un obsorrataur 
plaoé sous la traça do décollage, est una fonction cœplaxa do dirors paramétras dont certains 
spécifiquement aérodynamiques c'aat à dira liés é la conception mina des avions. Pendant long- 
taaps la contrainte da bruit n'ast pas intervenue au stade de la conception des ariens. L'une 
dos premières données propres aux arions sur lesquels on a travaillé pour diminuer le bruit au 
décollaga Ait une procédure dite "antibruit" qui n'ast pas autre chose qu'une réduction de la 
poussée et par conséquent de la pente de montée. 

1.2.- Recherche du point de réduction 
1.2.1.- Position du problème 

loua aliona donc ooamencar par la recherche d'une trajectoire optimisée par rapport au 
point de mesure • D* problème poeé est le suivant. Un avion étant donné, ainsi qu'un 
point de mesure M fixé ecus la trace, noua cherchons le point de réduction K qui permet 
d'enregistrer an H le niveau de bruit minimal. Sur la fig. 1 (planche n* l), la trajec¬ 
toire est schématisée par les anglea Ql ï et 2. 0( ï est déterminé par le régime de 
décollage du (ou des) moteur (s). Quand à l'angleCk 2, sa valeur est arbitraire maie il 
est évident que pour minimiser le bruit en M, on a Intérêt à prendre t( 2 ■ o> Cependant, 
des règles de sécurité imposent une valeur minimale de °\ 2- 

Avant de regarder oe qui se passe sur la trajectoire de décollage, examinons le bruit 
en M lorsque l'avion effectue un survol horlsontal (voir fig. 2). Le bruit enregistré 
an point M à l'allure indiquée sur la fig. 3, en fonction de l’angle^ formé par le 
rayon sonore et la trajectoire. Le maximum ta est atteint pour une valeur ßm dont la 
valeur est en général comprise entre 130 et 130*. La courbe de la fig. 3, appelée ctuuqs 
sonore linéaire dépend de plusieurs paramètres qui sont essentiellement ï 

- le cycle moteur ou les conditions génératrices du Jet (P, T) 
- la vitesse de vol 
- la dietanoe h 
- le mode d'installation des moteurs sur l'avion 
- l'assiette de l'avion 

Im variation de ta en fonction de la distance suit la loi en 20 logjx , corrigés de 
l'abeorption atmosphérique, ta général, on peut repréeenter ta en PMb par K log 1 , K 
dépendant du cycle et de la taille du moteur. Pour l'ensemble des moteurs, on peut dire 
que K varie entre 20 et 30. 

Lorsque le bruit prédominant est le bruit de Jet la valeur de K est 

r b 20 +^&- 
* " * 435 

X , l'atténuation atmosphérique en PïûB par 1000 a dépend essentiellement du diamètre 
de la tuyère et de la pouaaée spécifique an vol £. . Lee valeurs de X sont données mit 
la planche n* 3. 01 

Lorsque le bruit prédominant est le bruit de ocapreeseur, K dépend de nombreux para¬ 
mètres tels que diamètre du ccmpresseur, vitesse périphérique, nombre d'nubes mais sa 
valeur est, en général, voisina de 27. 

1.2.2.- Critère d'optimal 
Si nous revenons à notre avion qui réduit au point R, il produira en M un bruit qui 
aura l'allure repréeentée sur la fig. 4 (plancha n* 2), en fonction de l'angle 0. ta 
distingue 2 tronçons de ligne. La première ligne (L1) est le champs sonore correspon¬ 
dant è la trajectoire initiale (angle <i). Pour 0 ■ ôr où 1# niveau sonore atteint une 
valeur IR, la réduction produit une discontinuité. Puis on obtient la ligne (L2) qui 
est la portion de champ sonore correspondant aux conditions de vol après la réduction. 
Sur (L2) on obtient le maximum RT provenant de l'angle d'émission max^. Le premier 
—atteint RR, nst inférieur è Hlm, qu'on aurait atteint s'il n'y avait pas eu 
réduction. 
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Cone ce qui détermine le bruit en M, c'est le mexims» du niveau sonore, il s'ensuit 
que le point de réduction cherché est celui qui entraine l'égalité de HR et HT. 

En effet supposons qu'on ait trouvé un point R (0 ■ Or) qui réalise l'égalité HR ■ HT. 
Si on avait réduit plus tôt, 1'examen de la ligne (Ll) montre que la première bosse 
serait diminuée, mais comme la distance HH2 serait plus petite la deuxième bosse NT 
serait plus forte, donc le bruit M serait plus grand. Inversement, une réduction plus 
tardive augmenterait la valeur de la première bosse, donc le bruit en M serait égale¬ 
ment plus grand. 

1.2.3.- Mise en équation . * 
On peut écrire que le bruit JV. sur la ligne Ll peut être représenté par : Jy. (O) - 
Hlm - Kl log &1. - gl ). Hlm est le bruit émis è l'angle d'émission maximum |9 ml, à 

la distance 1½ de référence. Kl est la valeur de K correspondant au premier tronçon de 
la trajectoire. & choisissant hl égale è ho, on simplifie le problème et JT (O) - Hlm 
- gl (Â).La fonction gl (/) ) représente le champ sonore sur le premier tronçon de la 
trajectoire dont l'origine (O) serait placé pouriAf» Nia. 

De sur la deuxième ligne (L2) le niveau de bruit peut être représenté par 1 

i/0 N2m - K2 log h2 
hl 

«2 f 
K2 n'eat pas égal à Kl car sur le deuxième tronçon les paramètres du moteur ont changé 
(réduction). g2 (A ) représente le champ sonore sur le deuxième tronçon de la trajec¬ 
toire. / 

Sur la première ligne (Ll), la bosse HR est obtenue pour 0r. Came A r ■ Or + Q( 1, HR » 
»Im-«1 (*r 1 

Sur la 2ème ligna (L2), la bosse HT provient ds/5 2m c'est è dire pour une valeur imß 
oèg2(p)-0. I i 
Dono I HT ■ N2m - K2 log ¿2 

hi 

L'égalité da HR et NT entrains done : 

lia - Nài - - K2 log ]& + gl (Or +¾ ï) 

1.2.4.- Résolution 
Sur la fig. 1 bis on voit que hl ■ NR sin (Or ï) 

h2 - NR sin (ôr + << 2) 
soit h2 - hi sin (Or »<<2) 

sin (ôr + 0(0 

L'équation devient donc : 

■l.-»*- + Kloggjj-j£±^+g, (Or + 0(l) 

la résolution est possible par itérations. On résoud d'abord l'équation : 

Hlm - H2m - g, (|>rl) 

Graphiquement, ainsi qu'indiqué sur la flg. 5, on obtient une première valeurß ri. Puis 
on cherche une meilleure approximation j)r2 par l'équation Hlm - N2a ~K2 log sin 

m g1 jßr2) et ainsi de suite. Trois itérations suffisent en général ¿wx donnernitfP* 
leur /7 r cherchée. 

Le niveau de bruit en M sera Hlm - gl (ßxj, alora que sans la réduction il aurait été 
Hlm. Le gain obtenu grtce à la réduction est donc gl (^r). 

»Wffnw tréq.liB2£fepti 

£1 convient de remarquer que le champ sonore gl (ß) (fig. 5) correspondant au premier 
tronçon de la trajectoire est différent du champ sonore obtenu pendant un survol hori- 
sontal. & effet, pendant la montée, l'assiette de l'avion est différente de celle du 
survol en palier et ce fait modifie le champ sonore (déplacement de l'angle d'émission 
maximale et variation de la forme). 

De mine la valeur IW, maximum du niveau eonore pendant un décollage sans réduction est 
différente du maxima, pendant un vol en palier à la même distance toujours à cause du 
changement d'assiette. ¿1 pendant le vol horizontal le niveau de bruit est représenté 
pariMh (Ä) « Ha - g (Ä ), pendant la montée (è la même distance et même vitesse) le 
niveau de'bruit est domé par(/|f r (|J ) » Ita - Kl log sin ^ + ^ ~ g ^J 

(tm) tîirr 
est la différence d'assiette. 

Le maximum de j/h est las mais le maximum imjf est voisin de 

} h car (la est de l'ordre de 130* è 150*. (g (fm) - 0). 

- Kl log 
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fl—BUE iiBttUBte 
L'angl«|J Mt l'angle correspondant au point où le hmit a Àtf et non paa l'angle 
du point où se trouve l'avion au acaent où l'on perçoit le niveau de bruit. 

1.3.- Conséquences 
1.3.1. - laper tance du chanp sonore 

On ranarque que pour déterminer le point de réduction optima, il faut qounaitre le 
champ eonore de l'avion an vol. Le gain augmente lorsque la ocurbs gl (O) est pointue. 
Or le cheap sonore dépend également de la géoaétrle de l'avion, du mode d'installation 
des réacteurs en particulier. C'est donc un domaine où l'avionneur peut agir pour dimi¬ 
nuer le bruit de l'avion. 

Toutefois l'importance d'un supplément de gain apportée par un "ben" <*—p sonore est 
faible. A titre d'exemple deux champs aonorew extremes connus actuellement donnent l'un 
9,3 et l'autre 8 PMdB de gain de réduction, la différence n'est pas négligeable en soi, 
mais relativement au gain total do 9 PH AB, elle eat secondaire. L'intervention du champs 
eonore peut être primordiale pour le motif suivant. C'est le champ eonore qui détermine 
le point de réduction. Un champ eonore aplati conduit ù réduire trop t8t. Ûr il peut 
arriver que l'avion ee trouve alors à une altitude où des normes de sécurité interdisent 
toute réduction. L'avion ne pourra dono réduire que plus tard. Or on verre plue loin 
qu'une réduction tardive (plus haut que l'optimum) fait perdre une grande partie du 
gain potentiel. Cette situation peut se produire sur des avions peu motorisée, ou spent 
une faible finesae lors du décollage. 

1.3.2. - Niveau de bruit en N 
1« niveau de bruit en H eat 12m - ü. log £2. Lee deux facteurs qui le déterminent sont 

hl 
d'une part H2a, la bruyance propre aux moteurs pour maintenir la pente0( 2 fixée, et 
d'autre part l'altitude h2 atteinte. D'où t 
1ère conséquence évidente - Pendant U première phase de montée (avant réduction) il 
faut atteindre l'altitude la plus haute possible. Or cette altitude dépend presque en¬ 
tièrement de la conception et des performances aérodynamiques de l'avion. Lee paramètres 
qui déterminent la longueur de piste, c'est è dire le taux de motorisation, la charge 
alaire, la traînée, et le Csnax. ainsi que les paramétrée qui déterminent la pente de 
montée initiale o'est è dire taux de motorisation et finasse ont donc ure Importance 
primordiale sur le niveau de bruit an N. 

Deux autres paramètrea qui interviennent sont la vitesse de montée choisie et la confi¬ 
guration des volets. U eat évident que pour monter avec le plus grand angleO( t, il 
faut choisir la plus petite vitesse. Les normes de sécurité Imposant une vitesse mini¬ 
mum V2 «ala pratiquement la plupart des avions choisissent une vitesse économique plus 
forte (+ 10, ♦ 15 ou mine 4 20 KTS). La configuration des volets n'eet pas choisie peur 
rendre h2 maximal mais par d'autres considérations. En fait dans chaque cas particulier 
il y a lieu d'étudier la configuration optimale des volets pour minimiser le niveau de 
bruit au point de mesure choisi. 

Le moteur intervient uniquement par la variation de la poussée en fonction do la vi¬ 
tesse. 

2ène conséquence - C'est le niveau du bruit du moteur è régime réduit qui eet détermi¬ 
nant. Tous les efforts pour réduire le bruit du moteur à plein régime sont inutiles 
s'ils n'ont pas d'effet sur le bruit du moteur à rAHirit (après réduction). Ils 
peuvent mime devenir nuisibles s’ils dégradent les performances du décollage et de la 
montée. Cela est vrai uniquement pour le bruit sous la trace de décollage d'un avien 
utilisant une réduction. U eet évident que pour le bruit latéral o'eet la bruyance 
è plein régime qui importe. 

Nous touchons ici le problème olé des silencieux qui créent une perte de poussée au dé¬ 
collage donc dégradant les performances de décollage et de montée et dont l'éffioaoité 
acoustique diminue en général è faible régime. Il s'ensuit que le gain obtenu grioe aux 
silencieux sur les avions est toujours limité, et, on deçà de oe que donne lee silen¬ 
cieux au point fixe. 

1.3.3.- Niveau de bruit sous la trace t 

1m problème traité aux paragraphes précédents permet de minimiaer le bruit en un point 
donné M. Mais il est indispensable d'examiner ccement évolua le bruit ailleurs, aous la 
trace, lorsque la réduction est effectuée pour le point M. Appelons '¿X, la oourbe qui 
représente le niveau sonore an fonction de la dis tance au point "lâcher do freins",la 
trajectoire comportant une réduction optimisée pour M (of. fig. 8, planche n* 4). 

Il existe sous la trace un point C tel que CS fait avec le premier tronçon de la tra¬ 
jectoire, l'angle/Sim d'émission maximale (voir fig. 9). four tous les points situés 
avant C, la réduction n'a aucune influence sur le niveau sonore puisque celui-ci est 
déterminé par l'angle d'émission maximale, rencontré avant que la réduction n'ait eu 
lieu. La prolongation de la courbe 6 M on pointillé (fig. 8), représente l'évolution 
du bruit, pour une trajectoire de décollage sans réduction. C'est donc la courbe Cas . 
Le niveau sur Cja varie comme Kl log 1 . 

distance au point Jll 
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U point C Mt <Utanin* par t 

ou 

I coa Or 4- aln Or cot« ( Ÿ In + 0kl) j 

Y la > O - fia 
f r ■ Or -f •Il 

Pour an point P queloonqua alto* antra C at K, la niraau da bruit aat doond par la pra- 
altea boaaa o'aat k dira la niraau aonora dala an R, car la rdduction aat falta trop 
tard. 

Soit ■(?) la bruit an P. P* un point to la in da Pf A I * X (P* ) - ■ (ï) ^ 0* I* Rlaij 
nation du niroau aonora da P k P* parriaat d'una part da 11an«nantatlon da l'an«la a 
(poaaam da P k P*) at d'autra part da l'auMitatlon da la din tanca du point k la 
drolta Al (paaaaga da P" k P')* Soit Al - A d . 

Cohm an C, f > ^ la (angla d'dalaalon aaxlaala) at qua ^ In) - 0t la rarlatlon 

du nlvaan aonora an point C proriant uniquaaant da la rariation da la diatanoa (ooana 
Kl Io« l/diatanoa). 

h d'autraa tanna In courba 4« aat tanganta k ¿oo, ou bian ou paut dira auaai qua 
la taacanto k wK varia k* façon continua au point C. An dalk du TOiaipaga da C, la 
panta aat aaaaa forto at proriant aoaantiallaaant do la rarlnticn da o • 

Pour un point Q, aitud aprka la point N, In rdduction aat falta trop tdt, donc la ni¬ 
raau da bruit aat ddtandnd par 1'angla d'dalaalon aaxlaalo 0 & (2bna boaaa). 1« ni¬ 
raau acnora but oatto partia da I rarla ocana K2 log 1. c'eut k dira plu* faiblaaant 
qua aur C . iuQ 

Catta analgaa aontra qu'on I la panta da UM aubit una diacontinultd. 

Sur In flg. 8, on roit eoanant oa plaçant laa diffdrentea courbaa ^N. U courba S* 
raprdeanta la liou doa niroauz aoncraa nininiada (oa n'aat pan une anraloppa k cauao 
daa pointa anguleux). 

La rdann daa oourbaa M ont fonction, pour un arien donad do : 

- In température oxtdrioara 
- l'buniditd de l'air 
- la aaaaa do 1'arlan au ddoollage 

Ca dernier paranktra modifie profouddnant la rdaaau. In coanaiaeanoo pour chaque arion 
de tou* loa rdaeaux doa courbaa ÇM parnottrait d'axploitar, au nioux, loa poaaibilitda 
do In réduction et da lea adaptar aux ataea d'habiUtlona proproa k chaque aéroport. 

Actue llenant loo arion* poaakdant une procédure antibruit atandard qui aat la plu* ■Du¬ 
rant un* rdduction k una altitude donné*. 

In ocnplkta daa pointa da réduction optlniado parnottrait un* naillaur 
protection d* la population an ohoialaaant une procédure an fonction d* la cOn* k pro¬ 
téger *t égal want an fonction da condition* ndtiorologiquaa *t d* la nasse d* l'arion 
au ddoollage. Happalona anoora qu'on paut dgalraant obtenir un* réduction du bruit on 
optimisant la configuration da 1'arion (relatai. 

U problbna dent now parlona loi ont différant d* celui traité dan* lea paragraphs* 
précédants ou nous arena réaolu un prohiba* local, asaocié k un point unique, la pro¬ 
tection d'un* sena habité* aat un prohibas global. La solution dépend non seul sonnt 
da la configuration géenétrique d* la sono considéré* nais égal suent do la densité da 
population. Far ailleurs il 7 a une difficulté k la bas* c'est la définition nfa* du 
bruit au dessus d'uns son* habité*. La. solution dépend donc égal—ont d* la 
définition choisie. 

1.3.4.- Prohiba— d*- 
L'examen rapid* do la fig. 8 montra imnédiatasnnt qu'une réduction fait* trop tôt 
(oourbo G R) donna an M un niroau sonore légbranent plus élaré que la "bonne "réduction. 
Mais si la réduction est fait* trop tard (courba'G Q) alors l’augmentation du nirenu 
sonor* an M est très imper tanta. C* qu'il 7 a d* remarquable c'est qu* 1s différence 
ds bruit produit* par loa 3 réductions voisines est faible partout sauf précisément au 
point M où l'on oharoh* k minimiser la bruit. 

Si la réduction est fai ta trop tSt an R', la bruit an M —t donné par la 2bna bossa, 
dono la variation Al* - 1' - I -t K2 AhZ (2,3-Log 10). 

2,3 h2 

Mais ai 1* réduction est fuit* trop tard on R", 1* bruit on M aat détondné par la Ibr* 
boaaa, soit l'éudasion fait* an R". La variation provient alors daAR- A« *t l'on a 
& X" - - I - ■ JÜlL A® • 8,1 flalt pilota réduit non pas k la vue d* 

l'angl* sous lequel il voit lo^point d* mesura mais k un* altitude imposé* s. 

loua allons oaloularA ï* *t Ai* pour un Al donné. 
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En posant s - distança da H au aol, on a HH2 ■ h2 ■ hi aln ( tr - 4¼¾) soit 

4M - ____ • Co—• » - hl Hait - W aln (Px-4\). 
h2 ainf) r aln (Br - +M2) alnflr alnflr 

Aa, 0(1 Lp r 
aln^r. aln (^r -C^t) 

, on trouva alora i 

Réduction trop t«t : A1' - ß -«<2 aln [fix A» 
2,3 Õfl aln {fir *%i) a 

Réduction trop tard iAl" aln (<lr -*1) aln^f Al 

es qui donna Üi aln fi r aln (ft r - *1 + ^2) 
( «U - «2) 

Application à la Caravi 

A ï 

If “ 
lût m « on trouva 

7,4? 

A ■* -26,7 Al 
a 

Soit pour un# arraur d'altituda da 10 

A >'# 0,7 nie 
à *"+2,1 PHDB 

La planeba n* 5 aontra ia bruit anraglatré lors d'un réoant assal da la Carsvalla. L'al¬ 
titude optinale calculés da réduction aat voisina do 2060 ft. On voit qu'un légar re¬ 
tard dans la réduction (arraur d'altituda da 20 ft) angMnts lo nivaau do 2 HB alors 
qu'una réduction '‘rts préas tu .*és (écart da 180 ft dana l'altituda) n'an^anto la nivosa 
sonoro que do 1 0b. 

Ce phénanfcne est una dea raisona de la grande dispersion dos nesurss de bruit das 
avions au décollage. Il suffit que la pilota réduise légfcranent trop tard pour qua le 
résultat do la assure soit déoalé do beaucoup vers las niveaux élevés, bt fait, oa 
décollage peut aa produira pour d'autres raisons. On a vu que la point do réduction 
cat déterminé par l'angle sous laquai on volt l'avion. Or loro das aséala l'angle op¬ 
timal peut être modifié par une rafale ou tout autre souvanant instatiounaire qui 
aodifia pou la trajectoire ou l'aauiotta de l'avion à l'instant da secure, nais à une 
forte influence aur l'angle aous lequel on la voit. Cast la raison pour laquelle nous 
pensons que toute aesure faite lors d'un décollage avec réduction doit Itre contrôlés 
an un ou deux points do noauro situés ianédiatenent après la point do saaura (de l'or¬ 
dre de 100 at 300 n an aval). 

\ .3.?.- Extension 
On peut sa demander al loa résultats obtanua par une réduction ne peuvent Itre étendus 
par des trajectoires plus compliquées. La problème la plus général serait de trouver 
une loi de réduction prograasivo. Mais il aat évident qu'una talla solution serait 
inapplicable pour la pilota. Revonona à l'équation qui détermina Ar t lfa - Ija - 
K2 log ain^OL + ^lj^ gl («r+1(1). 1 

nena cette équation la terme K2 log Bin Pr _ est un termo correctif pour 
ais (flr - A(l + 1(2) 

tenir compta du fait qu'una réduction fait perdra do l'altituda à un avion. 

Donc la rechercha de la trajectoire la plus sophistiquée ne ferait gagner que cette 
quantité K2 log aln .¿T__ . 

sin (fr -ill +H2) 

Or cette quantité est en général petite via à via da 1½ - Bas. On peut dira que lia - 
112a est la gain potential maximun (de toutes las trajectoires possibles) at qua la gain 
réel aat diminué d'une quantité qui dépend do la trajectoire. 

Rs^aüi 

Ceci aat an défaut dans la cas rare suivant > 
lorsque Hia - N2m aat très petit, la recherche d'u/>» réduction optimisée conduit à 
£v>90* et dans le caa, la gain réel aat supérieur à Him - 12a car alors h2> hl. 

Four Juger néanmoins de l'intérêt éventuel do trajectoires plus compliquées, nous avons 
étudié lea possibilités d'une double réduction (planche n° 6). 

Las inconnues sont alora t ©ri, Qr2 et &2. 

Les mimes raisonnements qu'en 1.2. donnant lea équations suivantes > 

Ni. - »Za - K2 sin (©ri +«U) . gl (©ri ♦ *l) - g2 (0r2 + ^2) 
sin (©ri + 2) 

N2b - NJ. - (K2 - K3) log sin (Cri +«2) K3 log sin (OrC +*2) g2 (0r2 +0<2) 
aln («ri +<l) aln («r2 +8(3) 
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Com il y « d«uz iquationa at 3 Inconnu—, il fni — fixar ona —laor da012, résou¬ 
dra 1— 2 dquatio— par itératioa (calcular ârl at Gr2) puis fuira variar Q( 2 at ohoi- 
alr la valaur qui dama la plus (randa valaur da (1 (Orí +0(1), qui —t la gain. 

Sam la o— da la Caravalla, on obtient arec la doubla réduction un aupplé—nt da gain 
da 0,6 PbdB. U racharche d— trajactoir— da nantde pl— ocapliqué— q— la aiapla 
réduction peut préaantar b—uooup pl— d'intérêt dam la ou ob la chaap aonora —t très 
aplati at ob u— aUqpla réduction conduirait à perdra beaucoup d'altituda. 

y .4.« ProblèaM d'unité d§ —tirt 
loua aro— aff—tué la recherche du point da réduction dam la eaa ob l'unité de —aura —t la 
Pldl. lia no— r—te —intaoant à az—lnar — qui — paa— ai l'on travaille — eff—Ufa PW* 
(ms). On —it qu'on obUent la niveau aonore «n BPKDB — ajoutant algébriqu—ent au niveau 
an FldX, u— correction de non pur at une correction de durée. 

On p—t incorporer la correction de aon pur dans 1— niveaux de bruit at tout— 1— analya— 
-•w—Kfc. fait— r—t—t valabl—. 

1« —R—tien de durée propoeée par l'ISO —t 10 log 4l ob At —t la durée pendant laqualia 
Te 

la niveau aonora —t ooapria antre la niveau —ria— et la niveau —ría— - 10 PBdl (ou - 20) 
et 1b —t u— oo—tanta da taupe égala à 13 second— (ou 30 a al on prenda - 20 PUB). 

la— loi la foraule approchée de la correction de durée dont la fu—latloa exacte 
o—portant u— Intégration — prêta —1 au calcul. 

1.4.1.- U— allô— dénontrar — praaier résultat préliai—ire. la ocr—Uon de durée ad—t 
— relatif looraq— la réduo tí. on —t optiaiaée. 
Ko— faro— la dé—tration graphique—nt oar o'eat la aéthoda la pl— claire et la 
pl— rapide. 

Sur la r1”1"1»* n* 7, en volt 1— deux tranço— de trajectoire, la point de réduction 
optia— B, la point de —cura N. Sur U partia inférieure —t représenté la niveau 
aonora an faoe du point d'éal—ion. 

fe particulier 1— 2 bo— égal— proviennant d'une part da K et d'autre part du point 
1 (angle d'énlaaioa —xi—la * te), la prenant - 10 PMB — de—o— d— deux boas—, — 
trouva la trajet iSB correapondant an teaps At cherché. 

Si la réduction —t faite trop têt en U pre—hre bos— —t dial nuée de b—uooup 
et la aeoonde au—enta p—. la point T vient — 1' at B — B* (conservation d— angl—). 

Plan qu'on "voit” q— A' K* B'< AKB no— allô— la dénontrar pl— rigours—a—nt. 

AS - MH1 (ootgê) - ootg^f) 

SB - «1 ain ( A r - <(1 + 0(2) | (-tgf ♦ -tg ( ^ r - <1 ♦ 0(2) J 
alapr ' 

Or dLi - <2 — t uns quantité patita (devant ßr). On peut do— écrira > 

sin (^f - 4k 1 ♦ ê(2) - alnß r - ( Kl - iU) coejl r 

ootg (j^- Kl ♦ K2) - ootgp r + ( Kl -Ks) (1 ♦ cotg ß r) 

On obti—t alora i 

iSB • AS + SB > MH1 I (cotgtü ♦ ootgè + ( K 1 - K2) (1 - ootg è ootg^ r) j 

Sa— cette axpra—ionM —t déterminé par la oondiUon t 

Bruit proven—t de A - Bruit max - 10 - Sin - gl W ) 

Da— la o— da la réduction optimale la bruit aax —t Un - gl (^ r) 

Pama — ou on a do— gl (té)) m 10 + gl (ßr) 

—t déterminé par g2 (Í) • 10 

Si on affect— u— réduction prépaturée — S', o'—t U deuxibae boa— ï'2u qui don— la 
niveau aonora nyi—1 donc ■ 0 on a alora t . 

A(ABB) - »1 1 - (1 ♦ —tg2*t)AW+ (Kl - l(2) ootg¿ (1 ♦ —tg2^»)Apjj à|-t 

négatif. ' 

Quant à W ' -UÍ+ÒW U —t déterminé ooa— on a vu par lin - gl (W) - l'fe - 10 

Ce—a l'2dF »o- - log h'2 
h2 

gl (M • ) > K2 log £12. ♦ 10 + gl ( A r) - K2 log + gl (M) 
h2 ' h2 

Coa— h12 ✓ 1 (réduction pré—tarée) 
b2 

gl N')< *1 (<*)) do—AM^O 
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Il ■'«■nit qua A (IBB) < 0 at 1'on pant dira qua la oorraotlon 4a diaréa dlajaaa Ion 
d'un rdduotioa prdaaturda. 

SI la rdductlon aat falta trop tard an B", la pmilra boaaa aat aucMntda da haannoun 
at U aaconda dlalana Idgiroaant. — 

La point f riant an r (oonaamtion da 1'andaí 2n). Mala l'aad« í n'aat pina eonaar- 
Td oar o'aat la pn-ikra boaoa qui aat la naxlaua. La point B riant an B- arao 6 m7T - 
(ta volt ancora oua a"B»B" < ABB. La oaloul donna i w ^ • 

A (ABB) . (1 ♦ oot«2M + oot«4 ) j (kl - <2) oot4_- 1 |a£ ♦ 
(Üi-^ÂÎd + ootd^Ag ( ^ > 

Búa oatta azpraaaicn4A)>0 dono la contribution dediaitua ABB. 

M>0 dono la oontrlbutlon daAÎ dlainua dBB oar -1(2) notfÄ-^ 1. 

Sanl !• tana contoMntá® aunante ABB aaia aon Influanoa aat nddl«aabla à oauae da 
Ql 1 - 0(2 qui aat pâtit.' 

Dono una réduction tardive fait dgalanant diminuer la oorraotion de durée. 

dénontré oua 1 
tlon opvlnlaéa. 

1.4.2.- La prohiba« aa poaa lono de aavoir al la point de réduction optlalaé avec laa FBdB reata 
la mina avec U ooiraotion de duré». 

Btant donné la forte augaentation du niveau aonore lora d'une réduction tardive, la dé¬ 
placement du point do réduction ne peut aa r-odulre que vara uno réduction prématurée, 
raquai oae il aat poaaibia A priori qua la diminution de la oorraotlon da (tarée oonpenae 
l'aupentation du nlvaai aonore. ^ 

Boue azaalnarona aoraalramant oa ou an aimpliflant l'axpraaaion ■ hl | ootgltf* 
00**i + ( ~ k2) (ï - cot«¿ ootg^ ) I dana laquelle noua na«ll«orona lo tona 

ooiqprraant ( 0(l - 0(2) qui ut petit devant loa deux autraa. Coane la réduction aat 
préaaturéa la nlvoan aaxlaua du point do meure M, proviant de l'angle d'émlaaion aa- 
xinal (point T de la plancha n* 7). Ce niveau aat - K2 lo« h'2 . la oorraotlon do 

durée oorraapandante ut 10 log (A'B'B') . Bou charobon. dono ulaxl.. de la fonction. 
TTo 

y ■ *^ - B2 log ♦ 10 log (A'B'B*) + C 
hl 

Bn dérivant par rapport à ß on obtient 1 

ilogBîii 15_ (ï + cota? U) ') 
d^ ( hl ) - ^ ¿¿t?¿'Tootgt 

Or MJ ' ut déterminé par la condition t 

Bruit provenant de T' - bruit provenant de A' - 10 oa qui donna l'équation 

«1 (W ') + I* - Il - 12 log . 10 
hl 

¿Wl 

ar 

d'où 

if ■ 
M (W') 
dH' 

Soit « ' _ 

if -dfí1"*“ JA 
3 

(1 ♦ cot«20>')_ 

) (ootgH)* 4- ootg j ) <“•) 

où Q Mt ce 

] 

1.4.3. 

î"** “‘f* • «t connu on obtient l'équation qui détermina 

^“*7* ”, **** Ö“ ^ 1«« “Ue en PHDB. i'ezlatanca de catta eolution 
dépend du ohamp^aonore at daft r. U n'aat pea dana notre propu d'examiner tou lu 
oaa poaaiblee. Sígnalo» touiafoia à titra d'exemple que pour la Caravelle III il 
ân*HmB! ^ d* •0luti0n, ^110 U adduction optimale en EPMDB aat confondue avec calla 

■ Importance de la correction da durée 

T0ul0“ ****** «!«• !• gain de la réduction en 
îWblÎL,U *n î*1®’ ** ,ff,t lor»lu* l’Solution du bruit en fonction du 

trapa préaente deux boanaa. la correction de durée aat plua grande que loraqu'il v a une 
™ rraarquabla c'rat qua 1. différent «W^ct^TL duîéî 

avec réduction at oorraotlon da durée «ans réduction" ne dépend quasiment naa du ch»m 
aonore a^a raulrarat du gain d. la réduction an PHDB. Hou. KïïS Hn^ÏT 
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•n fonction d« ^ H «n PNDB pour Im quntro ohnpa «onorM do lo ploncho n° 24. Uo 
rioultoto tont sur lo ploncho n# 8, ot toutM Im courbM sont i l'lntériour do 
la tono hoc burdo. Lo porto dflo à lo corroction do durdo Mt trdo inportonto puisqu'olio 
roprdsento omriron un tiors du gnin on PKDB. 

2.. CALCUL 1» Gill OB U & 

2’1, fcí'iwono'mB^S^diiño lo prooikro partió coouont ddtorninor lo point do rdduotion optioun ot 
cortoinM conat iuoncM do lo rdduotion. Bous nous proposons d'oiooinor quols sont loo «sino poo- 
aihlM qu'on pout obtenir grâco à lo rdduotion. 
Bous OTons tu quo lo gnin potontiol Mt Big — Boi» C'Mt done lo bruit box du notour ou rdglao 
do Boina lo bruit box du aoteur à rdglae rdduit. Bta no ddpend quo du BOtsur. teant 
à Bd-, il ddpond du notour, do l'ongle do aontde rdolduelleOt 2, do la finoMo do l'orion ot do 
la Motorisation. Bn toute rigueur lo Titease do l'orion intorriont dgoloaont nais pratiquement 
ooMM lo bruit entro M ■ 0,2 et H ■ 0,3 no Torio qu'au plus do 0,3 HMB ot quo d'autre part 
tous loo sriona ont dM nombres do Bach do nontdo oonpris antro 0,21 ot 0,23, on prenant N ■ 
0,23, on fait une erreur tout à fait ndgligMblo (infdrieuro à 0,1 PBdB). 

Los paraadtreo qui entrant on ligna do oaopto sont i 

ofitd botour t cycle 
oAtd srlon t angle do nontdo rdoiduelle'* 2 

finesas pondant lo nontdo 
taux do BOtoriMtion 

Pour pouroir calculer B2b Ü f*ut mtoít ocoMt rario lo bruit du notour an fonction do la 
pouMde. Bous oTono donc dtd conduits k dtudior lo bruit do Jot, lo bruit do c coprosa our ot 
ccaqpoeer 1m deux bruits. 

2.2.- Calcul du bruit do Jot 
2.2.1.- Bruit do Jot au rdgiae maxi 

Pour 
YLU n1 
lo cono comoti on apdeifiquo 

lo calcul du bruit do Jot nous orons utilisé la adthodo 3BBCM4 (note toehniaio » 
n# 169) qui donno lo bruit do Jot m fonction do la pouasde spdcifiquo (P/D), do 
maaoBotion spdcifiquo Cg et du nombro do Koch do rol. 

Bous oTono slnplifid do lo aonikro ouironto t 

- nous orons pris lo Noch do roi égal à 0,23 . 
- noua orons pria lo consoaaation spdcifiquo fonction do Po/Do. Bn effet ai on traça 
pour tous 1m moteurs existants Ci on fonction do Po/Do. (plancho n* 9) on s'aperçoit 
qu'il existe uns corrélation (asaaz asúralos d'ailleurs). 

HéaMOins on prônant une oourbe moyenne 1m écarta par rapport aux points oxtrknse sont 
lea sulranto t 

- ~ fofßo * *t 700* r 600 « *500 t 400' « 
t_j_J_J_5_1 

I Ecarts ! + 0,5 J ♦ 0,5 ¡ ♦ 0,4 | ♦ 0,5 ¡ 

s PBdB « - 0,4 J - 0,5 I - 0,4 « - 0,4 i 

» »_l-1-«-1 

On peut donc dira qu'm nous plaçant sur la ligne noy anno nous représentons lo bruit du 
notour moyen à ♦ 0,5 PBdB prko. Botre étude garde donc toute m râleur on tant qu'étude 
paramétrique, fe conclusion on pout traoer 1m courbM représentées sur la planche n» 10 
où $ Mt le diaaktre do la tuykre en b. 

2.2.3.- Poussée ot débit enrol — . 
te général un réacteur Mt caractérisé par m poussée su point fixa su sol lu. w on a 
besoin do connaître m poussée on rol. U planche,-* •• --’/*“ “ ^ ~“hT 
do Hoch ot do Po/Do. Lo débit Mt donné par D_ . 

Do 
du débit rdduit arec ritesse do rotation oonstanto (planche n» 12). 

i,n* 11 domo P/Pojn fonction du nombre 
(conserration 

Pour connaître lo bruit B^ , il nous faut connaître lo débit du notour on fonction do 
la poussée, te étudiant 1m caractéristiques do différents acteurs nous nous somma 
apperçus que pour tous les aoteurs Z / XL ** fonction do P/P1 suit uns loi trke roi- 

sins (nioux qu'à t 3 5* prés) ot quo oette loi est pratiquement linéaire. 

la r1*""*» n* 13 représente 1m lois do plusieurs noteurs, U plancha n» 14, la loi 
aoyenns retenus. 

L'ensemble dM doméM nous peraat do calculer lo bruit Bfe oorrospondsnt à la poussée 
P2. teoffotß. (JfsfinoMo). 

te sa fixant 0^2 ottf on oonnait ¡2 ; d'où F2 . 
* a» Fl 
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la plancha n* 14 donna alora Jj| / £L * O* calcul* 

ZL.IL.&z& 
Dl Jb * Do Dl 

n/Vo aat doanda par la plfMha a* 11 
to/Jh aat un paraahtra JnCd) 

- nicr'^^ (p Dl/Do - (1 ♦ (planta a* 12) 

Coanaiaaant jQ at 12, on pout oaloulor par la plancha 10. 
D2 

2.3.- Bruit da o<avraaaour 
2.3.1.- Calcul du bruit de oonrcMcur au rdcLaa aaziauB 

loua arena utillad la aéthoda SAB AU 973 nodlfida par la SUCHA par l'introduotlaa d'un 
factaur da ocaroetion (R. TUA 1' 169) pour laa aotaura doubla fin. 

D'aprèa oatta aéthoda la niveau marinai linéaire à 300 a oat donné par > 

l(nOB) - 20 lof $ 4- 46 Io« M Oa - 75 
n 

Soit : 

I - 10 log r - - 15 + 46 loe Oo - 10 lo* J) - 10 lOf 2 
a D 

Pour repréaanter un moteur typa noua arona pria Da . 425 a/a at £ - 170 ke/a2. Coa ra- 
a 

laura rapréaontant une bonne noyanno parai loa aotaura ainai que la montra la plancha 
n* 15. la fbotaur do convection pour la bruit aral du ooapraaaaur cat dana coa oondi- 
tioaa da ♦ 3 PIDB. Ca peut donc ropréaantar 1-10 log F en fonction de Pg. (planche 

Do 
a* 16). Cn voit qm dba qua Ü2, oat inférieur & 490 a/a la bruit de oompreaaeur aval 

Do 
aat aupériaur au bruit de jet. 

Etant donné la ooaplazité du bruit da crapraaaaur, qui dépend d'une multitude do para¬ 
mé trae (ritaoaa périphérique, noabro d'auboa, noabra d'étague, écart «a ant rotor atator, 
préoanca do la roua diiaotrloo d'entrée) la réeultat auquel noua arrivona doit être 
traité avoo beaucoup do préoautloaa. Il ne faut paa trop a'attacher aux ▼aloura aboo- 
luaa aaia oonaidéror plutôt laa "tendancea" ot laa *ordraa de grandaura*. 

XI n'aat bina entendu paa paaaible da préaantar par una a aula oourbe la bruit da ooapree- 
aaur do tona laa aotaura. Laa aotaura olaaaiquoa (JT 8 D, JT 3 D) ae placent oapondant 
trio bien but notre courba. 

2.4 

2.3.1.- Bruit do ooapraaaaur aux régla— réduite 
T ‘ iTia— do pluaiaura aotaura (voir planche a* 17) aontre qu'on p—t prendra um loi 
aoyuoM de variation de la pouaaéo — fonction du régi.ne. On peut donc rapréoenter la 
variation du niveau de bruit de ooapraaaaur — fonction da la pou—ée. (plancha n* 18) 

la variation du bruit du réacteur — vol — fonction de la pou—éa —t repréaentée aur 
la plancha n* 18. On reaarqua quo pour un moteur tria dilué (Jtg, ■ 300 aolt un taux do 

(5 
dilution do l'ordre de 4 i 5) la bruit do Jet varia d'une façon tria volai— du bruit 
de ooapraaaaur. I. nlanoba n* 16 donna 1— aaxlatau On peut done o—binar 1— doux 
brui ta et voir la variation du bruit total — fonction da la pou—ée. 

Héoultata 
Un planch— n*e 19, 20 ot 21 
différ—t—, et<X2.0,06) 
( 

donnant la gain potentiel de la réduction (pour trola fin—a— 
fonction du taux do aotori—tion. fc—Inona la pi—(die n* 20 

i0). On voit que pour un avion équipé da jata nura|Fo^ 600 oh la bruit de 

—t négligeable et pour leaquela la ré—tour perd trio peu de — pou—éa — vol) 
la (aln p—t être tria laportant, aur tout pour d— gronda t—x da —tori—tion. Four d— avioaa 
équipée de —taure tria diluée (jg - 300 a oit un taux de dilution de l'ordre da 4 h 5) la gain 

(Do 
pot—tiel —t beaucoup plua faible, la rala— euentiolle —t la grande porta do la pouaaéo en 
vol par rapport à la poaaoéo étatique. Four o— aviona, al— ai — arrivait i aupprlaor entiè¬ 
re—nt la brait de ooapr——ur, la gain aérait —naibl—t la mine (noua avo— vu que pour JJg ■ 
300 la variation du bruit do coapr—aaur — fono tion de la pou—éa —t pr—que identique Do 
i callo du brait do Jet). 

I— aviona équipée de -taure —yaiai—it diluée (£g - 400 i 500 —it un taux do dilution do 
V fit 

l'ordre da 1 à 2) —t — gain relativa—nt faible, pl— proche d— —taure tria diluée qua do 
Jota pura. La rmlaon — aat que la bruit te compre—aur intervient de façon iaport—te ot —lo¬ 
tit la courba qui dono la niveau da bruit total en fcttotldr do la pou—éa. Four o— avio—, 
la gain ocrait beaucoup pl— iaport—t ai on arrivait à aupprlaor la bruit do ooapre—eur. En 



parti culi *r la courba pour ¡a » 500 aurait praaqua confondua arao calla pour - 600. 
Do Do 

L'influanoa da la finaasa paut Itra azaainéa al aux aur la plancha n* 22 qui doma la variation 
du gain pour doux points do fiaaraa (8 à 10 ou 10 à 12). 

L'influanoa da 1'angla do uontda résiduallaQ( 2 aat raprdaaatda sur la plancha a* 25 qui donna 
la dlffdrmoo du gain antro ‘X 2 ■ 0,04 at 2 ■ 0,06. On ramrqus sur los planchas 20, 22 at 25 
qua los lafluanoas du taux da aotoriaation, da la finassa at do la paute da sontda sont beaucoup 
plus faiblea dans la cas do réacteurs très dilués que pour las jets purs, oa qui vaut dira que 
pour las avions futurs équipés de réacteurs très dilués las différences entra las avions seront 
-très atténués. Pour nous situer rappelons qua la finassa d'un biréacteur est vhisins ds 11 

0,09) celle d'un quadriréacteur proche do 8,5 0,12). On pout faire la tableau do 

ooaparaleon suivant i 

Blaoteur actual 

§ - 500 à 600 È - 0,25 à 0,28 

Gain - 5 à 10 PHDB 

Binotour futur 

g- 500 2" 0,5 à 0,55 

dais- 4 à 6 PME 

Quadrimoteur actuel 

ÜSt « 400 à 500 Ib - 0,2 à 0,22 
Do ag 

Gain 0 FMB 

Quadrlnoteur futur 

Ä . 300 J - 0,25 à 0,50 

Oaln 0 à 5 IMS 

Los valeurs du gain que nous avons donné sont das gains potantiels e'sst à dira an faisant abs¬ 
traction du chanp sonore. Ions avons voulu axmlnar plus on détail quelle ast l'Influença du 
cluuq> sonars, lous avons pris pour chaque Pô un cisuç sonore différant (voir plancho n* 24). 

Do 
Sur la plancha a* 25 on voit la gain potentiel A So et la gain réel A 

> 

Les différences sont surtout laportsntos an valeur relativo pour la cheap 
fait que la gain réel peut être supérieur au gain potentiel s'expliqua 
vu par une réduction après la survol do l'observa tour (6?) 90). 

BRUIT DBS ÁV1GHS AU DECOLLAGE 

très aplati. Lo 
l'avons déjà 

Dans las paragraphes précédants nous avons vu l'iaportanoe de quelques par as ètras (tala qua Ib . ip \ 
sur la gain ds la réduction. Do ag ' 

Sous allons sisalnar loi quelle est l'influanoa de cas paranètros sur lo bruit au décollage. Bous nous 
liaitarons loi au bruit sans réduction, puisque lo gain do la réduction a été étudié. 

3.1Influence du taux da notarisation 
Four évaluer l'influanoa du taux ds notarisation nous avons été aaanée à calculer la trajec¬ 
toire do décollage. 

Bous donnons loi la résultat pour 2 types d'avion, dont roioi las caractéristiques qui inter¬ 
viennent dans la calcul de la longueur de décollage. 

Isr avion t Binotour, N - 470, Ci aax ■ 1,9, Cx ■ 0,065, Ce - 0,4, Moteurs i JT£ - 600 
S Do 

2èao avion i feadrlaoteur £ ■ 550, Cs aax • 2,2, Cs ■ 0,10, Os ■ 0,8, Mo tours ïb - 300 
S Do 

la plancha 26 donna l'évolution relativa du niveau sonore an fonction du taux da aotoriaation. 
Il s'agit du bruit sans réduction à 6500 a du point da Hoher doa freins. L'influanoa de la ao- 
torisation serait ancora plus grande si on prenait an ocapte la gain da réduction. 

Si on considéra un blaoteur de Fc « 0,265 alors 10 % d'augmentation gu taux da aotoriaation doz>- 
■g 

nerait un gain ds 2,8 FBdB. Four un quadrimoteur 10 £ d'augmentation du taux da aotoriaation 
(à partir do 0,25) donnerait également un gain de 2,8 FBdB. Avec lo gain do la réduction cas 
valeurs deviendraient 5,6 et 4 MdB. 

L'influanoa du taux do aotcrisatlon ast donc très importante. Lo taux do motorisation est 1s 
paramètre fornamental dans la détermination du bruit au décollage. 

C'aat la différence das taux da aotoriaation antre las bi et quadriréacteurs qui expliqua an 
grande partie la difference da bruit du décollage. 

5.2.- Influence du cycle du moteur 
Boa moteurs ainsi que noua l'avons vu sont caractérisés par la paramètre Fo . Four las avions 

Do 
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Equipé# da Mtaun simple flux (Fo 600j l'affat da r/0 aat donné approxlMtlTMant mr U 

plancha 16 (bruit do Jet an fonction da £2) car pour laa fortaa pouaadoa apéeifiquoa, 1'infin¬ 
ito 

•noa da mr la longueur da déeollaga at aur lt panto do nontéa aat fUUa. loua noua- 
Oo 

intéraaaéa plus purtioullhramnt aux quadriaotaura ayant daa Ito/Do Infériaura à 500. te offat 
daña oa oaa, una rarlatian do fo/Do doit ontralnar una anpMOtattoo du taux da notoriaatlon pour 
oonaarrar la pouaaéa on croiaibra. loua arona dono pria la taux da notoriaation variable avec 
Fo/Do. Four oela noua arona ohoiai la rariation de la pouaaéa «n croiaibra an fonotlon da Ito/Do, 
oonao indiqué aur la plancha 27. L'avion aat un quadriaotaur défiai au 6 4.2., d'une aaaee da 
150 000 kg. U point do naaura aat b 6500 a. Laa brui ta (aana réduction) aont dotaéa *■— laa 
tableaux el-doaaoua où laa flbchae indiquant ooanent il faut lira l'influença da Ito/Do. 

Brait da lot (pue) 

Bruit de ooanroaaour aval (PBdb) 

Laa réaultata aont donnéa aur la plancha n* 26. 

Laa quadriaotaura actúala ont un Fs vola in do 400 ( J f 3D - 3B) et un Fd do l'ordre da 0.21. 
Do 

I* valeur de 118,8 PBdB rapréoanta trba bien leur niveau de bruit. Sur la fig. 28 on retrouva 
**** Í“« raaplaoaaant daa réactaura actuóla par daa réactauia trba diluée n'apportera un 

trba grand gain aur la niveau aonora qu'à condition que daa progrba iaportan'n sciant falta pour 
réduira la bruit du oonpraaaaur. 

te peut eapérer una dininution do l'ordre 15 WDB ai on atténua la bruit da coapres*aur i» oatta 
quantité. Dna partie pourra être obtenue par daa techniquea étudiéoa dopula qualquaa —-<-7 dé¬ 
jà et qui aont : suppression de la roua directrice d'entrée, éoarteaont rotor-ata tor, dininution 
do la vitesse périphérique. 

Toutefois il sera inpoaoibla par oaa procédés d'obtenir dos atténuations 1aportantes. 

La suppléaient devra être cherché par daa traiteaonts acoustique daa conduite (aval et aaont) ou 
de aanibre générale par daa silanciaux de oonpraaaaur. 

Dos gaina suppléaentairea pourront Itre obtenus par la sumotoriaatlon (3 ISdB pour 10 1. 5 IMB 
pour 20 * de sumotoriaatlon). 



tafln ln tachnlqua da la réduction pourra domar ancora 3 
riada. 

loua TOttdrlona rappalar qua daa linltationa duna au bruit 
da« rdaotaura trka diluda, da aorta qua la thdm du bruit 
panda partia laa dtudoa da bruit à vanir. 

d'unité de Meure 
loua aUona anminar quallaa aodifioattona apportant laa ÎPBdB dans laa conelualona daa para- 
grapbaa prdoddanta. - 

loua avona ru qua la durda à prandra an oonaiddratloix aat ^ t - M. (oot««) + cot« Ò )¡h1 aat la 

dB, dana la oaa d'ariona tria aoto- 

da turbina riaquant d'intarranir sur 
daa partiaa toumantaa aliaantara an 

«n du point da maura à la trajaotoira. 

Or loraoua la aotoriaation croit, hl aupante donc la corraction da durda augmnta. Ba d'antraa 

ST«; STS»*«.*.. q~ K -»tr. 1. pUnd. ». fd r«U« à du. 
anoa da la aotoriaation qua noua arona ru aat beaucoup aoina importante an »'Han. 

la r1 *""*** “* 3° l'influanoa du taux de aotoriaation pour notre bi et quadriréacteur en 
FBdB et SPHdB. (sana réduction) 

On Toit que la corraoUon de durda anlbra anriron l/3 du gain apporté par la aotoriaation dans 
la oaa du biréacteur et la aoltid dans le oaa dn quadriréacteur. 

lorsqu'un arien utilise une réduction, las corrections de durées »°Bt 
oema noua l'arona déjà ru la préaano# da 2 boaaaa augmnta 1# tenpe d'axpoaitlon. Voici coomant 
érolus la correction de durée arec réduction i (bimoteur) 

Vo/ag 

i Corraction de 
«durée arec réduo- 
« tien dB 

J_- 

« Corraction da 
«duré# aana réduo- 
I tien dB 

0,2 

- 0,27 

- 1,27 

0,24 

+ 3,12 

a- 0,82 

0,28 

♦ 5,06 

+ 2,3 

0,32 

♦ 6,5 

+ 3.5 

0,36 

♦ 7,4 

+ 4,4 

Da 
la 

ca fait la corraction da durée anlàra beaucoup de ralidité à la techniqueda U Auction. 
tablTfn oi-deaaoua rappelle laa râleurs daña la oaa da notre biréacteur type 

io/ag 

« Qein de la réduo- 
I tien an FMB 

1-— 

« Qe<n da la réduo- 
« tien an EPNdB 

0,2 

3,4 

2,4 

0,24 

4,7 

0,28 

9,4 

6.7 

0,32 

10,6 

7,6 

0,36 t 

11,5 

8,5 

-i. 
J_-—-*- 

D-una Minière générale toua lea afforta faita aur l'arion P«» a^liorar aea parfowancaa^da __ 
montée aaront ayatémtiquemnt dégradées par la corraction do durée (anéUwattmda laftnasm, 
diminution da U trainéa ...). Cast à dira plus un *lri¡0“JaitIde'1pf5f 
pidmant da la zona d'aéroport, plue la correction de durée qu on lui applicaara aera forte ca 

qui aat paradoxal. 
U fonction da In correction de durée darrait être de diacrininar laa chama eonoraa dasariona. 
Kiia devrait inciter les constructeur« à faire daa afforta pour améliorer (creuser) las chanp 
sonores et na pea laa décourager do aumotoriser, d'affinner l'aérodynuiique daa ariono ou de 
perfectionner dm procédures do décollage anti bruit. 

loua panaona donc qu'il ne convient d'adopter la corraction da durée qua a'il s'avère qu'elle 
refléta parfaitement bien lea réaction« physiologique« de l'hosme. 

S'il n'en eat paa ainai l'introduction da U corraction da duré« aura pour effet le contraire 

de ce qu'on recherche. 
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••raient aupprlaéa. 

Pour conclure, J« Toudral» dir* «n m réauunt i l'unlU d« aMur* pour caraotdrlMr la bruit 
doa avions riaqua d'avoir daa rdparouaaiona sur Isa oaractdriatiquaa daa aviona at peut avoir 
una influanoa aur laa offorta techniques entrepris pour ¿la bruit daa aviona. H aat 
donc d'une importance primordiale qua cetU unit* rafltte parfaitsnent bien la asnaibilitd da 
l'hoame au bruit. Sinon l'unitd da Maurer peut avoir daa rdaultata ndfaatea o'aat à dira alla 
peut devenir un frein dans la vole de la diainutlon de la gin» dda au bruit daa avloos. 
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Planche 4 « Mtmu d* bruit aoua la traça 
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N-10 log F PNdB en vol à 300m 
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SUMMARY 

The propagation oí sonic boom generated in flight operation by a particular aircraft 
is most significantly affected by ground configuration, due to reflection and re¬ 
fraction in different distribution patterns. 
The theory gives a reasonably clear explanation of the sound radiation fields as 
well as of the reflection laws depending on incidence angles and ground configura¬ 
tion; the relative surfaces will act as good reflectors to sound and shock generated 
and radiated from a very large distance. 
More significant than the noise level affecting the community is the problem of the 
muntiplying effects of the reflectâl shock overpressure reaching/leaving the ground. 

In the present paper, such effects are analysed for different ground geometries and 
possible overpressure values. More than twice until eight times the overpressure 
may be increased, but fortunately their damaging effects on man and light structures 
are in general sufficiently reduced. 
Here the results of computations are presented in tabular form regarding the cases 
that may occur in practice. 
The results of such analytical procedure are compared with known results obtained 
in other similar pressure-wave propagation. 
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SYMBOLS AND ABBREVIATIONS (following the order in the paper) 

Ap incremental pressure due to flow field of airplane, pounds/foot^ 

V flight velocity, feet/second 

c sound velocity, feet/second 

" Mach number of aircraft 

L length of the body, feet 

y distance normal to the body and its flight path, feet 

w airplane weight, pounds 

B bel, corresponding to the minimum audible sound of 10-*5 watts per 
square centimeter 

dB one tenth of a bel 

o 
I sound intensity. I - p / c watts/sq.cm 

where: p is sound pressure in dynes/sq.cm.; is air density in gms/cu. 
cm; c is the speed of sound in cm/sec. 

IL intensity level in the dB scale. IL - 10 log I/i dB, where Ir is 10“ls 
watts/sq.cm. ' 

SPL sound pressure level as the intensity is proportional to the square of 
sound pressure, with reference pressure based on the lowest sound that 
can be detected by a healthy human ear. It is usual to use 0.0002 dynes/ 
/sq.cm, or 0.0002 microbars (where 10® microbars or one bar is approxi¬ 
mately equal to normal atm<$pheric pressure'. SPL - 20 log p/pr dB where 
pr is 0.0002 dynes/sq.cm. 

PWL sound power level used as a reference power. PWL - 10 log P/Pr dB, where: 
P is sound power in watts; nr is 10"13 watts (10-12 in metric system' 

PN dB perceived noise decibel developed from teste that compare the annoyance 
level of sound with that of a known-sound pressure level centered 
on 1000 ops frequency. Measures in this scale take into account how 
human ear is affected by a particular energy. PNdB is used mainly for 
sounds measured outside the aircraft. 

t time in seconds 

APr reflected overpressure, psf 

P0 atmospheric ambient pressure 

Ap (t> overpressure behind the shock front at the time t 

I impulse during the positive phase, psf. second 

effective area distribution of airplane including effect of lift as 
well as volume 

X distance along the airplane body axis, feet 

F function found from Whitham's mathematical relationships dealing with 
the rate of growth of the effective area development 

h airplane altitude or lateral distance from model 

1 airplane or model length 

Aps 
q (ts' 

q (t> 

Ap<V 

clearing time (time to clear face of reflection effect' 

overpressure at time tg 

dynamic pressure at time t 
s 

dynamic pressure at time t 

overpressure at time tg 

S shortest distance 
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vo velocity of the shock front, ft/sec 

APb mRxinum overpressure on the back face 

APa side and to overpressure at t » L/2 v 
o 

ß angle of the incident shock on the ground 

Mm average Mach cone angle 

thür^îidlst"nce the center oi a «"'ll section to an open edae of 
t11, re?re8e"tln3 the average distance which rarefaction wates 

i»St travel »» reduce the reflected pree.ur, to the 

P + P 
reflection factor, _ 

P 
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TÎIE SUPERSONIC TRANSPORT AIRCRAFT will raise the problem of sonic boom In a much 

more acute form. Many countries will require the first generation of these transports 

to circumnavigate populated areas or to operate subsonically over them in order to 

avoid public reaction to their sonic booms. But, for the supersonic transport to be 

a real economical success, It may be necessary for later airplane generations to be 

capable of supersonic overland. Ground configuration effects on sonic boom need there 
fore to be explored too. 

An aircraft flying at supersonic speed produces a complex system of shock waves. 

However, at a large distance from the aircraft, this wave system degenerates into a 

pair of shock waves, the so-called bow and tall waves. The propagation to the ground 

because of steady supersonic flight is sinilar, aside from amplitude considerations, 

to the shock wave pattern leaving the aircraft when it changes its velocity and the 

présure discontinuity moves toward +he ground. Fig. 1 illustrates how, in a diving 
maneuver at high altitude, the shock wave detaches from the nose of the aircraft. 

The two waves produce the sharp rises £ p in pressure separated by a region of gra¬ 

dual fall in pressure, which the ear receives as the characteristic "sonic boom". 

For the steady flight boom in a idealized uniform atmosphere, the maximum pressure 

jump across the bow wave can be easily calculated for different shapes of the body, 

as a function of Mach number M, length of the body, aerodynamic characteristics, 

distance normal to the body and its flight path y, aeroplane weight w. 

As an example, for a parabolic body of revolution, the magnitude of the shock decreases 

with the distance from the body proportional to y_3/4) and the time delay between 

bow and tail wave is proportional to the body dimension and increases with y 1/4 

The strength of the steady flight sonic boom increases slowly with Mach number, once 

supersonic speed is reached, but increases rapidly with decreasing distance or al¬ 
titude. 

The dependence of the sonic boom overpressure on several parameters is schematically 

shown in Fig. 2. The condition of the ground, or the reflectivity can serve to absorb 

the incident shock wave or completely reflect it. If the wave is reflected, the in¬ 

tensity may reach twice the magnitude of the corresponding absorbed shock wave, and 
locally more in presence of multiple reflections. 

The boom will be heard below, Fig. 3, and on either side of the flight path of the 

aircraft, Fig. 4 (Pef.l) for U.S. Standard Atmosphere 1962, for a distance which is 

a function of the speed and altitude of the aircraft and of the atmospheric condi¬ 

tions at the time. In view of the width of the belt in which the boom is audible,as 

much as 50 miles although with appreciable intensity fall Off on either side of the 

flight path, a much grater number of people would be affected by supersonic flight 
over land than are now Influenced by engine noise. The fact that booms might effect 

often in the future large parts of the same country will also make it difficult to 

avoid complaints from individuals' and representative bodies particularly sensitive 
to their noise. 

Sonic boom overpressure value of 1.5 psf will eventually prove to be tolerable; how 

ever it seems unlikely that such a value will prove to be acceptable on a routine 

basis. The experimental flying by supersonic military planes showed that there was 

strong public protest to sonic boom structure damages when the pressure jump was of 
the order of 3.5 + 4 psf, due to focusing effects during acceleration or turns af¬ 

fecting limited areas. Current opinion is that the overpressure may have to be redu 

ced to values as low as 1 psf to be acceptable, as measured out-of-doors, whether — 
the people are out-of-doors or indoors. 

But, the pressure jumps to be expected from actually designed supersonic civil trans 

ports can normally be prevented from exceeding 2 psf so long as the aircraft is not 

allowed to fly supersonically until it has reached a height of about 40,000 ft. If 

the future goal is to reduce maximum overpressure to the above mentioned value 
of 1 psf, it is to be considered that: 

- a 20 percent reduction in overpressure requires an 18 percent increase in altitude 
which means obviously a substantial decrease in the payload; 

- a cruising overpressure of current supersonic transports down to 1 psf level would 

necessitate aircraft 50 percent longer and lighter at the same time; changes that 

would require a large advance over present materials and structural technology. 

That is to say that we cannot expect sizable reductions in the anticipated overpressure 

For a better understanding of the present design limitations, Fig. 5 (Ref. 2) shows 

airplane configuration effects on sonic boom overpressure levels. These curves are 
referred to planes weighing 400,000 pounds and 230 feet long. 

Overpressures are necessary to carry the weight of the aircraft. Typical’ a 700 000 

pounds, 300 foot-long aircraft, flying at a Mach number of 3 and an altitude of ’ 

700,000 :?eet, has an overpressure level of 1.5 psf. But, other configurations are 

possible, Fig, 6 (Ref, 3), that would lead to substantially lower peak overpressures 

Airplanes having lifting surfaces extended to the front of fuselage, and utilizing 

interference effects, can be effective in reducing maximum sonic boom overpressure 

because they utilize near-field effects. To alleviate a portion of the boom due to ’ 

the lift alone, it is possible to employ volume effects, as a given volume alone 

through the air at supersonic speeds might theoretically avoid any sonic boom pro¬ 

duction. Now we have considered factors concerning the source of the supersonic field 

suitable to be controlled to varying degree; other factors, such as those associated ’ 
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with atmospheric conditions and ground effects, cannot be controlled. 

Supersonic flight at lower altitude may produce pressures on the ground hig,h enough 
to break ordinary window glass and to result in building vibration being felt by 

its inhabitants and in possible small damage to buildings. From FAA sonic boom in¬ 

vestigations conducted with fighter aircraft, qualitative indications were recently 

obtained about normal structural response of buildings varying considerably in de¬ 

sign. In particular, the effects of repeated sonic boom, at White Sands, at a sche¬ 

duled overpressure of 5 psf generated by B-58 and F-104 aircraft, produced no damage 

to previously undamaged material, and in general it was found that no structural 

damage occurred below 5 psf. Table I shows some shock noise phenomena reported in 

Pef. 4. Booms having an N-wave with a short rise time and sharp peak were reported 
as the most objectionable. 

Table I 

P P Pesulting physio- Associated physical 
pd/sq.ft. dB logical reaction phenomena 

0.1 to 0.3 

0.3 to 1.0 

1.0 to 3.0 

3.0 to 10.0 

10.0 to 30.0 

108 to 118 

118 to 128 

128 to 138 

138 to 148 

148 to 158 

Not objectionable 

Tolerable 

Objectionable 

Barely audible 

explosion 

Distant explosion 
or thunder 

Close-range thunder, 

some window damage 

Damage to large 

plate-glass windows 

Definite damage to 

small barracks-type 
windows 

As it may be seen in Table I, and in order to evaluate sonic boom effects on people, 

the overpressure AP is expressed in equivalent Intensity Level (IL> expressed in 
decibel (dBi. Sound intensity levels cannot be measured directly and, since the 

human ear and most microphones are pressure-sensitive, sound levels are more usually 

obtained by measurement of sound pressures (S P Li. As human response to any kind 

of aircraft noise does not correspond to physical measurement of sound level (dBi, 

a "perceived noise" scale (PNdBl has been developed to deal with noise intensity 

and frequency spectrum. Measurement on this scale is corrected for the duration of 

the noise, and the frequency at which it occurs. Since the sonic boom only lasts 

a fraction of a second the "perceived noise" will be considerably less than the 

physical measurement in decibel. As an example, a piston-engined transport aircraft 

and a jet may both give readings of 104 dB on a sound-level meter but the jet will 

be judged to be noisier because it radiates a greater amount of high-frequency noise. 

Thus, on the PNdB scale, the jet may give a value of 116 PNdB while the piston-powered 
transport might indicate 102 PNdB. 

By Its real nature, the sonic boom cannot easily be compared with normal aircraft 
engine noise 112 PNdB nt take-off is given ns an acceptable noise limit. The 128 to 

138 dB corresponding to a £p of 1 to 3 psf appears to be on the borderline of accep 

tance. The ground overpressures directly beneath the Concorde flight track have 
been predicted, (Ref.61, as follows: 

- cruising conditions: 1.3 to 1.6 psf; one or two booms sounding like close-range 
thunder will arrive in the region 130 to 320 miles from take-off; 

- initial climb and acceleration: up to 2 psf; much louder bangs and minor damage 
could occur. 

Sonic boom may arrive either through the air or through the ground over large areas. 

Modifications of initial overpressure and frequency values are to be expected more 

from ground configuration than from atmospheric conditions. Simple and multiple 

reflections from :he ground may locally raise peak overpressures and wave frequency 

to unexpected val íes producing excitation and vibration of buildings and having 

significant effects on people in them. Fortunately, the energy amount transmitted 

from airplane to ground through the air is not big enough to impress substantial 

ground vibration influencing stability of a group of buildings as a whole. But, 

excitation induced from3combination of air and ground paths on any part of a building 

May produce more than superficial damage of the structure. 

Particularly where there are many reflecting surfaces, very close each other with 

different orientations, energy concentration acts on some points, producing dangerous 
effects. An imaginary explanation of this fact could be given by the limiting case 

of pressure wave concentration at the center of a spherical cavity acting as normal 

reflecting wall of such waves. Damage from multiple reflections rarely occurs, as 

extensive tests have previously proved, only because it is quite difficult to have 

at the same time, and in the same small region, a coincidence between energy, or 

multiple reflection, concentration and weak materials. In that considering the small 

interested area, in general sufficiently thick to resist a relatively small force 

coming out irom high overpressure. Diffevent behaviour and severe damage could be 

produced on electronic equipment, or similar weak devices, by such condition of high 

pressure distributed on a small area (low force'. Everybody has in mind domestic 
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°^ov?rPre^re action on doors and windows, in order to understand 

of the sai^phenomeía0 derÍVinB from combination of inputs due to multiple reflection 

<nh™üd í+tí0n4.un °fen^"g the main door at the street level of a building, much less 
in magnitude than 1 psf and longer in rise time and distributed over a small area 

propagates overpressure upstairs in such a way as to be strongly appreciated by ’ 

S,?»ortnn«Wí0 iS openlng> almost at the same time, a door on the first floor. An ideal 

thP «ffoü+emf0raiL9Vperil??0Siti0n of similar impulses against the door could simulate 
sonic^boom °f multiple reflec«-ion as in a stronger manner could be determined by 

Supersonic transport on a routine basis should have to avoid a close flight path bv 

two airplanes flying in very different directions, to prevent having in any place 
on the ground a sonic boom superimposition. ^ P 

!nenth^r^tÍOn 0f aír cavities and the structure of a building can be important 
other response modes in cases where there áre openings such as doors and windows 

tha^outsirfe0111^1^8 ins¿de the rooms occur with Pressure transient markedly longer 
V ?! pressure value actually might exceed that of the outside 

tively ' U 1S knOWn that this type of Pressure environment may be important subjw- 

a bui}ding would be exposed to a rather complex series of stimuli, 

EiU ?rr;HV!Ua1' ?? vibratory inputs, owing to vibratory motions of the 
buiitíing it-self and the cavity resonances. The corresponding frequence range has 

floor^and'furnishings?*56 °f traCe’ associated with the rattling of structure, 

In certain situations, these stimuli are significant 

anVnÍ!?al? outdoors are impinged directly by'thc sonic boom, sometimes with 
significant effects. Not rare have been the cases in which small animals have died 
because of sonic boom repeated reflection. 

Damage to structures and people as above described may often happen, both with peak 

hH ÏÎ.ÎÎ.Î?™! ‘¡5 P “e c“nfliur«Uon to reduce some boon effect on the ground 
limiíati°"8; Tbe results of some research to realize the "minimum boom" eonfigu- 

ration show that the structural weight and cost of production are increased with respect 

instead òfd^ßH ?eSÍgn* Further' " benefit in sonic boom dur^g the climb "T 
instead of 1.9 psf) brings a corresponding decrease in pay load (10 percent) From 

¡¿LU ^iSr the q?!Sti0n °f Whether 0r not to reduce overpressurePappreciably°m through airplane configuration. ^ 

flitrht0^?h.r!ñdÍn?: an? ^ S?!mS convenient to follow the may of suitable overland 
iiignt paths and airport locations, 

TYPICAL INCIDENT OVEFPRESSUFE DIAGRAMS* AT A FIXED LOCATION ON THE GROUND. 

aAïmoÎSîr^nYoN? A1 ?UPEBS0NI= SPEED Propagates a disturbance which moves in the 
atmosphere approximately as an acoustic wave system. 

Weak but cumulative effects create shock waves, so that the overpressure distribution 
far way approaches an N-wave, Fig. 3. On the airplane "near field" the pressure sie- 

ration6 At a°suffi¿ie!t US ^ magnitude depend on the airplane config^I 
ration. At a sufficiently large distance, where the amplitude alone depends on the 

airplane ^ape. the characteristic "far field" N-wave is formed. Negligible errors 

Wíth i???11 if disturbances from ¡’ll parts of the airplane, including those associated 
with lift, are assumed superimposed on the longitudinal axis. 

In order to understand sonic boom loading on ground, we take as an example the im 

pingement on a building, (Ref.7).In Fig, 6 the wave pattern, about lOOO^feet in n 

sealed blindé Seco‘,d® ln tin,®> generated by a supersonic transport sweeps over a 
sealed building applying complex transient vibrations 

P!?di"B to/igbt, the initial positive loading first forces the building 

disn^ei/iot8 tí?n forÇeduinward from all directions then forced outward, and finally 
displaced laterally again because of the negative pressures acting on the back surface 

Rome rather specia! effects may be present for a real building having openings sücí 
as doois and windows. As an example we see in Fig. 7b) (Ref 7) the results of tost« 

conducted with aircraft flyovers of a cubic room^avAng a windoí It caí beleï îhaf 

closed, the internal pressure transient has a relatively small amplitude ’ 

d ped ou^ ratber quickly; with window partially open, the duration ofPthe 

íf the oítsidi? transiont is ^ulte longer and the peak overpressure exceeds that 

The behaviour of sonic boom on the ground is similar, even though much less in macni- 

u e and duration, to that established by blast overpressure at a fixed location on 

the ground. The variation of overpressure with time that would be observed at any 

location in the few seconds (for a large explosion in air) following the detonation 

tL t?Wn Fig<‘ ; T?e "unber 1 represents the time of. the explosion, and 2 indicates 
the time of arrival of the shock front. At the latter point, a strong wind commences 

to blow away from the explosion. This is often referred to as a "transient" wind be 

!ho!! flS r ??lty decreasr/alrly rapidly with time- Following the arríval í? the" 
shock front, the pressure falls rapidly and at the time corresponding to the point 

3 it is the same as that of the original (ambient) atmosphere. Although the oveí- 
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pressure Is now zero, the wind will continue in the same direction for a short time. 
During the interval from 2 to 3 most of the destructive action of the air burst 
will be experienced. As the pressure in the blast wave continues to decrease, it 
sinks below that of surrounding atmosphere. In the time interval from 3 to 5 the 
negative (or suction^ phase of the blast wave passes the given location. For most 
of this period, the transient wind blows in the direction toward the explosion. 
The maximum negative overpressure is always smaller than the peak overpressure at 
the shock front and quite minor in character. During the passage of the negative 
phase,the oressure at first decreases and then increases toward thaf of the 
ambient atmosphere which is reached at the time represented by the numoer 5. 
The dynamic pressure is very low in comparison to the shock overpressure, except 
for very strong blast wave. The experience gained in blast wave damage on the ground, 
very far from an atomic explosion, has indicated a peak overpressure of 70 psf to 
damage in some way every structure. But bigger overpressures, from 450 to 2000 osf, 
are necessary to damage severely or destroy any kind of structure from light steel- 
frame industrial buildings to reinforced concrete structures. 

»hen the incident blast wave from an explosion in air strikes the ground surface, 
it is reflected. 
On Fig. d we see four stages in the outward motion of the spherical blast originating 
from an air hurst bomb, 'hock front of stage 1 has not reached the ground; a reflec¬ 
ted wave, indicated by the dotted line, has been produced in the third stage. The 

value of tne pressure experienced at the surface is generally considered to be en¬ 
tirely a reflected overpressure, since reflection is formed instantaneously. In the 
region near ground zero, this total reflected overpressure Apr will be more than 
twice the value of the peak overpressure of the incident blast wave. The variation 
in overpressure with time on the point A, not too far from ground zero within the 
zone of regular reflection, is depicted in Fig. 9. At any location somewhat above 
the surface, point B in Figure, two separate shocks will be felt, the first due 
to the incident blast wave and the second to the reflected wave, which arrives a 
short time later. Fspecially in the case of a very short "positive phase" of the 
shock, this phenomenon is less appreciable and only regards a very small region 
close to the ground surface. 
The process of incident and reflected wave interaction is called "Mach" or "irregular" 
reflection. At the successive stages represented by Fig. 10, the reflected shock 
near the ground has overtaken and fused with the incident shock to form a single 
shock front called "Mach stem". Triple points arise, as the reflected wave continues 
to overtake the incident wave, and the height of the Mach stem increases. The be¬ 
haviour of this fused or Mach shock is the same as that described icr shock fronts 

in general. 
In the Mach region below the triple point path, the various blast wave characteris¬ 
tics at the shock front are uniquely related by the Pankine--Hugoniot equations. 

Mhen the blast waves strike a surface head on, such as that of a structure, the 
instantaneous value of the reflected overpressure ûkPr is given by 

APr “ 2 Ap 
7 po + 4Ap 

_7"p"~+'A~P“ (1) 

It can be seen from this expression that the value of Ap approaches 8AP for large 
values of the incident overpressure (strong shocks) and tencte toward 2Ap for small 
overpressures (weak shocks). For many situations, the variation of the overpressure 
£p (t) behind the shock front with time t at a given point (positive phase in Fig. 
7) can be represented by the simple empirical equation 

t -rtt/t* 
Ap (t) - Ap d - ---) e (2) 

t* 

Where t* is the duration of the positive phase of the blast wave. The average decay 
parameter may also be regarded as an adjustable factor which is selected so that a 
decay relation provides suitable values of blast impulse. 
Another blast damage oarameter is the impulse I which takes into account the dura¬ 
tion of the positive phase, i.e. the total area under the overpressure time curve 

of Fig. 7, * r 
i - / Ap (t).dt (3) 

r o 
As predicted for the sonic boom loading on sketch in Fig. 7, we may see in Fig. 11, 
in plan, a building which is being struck by an air blast wave moving in a horizontal 
direction. The shock front is seen approaching the structure perpendicularly, reaches 

the front face of the building, producing an overpressure up to at least twice 
(and generally several times) that in the incident front, proceeds and reaches the 
back. Here the pressure, earlier existing on the front face, is decreased and the 
blast wave diffracts around the structure. Finally when the shock front has passed, 
approximately equal air pressures are exerted on all the walls and roof of the struc¬ 
ture. Lateral force could be produced if the structure is oriented at an angle to 

the blast wave. 
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timel0ônpSîpn?hUrfS ^ dl5^action loadine will operate for a consistent period of 

Ío?e¿ d?ÍÍrnít?onTn? 5°r 3 75 íeet length- For thin structures, like telegraph 
In th faction period is so short that the corresponding loading is negligible. 

space of ti^eSthere0f ?rwingS’ Wîüdows- Panels* or do^sP which fail i* a very short 
f Tu’ there will be a rapid equalization of pressure between the inside and 

outside of the structure, reducing markedly diffraction. Detween inside and 

Coming back to the N-wave with two shocks separated by an expansion typical of so- 

Î2 ïi?h ?hat T Ín and 7' We Start to ‘We it's ground îitersec? on! with that coming out from air blast, Fig. 9. ' ri8, 

níínn»rHSUrfl,fÍelu by a" alrcraft flying horizontally at supersonic speed steadily 
propaga.es through the volume limited by two cones. Bow and tail cones correspond1^ 

ground Because^fPíheSmorPrusually heard as a boom on the ground. Because of the more and more space interested, the overpressure decreases 

characteristics l,"'er,h'U"’ "" **'“ "»h*«" «»ir 

îïerèn"r;he“â;e's^e:h,0,8^“nÎiîp?aâee ShaP” b»”d s*e®Ps 0„ 

of thl < under1the airplane (along the bisectrix of the band) and decrease^ because 

nathh ní +iSing^Pr0pBKati0n distance. with increasing offset to either side of the 

îïe ^PVUT T6 rni8hing- These polnts- called laieFal cut-offs Fig 4 define 
i! IV extents of the boom. Each fixed location on the ground iiterfst¿d bv 

wive iiBfirC«iVAs lhlVTCt °fv,the entire WaVe pattern' lik" the ef?îct SÎ Sl2t 
Plane alnif^i?! ?°W °n the> 8round the sonic boom band is following the air- 
sfiint g i nÍght at supersonic speed. But, during propagation the oressure 

Thf pîêssuri fî^d bvaü0iiíSb?ítridÍSt0rted by WÍnd and atmosPberic turbulence, 
impact with the üoinH ? + l* V propaeating «long spherical waves and its 
the^+c i ground is starting from a point on the vertical intersection From 
there the impingement with the ground is spreading along a circular ií-ea dieres? 

Msä ;i:p ?nr^cí‘:f€1 s • 
8radu*1 ■nd •î-ïp-".ï"1;; tinin.1- 

Now we have to analyse briefly how the "far fieiri" c t „ .* -. 

-=r5c,a!ic/‘i:““îrr:‘8;j;b“'„ï%hpr 

airplane and^y the equiviW^L^rt^tíe^isiribution^fS^n^^dete01 i^d 
from supersonic area-rule concepts fating Î llft as detern>ined 

Dê^íóh.èíí10)' ■’'"«•‘o"*. »"<■ »ä 5« “ rípírstíní"?.;*1'"’ 
»nTÄi °L,ã íri?(edí;:ío"S5;;r? ‘s du?,o ,hi,h*”' **«•««".'c.n.o„, 

íírníg"dtdr;;^üsn8 ,hi v*Udii> 01 the 
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definition of the pressure field, after an equivalent body (Fig, 131 is defined, 

through a function F representing the pressure signature very close to the body. 

The area development in Fig. 15 is obtained from the zero-lift-drag program, (Fef. 

141, suitable for determining theoretical pressure signatures at any distance from 

given configuration, Mach number, altitude, and other flight conditions, and now in 

use by the aircraft industry. This method is verified through experimental wind- 

tunnel programs, using models as small as 1/2 + 4 inch of length and h/1 ratios 

(lateral distance from model/model length) of the order of 4 + 32, for Mach number 

from 1.06 to 2.01, from 0° to 5® angle of attack, with reasonably good agreement of 

experiment and theory (Fef. 15). As illustrated in Fig. 16 (Fef.13)^ considerable 

amount of correlation has also been done with flight test data extending from sub¬ 

sonic to supersonic speed taking into account, in predicting pressure signature, the 

atmospheric corrections. In Fig. 16 we see that the peak overpressure has gone from 

100 psf, at 50 ft and M - 1.12, to less than 1 psf, at 48,000 feet and M - 1.93. 

When impulse minimization by configuration modification is the goals, a compromise 

between drag and body shape for minimum far-field overpressure must be made; because, 

for example, a blunt body suitable for minimum impulse at all distances has shock 

losses near the body too high for practical applications. 

Pressure builds up or superbooms on the ground can result from certain manoeuvers 

of an aircraft such as longitudinal, lateral or normal acceleration. The superboom 

areas on the ground are fixed and do not move with the aircraft. Their shape, size 
and location are readily predictable, as well as the multiple boom region, during 

known changes in acceleration rates, altitude, and airplane attitude. 

In some cases, overpressure amplitude factors over 4.0, (Fef. 19), have been measured. 

With regard to lateral spread of the sonic boom, already indicated in Fig. 13, we 

may see in Fig. 17, (Fef. 18), the bow shock wave ground intersection pattern, for 

fighter aircraft in steady level flight at 52,200 feet and M - 2.0, measured from 

an accurately calibrated and oriented array of matched microphones. It can be seen 

that the overpressures are maximum on the flight track and decrease with increasing 

lateral distance. 

Pressure signatures measured along the ground track of an SF-Tl airplane at various 

altitudes from below 50,000 feet to above 70,000 feet and Mach numbers to 3.0, are 

presented in Fig. 18L There, (Fef. 20), it appears that the peak-overpressure values 

decrease and the time durations increase as the altitude of the aicraft is increased, 

the Mach number effect being much less. 

The propagation of shock waves through the atmosphere may be changed by the dynamics 

of the atmosphere itself »well as by refraction effects, with wide variation in wave 

shape and peak overpressure even at^distance of a few hundred feet on the ground, 

Fig. 19 (Fef. 13) regarding a fighter aircraft at 20,000 feet altitude and M - 1.7. 

In Fig. 20 (Fef. 13) variations of measured sonic boom pressure signature at ground 

are presented for small, medium and large aircraft. 

Some characteristics of sonic boom influence the overall response of buildings, struc¬ 

tural components or windows, others are effecting people out-of-doors or indoors. 

In Fig. 21 (Fef. 21), the traces represent, respectively: outdoor overpressure, over¬ 

all pressure variation inside the building, audible portion of the signal and the 

vibratory signal resulting from floor accelerations. 

FEFLECTION ON THE GHOUND 

The shock front reaching the ground is reflected and, in some cases, as already shown 

on Fig. 9 and 10, the overpressure may be increased twice or more. When a horizontally 

moving shock front strikes a vertical wall (each as in the case of Mach stem formation, 

Fig. 10), or, more generally, a shock wave produced by sonic boom impinges normally 

a wall, the peak overpressure reaches the maximum reflected value given by Eq. (1), 

If the wall is inclined at an angle to the face of shock front, the reflected over¬ 

pressure decreases as the angle increases. 

From Eq.(l) we get, for very weak shock, APr " 2Zkp. 

The reflected overpressure£pr on the front wall, Fig. 22, decays rapidly to a value 

^ps corresponding to the side on overpressure£p (tB) plue some proportion of the 

dynamic pressure q (ts) , in a time ta called the clearing time. This is indicated 

schematically in Fig. 22, where ^\pr is acting at t - 0. The clearing time at a point 

on the front wall is a function of the shortest distance from the point on the struc¬ 

ture to an edge where pressure can spill around the structure. The clearing time is 

where S is equal to H or to 

shock front 

V o 
1,117 

1 
“2" 

_3_S_ 

B whichever is less and vr 

_§Ae._ 
7 X 14,7 

ft/sec 

(4) 

is the velocity of the 

(5) 

The drag coefficient for the front face is unity, so that the drag pressure here is 

equal to dynamic pressure. The stagnation pressure is thus 
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^Ps - ÒP (tg) + q (tg) (6) 

The dynamic pressure is obviously negligible for weak shocks like that of sonic boom. 

The pressure subsequently decays with time, so that 

Overpressure at time t -^p(t) + q(t> (7) 

where t is any time between tsand t* (at the end of the positive phase). The average 

effective loading on the back face of the closed box-like structure of Fig. 22 is 

shown in Fig. 23. The shockn in Fig. 23. The shock front arrives at the back face 

at time L/v0l but it requires an additional time 4S/v0, for the pressure to build 

up to the valueûpjj. Here, as before, S is equal to H or 1/2 B, whichever is the 

smaller. The drag coefficient on the back face is -1/2, and so the overpressure at 

any time after^pb is 

Pressure at time t “ ÿ"“' “ -3-(t - -”) (8) 
o 0 

where t lies between -------- and t* + --- . 
vo vo 

The effective net translational force on the structure is the difference between 

the forcf on the front wall and that on the back wall. 

In regard to the sides and top of the closed box-like structure of Fig. 22, although 

loading commences immediately after the sound wave strikes the front face at t - 0, 
they are not fully loaded until the wave has travelled the distance L, i.e. at time 

t - -Ç- . The average overpressure^pa at this time is considered to be the over¬ 

pressure plus the drag loading at the distance L/2 from the front of the structure, 
so that, 

ÛP. - ÛP - -1- (9) 

the drag coefficient on the sides and top of the structure being - 1/2. The loading 

thus increases from zero at t - 0 the value^pa at the time L/v0, as shown in Fig. 

24. After this time the pressure at any time t is given by 

Pressure at time t -Ap(t - j——)-(t-2“v_) (10) 

L e L ^ ^ 
where t lies between -v- and t + ~2~Vo ' overPressure anc* dynamic pressure, 
respectively, are th'e values at the time t -L/2 v0. 

Of course, dynamic pressure in equations from (6) to (10) may be disregarded for 
sonic boom. 

Considering the ground band, Fig. 12 and 17, subjected at a time t to normal bow 

shock decreasing in each point from the initial value to zero in a time interval 

contained between 0.05 and 0,18 seconcfc (positive phase) for pressure signatures and 

airplane lengths normally predicted, Fig. 26, we see that thcjincident shock on the 

vertical plane, Fig. 25, reaches the horizontal ground not perpendicularly but with 
an angleAl , and with a higher angle far away. 

Flying at 40,000 ft altitude with M - 1.5, the angle/3 of the Mach cone is about 41*. 
The propagation of the Mach cone surface happens at more speed near the ground, about 

1.15 times that at 40,000 ft. For that, the incident angle on the ground may 

be of the order of 40®, indicating also the slope of the ground receiving normal 

shock (the average angle of the cone from altitude to zero will beGf - 45°). re¬ 

flection on the horizontal plane may be considered twice the inciden? shock, as it 

is until about 75° (1.65 times for ß- 80°, 1.25 times for ß- 85°). 

At point A in Fig. 25, where the incident overpressure is decaying about linearly 

to zero in a time contained between 0.05 and 0.18 seconds, Fig. 28, the Mach stem 

(Fig. 10) is very weak and interests a small region A surface in A adequately o- 

riented may be struck like the one in Fig. 22. As the velocity v0 of the shock front 

near the ground is, from Eq.(5', about 1,117 ft/sec (being very small the overpres¬ 

sure Ap) , the initial value A? ” 2 psf in A, Fig. 26, will there be decayed to zero 
when the bow shock has arrived at B (dashed line in Fig. 26); AB - 1,117 . sin 45* . 

. 0.05 - 39.5 ft (AB = 1,117 . sin 45°. 0.18 - 142.20 ft). For M - 3 we have AB - 

- 1,117 sin 218 . 0.05 - 19.58 ft (AB - 70.4 ft). Normally to the flight track, the 

lateral spreading distances of the overpressure will be much larger, considering 

that the cone circle on the ground is as large as Tp . 40,000 - 125,600 ft. 

This means that the clearing time, Fig. 22 must be evaluated in the same direction 
as the flight. 

For B - --g--- “ 13.15 ft, in the case t* - 0.05 sec (B - - 

t - 0.18) we have 

3 S 3 1 3 1 S 
---ij-r,-"-- " 0.018 sec for 

^ vo 

0.05 sec (tg - 0.084 for 0.18) 

47.4 ft for 
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/'s in Fig. 22, it 

at t - O; Ap 

is APr - -----j------ - 2.66 psf 

0.72 psf 
2.0 . 0.018 

s ” ÖTÖ5 
<*s we have shown above, the significant effect of soaic boom is limited toNery 
narrow belt. The same procedure could be applied for the negative phase of the 
pressure signature. 

In Fef. 2^ are presented mathematical methods for computing the pressure-time history 
of a sonic boom shock wave acting on any given exterior wall surface, using the 
theory of Keller and Blak (Ref. 241 to produce a series of pressure perturbation 
expressions for multiple wave reflections. From test data for the F-101 aircraft at 
flight Mach number, altitude and lateral distance from the flight, track, the bow to 
tail wave time intervals are estimated to be 0.115 secvs. Upon comppting the incident 
to reflected wave time interval,^tr, the pressure history shown in Fig. 27 (Ref. 23) 
could be predicted; this wave shape is similar to that in Fig. 9. 

* procedure like that exposed for the blast or sonic boom loading on a closed box-like 
structure, may be applied to a partially open box-like structure, We are intending 
a structure in which the front and back walls hr;*e about 30 percent of openings or 
window area. Because the wave can now enter the inside of the structure the loading- 
-time curves must bo considered for both the exterior and interior of the structure. 
For the front face; the outside loading is computed in the same manner as that used 
for a closed structure, using S’ (list of symbols^ instead of S; the inside pressure 
starts rising at zero time, because the wave immediately enters through the openings. 
The variations of the inside and the outside pressures with time are as represented 
in Fig. 28 al 
For the back face; the outside loading is the same as for a closed structure, with 
S’ Instead of S; the inside pressure, reflected from the inside of the back face, 
reaches the same value as the external overpressure at a time L/v0; see Fig. 28 b). 
The net horizontal loading is obviously the difference of the net front and back 
loading. 

Open frame structures present difficulty in computing the overpressure loading on 
each individual member during the diffraction process. The loading may be determined 
by multiplying the average member impulse by the number of the members. The resulting 
impulse may be separated into two impulses for front and back walls , as shown in 
Fig. 29; where the symbols and Av™ represent the areas of the front and back walls 
respectively which transmit loads before failure; and Ifra and Ibm are the overpressure 
loading impulse on front and back members, respectively. 

These comparisons with explosion loading have been made because the sonic boom isjas 
's well known^-an acoustic phenomenon not connected with the stationary emission of 
acoustic energy by the aircraft; it would exist even for noiseless aircraft. 
It is an explosive type of noise and consists of two, three or even more pressure 
pulses separated by a time delay of 0.1 to 0.2 second^, and it is generated by the 
shock wave pattern formed around the aircraft moving with supersonic speed. 

» more critical situation may occur when the aircraft is flying in accelerated and 
decelerated flight, as in diving. In the first case the acceleration can have a 
crucial effect on the sonic boom; in fact the disturbances travel different distances 
as indicated in Fig. 30. It is then possible for pressure disturbances originating 
from several different aircraft positions to arrive simultaneously at one point on 
the ground. The sonic boom at this point is thus considerably reinforced. This situa¬ 
tion may become worse if there is ground reflection too. Such focusing effects must 
be avoided at all cost. 

were measured 
Ap +Apr &Po 

Fxperimental simple reflection factor, Kp » -- - -g-— 
(Ref. 22' for fighter airplanes flying at very low altitudes; for a perfect reflecting 
surface Kp has a theoretical value of 2. The variation of ground reflectivity with 
shock wave Mach number is shown in Fig. .31 (Ref. 6). 

To understand the phenomenon of a multiple reflection pressure wave and its amplitude 
factor, we may recall the progress of a sound wave in a closed room, as illustrated 
schematically by Fig. 32 (Ref. 26), where is represented a horizontal section of a 
room of 40 feet having walls reflecting plane sound; a sound source is located at S. 
In the four successive steps we see the wave front 1/200, 1/100, 1/50 and 1/17 second 
after it has left the source S, until the reflection pattern is quite complicated. 
In addition, there are other segments of the original wave front which have been 
reflected by the floor and ceiling. 
There are two effects of this multiple reflection, to be generalized to all kin*of 
pressure waves. 
A first effect is the increase of pressure caused by reflections. Depending on the 
duration of the perturbation emission, an observer in any part of the room will not 
only receive the pressure waves which come directly to his ear from the perturbation 
source but will also hear all the reflected waves. Thus the combined pressure of the 
direct and reflected perturbations on his ear will be greater than that of the direct 
perturbation alone. Viith low absorption coefficient, less than 5 percent as for exam¬ 
ple concrete or glass walls, the reflected pressure waves will lose little energy at 
each reflection and will build up the total pressure to a value far above that direct 
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perturbation alone. 

A second effect of multiple reflections is reverberation, corresponding t<J the pro¬ 
longation of the phenomenon after the original perturbation is stopped. 

The example of Fig. 32 has to be well understood in order to avoid large interpre¬ 
tation mistakes. It is true that multiple reflections as the ones in Fig 32 are 

increasing the original perturbation frequency, Fig. 21, inducing vibrations and 

reflectionp8e' BUt 11 ÍS ^8° that thC eraltted energy cannot be multiplied by 

This latter consideration explains why the increased pressure produced by a pressure 

wave striking against a wall is only a local phenomenon on the wall itself, unless 

there is an energy concentration from a large front to a small area or volume In 

such a way we may understand why pressure pulses incident in corners, from original 

large feeding fronts, may increase very much the pressure there to cause unpredicted 

damage. More impressive, though not regarding sonic boom or explosion propagation 

is the example of Fig. 33 at, where many pressure disturbances are concentrating in 
one point from radial directions. ** 

We may understand that a normal shock from a sonic boom, intersecting a wall is here 

increasing the pressure twice; whereas a very strong normal shock, from a blast wave 
is able to increase the pressure on the wall until eight times. 

Intuitively, we may see this big difference, in the reflection’fp.ctor, considering 

the momentum changes and the speed impressed by the overpressures on the quiet air 
during their propagations. H 

In Fig 33 p), b), c^, dl, e), f) and g) we have shown some examples of multiple 

reflections where the incident overpressure may be increased locally in the air more 
than twice. In such conditions the sonic boom too may produce dangerous effects 

regionstely theSe situatlons may happen only very close to the ground and in small 

EFFECTS ON STRUCTURES INDUCED BY SONIC BOOM 

Ground configuration in populated areas is so much altered by the presence of buildings 

nd other geometric distributions that their interdependence represents a particular 

Problem we are trying to analyse in this paper. On the other hand, it 
is well known that one of the more complex aspects of the sonic boom problem is that 

of reported damage to buildings. It is significant that the majority of such reports 

refers to superficial damage involving the secondary structures of buildings and 

thus safety considerations are not important except for the special case of falling 

objects and glass fragments. No damage incidents in general occurred for overpressure 
exposure below about 0.8 psf. The number of damage incidents for a given typé of 

structure increases obviously as the overpressure and induced vibration frequency 

flight86, In<îïf field ”f 1+3 Psf we may have 1+3 percent of induced incidents per 
flight per million people. Higher values which occur only occasionally may be suffi- 

da™'Ce ln S,r”ct“r“ "r '° «»Pm-i.e secondary 

Residence-type structures suffer wave interaction in air cavity of the type indicated 

va B‘a33‘ ** could be seen, for floor vibrations, that a preferred phase relation¬ 
ship exists with the interior arrangment of the wall structures, because the panels 
between the vertical studs vibrate in a preferred manner P 

h!rLhÍC+v.P!n!Í fJ^Uencies are also noted t0 exist and be important. It could 
be seen that high-frequency responses, in a transient having about 0.5 to 1.0 second 

duration, are superimposed on lower frequency response modes; whereas the usual vi- 

T^ti0HS lnduced ky engine noise are detectable for a time interval of 10+20 seconds 

éihrat? engéne ï? TPOreS* in the ranE<? of al>out 150^00 Hz, associate with the" 
E »-P>‘.udes „c. ob.erved 

?esSañdTgroínd COntrary imPulses are responsible of induced vibrations on^tructu- 

Our experience as consultant engineers at the Centro Applicazioni Militari dell’E- 

nergia Nucleare, S.Piero a Grado (Pisai, Italy, have permitted the analysis of some 

alienîUîial damaKe on the eround and underground, produced by blast waves of different 
amplitudes In many aspects this damage resembles that induced by sonic boom pre¬ 
viously unknown to us. In designing blast wave resistant multistore buildings we 

r? loadin? diagrams such as those illustrated in the previous chapters 

equivalent""mass"nalySÍS thr°Ugh the methods of impulse and momentum changes on 

SOME COMMENTS ON GROUND CONFIGURATION EFFECTS 

From a general point of view, the ground configuration regarding large areas has no 
predominant effect on sonic boom. Some sort of multóle echoes on rough ^unS^il- 

™ + » P ? ar*aS> Ç^entration of different slope and orientation surfaces 

péopîé énd^sïruétïréé! ’ the «""ic boom effects on’ 

But essentiaHy, the ground configuration effects in their dangerous actions are 

concentrated in small regions, where is coming incident and reflected energy from 
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the surroundings; see examples in Fig. 33. In these small regions, the local over¬ 

pressure may reach unpredicted values much more than twice the incident ones, sc*»e 

times followed by a certain vacuum degree due to the negative phase of the impulse 

signature. Besides, there is some focusing of booms due to atmospheric low altitude 

turbulence and topography. On certain occasions, the overpressure was quadrupled or 

more. Twice the normal overpressure was recorded fairly often. 
The results of much research indicated that further experiments of people s reaction 

to sonic boom must be done; possibly using explosives to produce the noise, a much 

more convenient method than using aicraft and one which can be applied locally to 

a small number of people without effecting a large area. 

The experiments seem to demonstrate that, over the limited range of boom intensity 

heard, there is not a single criterion to evaluate the reaction of the public who 

are sensitive to sonic bang by sny means less than fullscale experiments. Damage can 

be caused to buildings, but little damage has apparently been experienced in the 

United States. The public reaction results seem to show that a small number of se¬ 

riously annoyed citizens can render supersonic transport overflights of populated 

areas at supersonic speed a hazardous financial venture. For example, in Oklahoma 

City, the Government eventually paid out nearly 20,000dollars to some 300 who had 

complained. In summary, the sonic boom will probably remain the number one unsolved 

problem of the supersonic programs for some time to come. 

From the above, and recalling the emphasizing echo effect of ground configuration 

on large areas, it follows that much care must be used in choosing flight paths in 

narrow belts and high altitude. The latter also to avoid giving up the economic 

transportation at supersonic velocity. On the other hand it is well known that such 

factors as atmospheric pressure at the altitude of the flight, the size and shape 

of the aircraft (minimum boom configuration), while not negligible, are secondary 

compared to those of altitude. The latter exerts a significant influence on the 

width of the belt across the surface of the earth in which the boom is audible. 

So a large number of people could be affected by sonic boom. Since people vary in 

their acceptance of sonic boom, the likelihood of a community outcry depends directly 

on the density of population. 

Such dangerous influences built up by particular ground configurations in limited 

areas, as indicated in Fig. 33, and Mach stem effects on unattached light material, 

quarries and cement factories, may become intensively claimed during routine super¬ 

sonic overland flights. , 
Nobody in the Bibliography has indicated some sort of possible accidents, such as 

feeding and spreading of already existing fires, blowout and flame cut-off power 

plants because of sonic boom overpressure inside the exhaust conducts. Everybody 

knows that the exhaust gas flow in thermoelectric plants is consequent of a very 

low Ûp overpressure. . .. . . 
Secondary building components, not well attached, as well as voluminous and light 

packages lying in unstable equilibrium, old fashioned ornamental elements in ancient 

buildings, structures under construction, light and sailing boats, snow avalanches^ 

resonance frequency and reflected overpressure in underground cavities, small animal 

chests, etc. may be claimed as frequently damaged. 

Especially in Europe where there are many precious ancient monuments, as well as old 

houses, supersonic flight paths could present crucial situations. 

As we have seen.the sonic boom, with its correlation with ground configuration effect 

in populated area^ raises very complex problems especially in countries where the 

citizens are free and accustomed to Apeak in defence of their rights. 
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Fig. 7 Internal room pressure time histories due to sonic booms 
both window-closed and window-opened conditions 
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AUnapharlc sffflct» on aonlc boon* generated by boiaber and fighter aircraft are 
Inveatleated through analyala of more than 4000 eonlc-boom preaaure tracea obtained from a 
40-mlcrophone grld at Eduarde Air Force Baae, California, during the fell and ulnter of 
1966-67/A computer program, which generatee maximum overpreaaure valuea for a horl.outally 
stratified real stmoaphare, la teated against the mean observed overpreaaure on the grid and 
la shown to be In error by an average of ten percent when th^baxlmum observed overpreaaure la 
derive?*from the posltlve^mpulan aï... The pr.a.ur. trace, are grouped Into 3 categorie, eo 
that "spiked" signatures, which jonatltute the largest deviation from the mean, may be etudled XI function of*loc.l wither condition.. Thl. atudy .how. e good correlation b.tw.en h. 
depth of the surface ml^ad layer and the percentage of aplked algnaturaa. The variability of 
the maximum overpreasure also Increase, with Increase In low-level wind speed. Both the.e 
results suggest that turbulence In the planetary boundary layer la the main cause »«•P^ed 
algnaturaa end the associated large variation In maxloum overpreaaure. There Is some evidence 
that 'waves within an Inversion contribute to overpressure variability on a larger scale. 
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Introduction. 

With connrclal supertonic transport (SST) operations In the offing, considerable aaphasla 
Is being placed upon the response of people and buildings to the sonic boo*. The purpose of 
this paper Is to provide additional evidence that the Intensity of the sonic boo*, and the 

V?!Í!bllíty fh*r*of* clo,,17 r,1,t,d to eteospherlc structure, particularly Che etructure 
within the planetary boundary layer. This relation presuaably will result In Meteorologists of 
the future having to sssum the responsibility of detenalnlng, both fro* a cllaatologlcal end 
synoptic point of view, flight tracks with suitable ataospherlc conditions for supersonic 
operations. r 

0n* of th* interesting features of the sonic boo* la the pronounced variation In the shape 
of Its signature (the trace of the pressure deviation fro* the aablent level versus tlae) as a 
function of distance and tl*e. The signature characteristically takes the for* of e sllahtlv 
rounded "N-wsve" (top dlagra. of Fig. 1) but often "spikes" are observed near the leedlng edge 
of the wave (botto. diagram of Fig. 1). urge varierions In sonic boo. Intensity In short 

occurr#nc«# of th«« eplkes were noted by Hubbard et el. (1964) 
and Hilton et al. (1964). The latter, for example, found a variation In *axl*u* overpressure 
(■exluun pressure deviation fro* the aablent) of 2 pounds per square foot (lb ft*2)l along a 
line of 6 microphones spaced et Intervals of 61 *. A diurnal variation In the frequency of 

íííür fr*' ,PÜ*VUr' tr•c•, w" r,P0rt,d by Magllerl (1966), with the «ornlng signatures 
predoulnantly rounded whereas many spiked signatures were observed during the efternoon? 

The Importance of the planetary boundary layer In relation to the occurrence of spiked 
signatures was suggested by s blimp flight at Edwards Air Force Bese, California, as reported 

íhví" o£ “ i"“11* r*P°rt «K» the Netlonel Sonic Boo. Eveluetlon 
1 ! 1967)- I« this experiment, the overpressure trece et blimp altitude (600 ■) 

showed little distortion whereas the signature at the surface was spiked. A reflected algneture 
measured at the blimp was also spiked. In contradiction to this observation, Palmer (1964) had 
previously concluded, from theoretical considerations, that turbulent scattering fro* layers 

SchõlMan9SAwJr!™íh0Ulí h,V! 1íttU e£f,ct on th* Pr««*r* trece. The work of Parkin and 
Scholas (1954) concerning ataospherlc attenuation rates for vertically directed sound waves 
suggests that sonic boom perturbations at the frequencies of the spikes (greater than 0.2 k Hi) 
would have to be amplified within the lowest few klloaeters of the atmosphere If the dlsturb- 
ances are to be observed at the surface. The present paper Implies that turbulence through 
a bound.pr-l.yer depth of at least 0.5 km 1. required to produce an appreciable percentage of 
spiked signatures at the surface. r » 

Procedures. 

’b* “"í® d*u presented In this paper were obtained at Edwards Air Force Base, in the 
Mohave Desert of Southern California, between October 31, 1966, and January 16 1967. The 
meteorological Investigation was part of « much larger experiment Involving studies of the 
response of structures and people to the sonic boom (NSBEO, 1967). The aircraft used to lay 
down sonic >>°pu st Edwards AFB were F-104 fighters snd B-58 snd XB-70 bombers. The F-104's and 
?'58 , £1*" *t dl£f««‘t heights on different dsys, but their average flight levels were about 
8 and 12 km, respectively. The XB-70 flew at either 11 or 18 ka. The speed of the F-104 snd 

£’5h T*!1!** ST'*!" ?“Ch 1,3 ,nd !,7> "b11* th# M*70 f1*« •* Hech 1.5 at the lower height and 
Mach 1.8 b“ 2-5 at the greater height. The aircraft were operated at a constant speed In 
straight snd level flight over the microphone arrays to be discussed below. 

In previous studies of the sonic boom, the microphone array usually was cross-shaped or 
cruclfona, with the microphones spaced at log.rlth.lc Intervals along both sr*. of the cruelfor. 
It was deemed desirable In this experiment to establish a more-or-less square grid with equal 
spacing between microphones. Fig. 2 shows how a grid with a 61 ■ spacing was superimposed on 
the cruciform array with logarithmic spacing. This grid Is known as the Site 9 grid, and here- 

W“1 b* ,0 ‘»••isn.ted In December the linear grid spacing at Sice 9 was reduced to 15 m 
to ensure that any fine-scale overpressure variability would be setlsfactorlly documented 
Making use of most of the Site 9 mlcrophot-ie, a 2.4 ka "long-line" array, with microphones 
spaced g««elly 61 m, was Intermittently established about 15 k. to the northeast of the 
Site 9 grid The condenser-type micro,-.ones, Installed within 0.1 . of the very fist surface 

NASAh\Îdyhl‘th.br\î!!I!! ry R*,Mrch c,nt*r “d Flight tesearch Center of 
NASA, and by the Lockheed Aircraft Corporation. The frequency response of the alcrophone- 
recordlng system ranged from 0.1 Hi to 10 k Hi. Deuils of the microphone inst.ll.tlon have 
been presented by Hilton and Newman (1966). 

Fig. 2 also shows the position of the 2 meteorological towers, upon which sensitive 
te“p*®,ture •nd 3-dlmenslonal wind ("vectorvane") Instrumentation were mounted at heights of 4 
and 28 m, respectively. A comparison between these measurements and the overpressure traces 

1 Because of convention, English units for the measurement of overpressure will be used throuihout 
rather than the unfamiliar Newtons per square meter of the metric system (1 lb ft*2 . 47.9 2 *-2). 

1 

f 
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will b* reported on In e leter peper. During the experlaent the Air Weether Service 
Detachment at Edvard« AFB released, from a point 5 ka north of Site 9, ravlnaondes to probe the 
deep atmoaphere, as well aa alov-aacent radiosondes to provide temperature detail at low lévala. 
A specially designed temperature sensor and recorder (with a time conatant of 1 second end a 
measurement accuracy of 0.5*C) vas placed in a Ceaana 150 light aircraft In order to examine 
the hypothesis of Dr. Warren Johnson (1967) concerning the effect, on overpressure variability, 
of undulatlona or waves within an Inversion, This aircraft flew a dog-leg pattern about 15 km’ 
southwest of Site 9. These differences In location should not be of great taport owing to the 
general uniformity of the terrain. 

3. Comparison between observed and computed overpressures. 

Our ability to estimate the maximum overpressure to be expected from a given aircraft 
flying under given supersonic condiciona was determined from the Friedman computer program 
(Friedman, Kane and Slgalln, 1963; Friedman, 1965) which uses a ray-tracing technique to follow 
an approximate near-fleld Impulse through the observed temperature, preaeure, and wind struc¬ 
ture from the aircraft to the ground. It was recognized that in tha case of the Friedman pro- 
gr4m tha aircraft Input data and the determination of near field atructure mat not as 
sophisticated aa la possible, and consequently the program could not be expected to give 
exactly correct reaulta; but It was the only program available to ua. For this analysis, the 
42 maximum observed overpressures obtained from the Site 9 grid were averaged for each of 62 
sonic booms that occurred on nine different days. These average observed overpressures were 
then compared with the computer results derived from the uae of real atmospheric data 
(obtained from the rawlnaonde), as shown for the 3 different types of aircraft In Fig. 3. 
While a fair correlation of 0.70 Is associated with the regression line determined for all 
the data In this diagram, It would appear that tha Friedman program tends to overestimate 
the maximum overpressure from the F-1Û4 and XB-70 and to underestimate the maximum overpressures 
from the B-58. 

Since the Friedman program determines the maximum overpressure to be expected for a pure 
N-vave type of signature, whereaa the amxlmum observed overpressures are very often those of 
spiked or rounded signatures, it was desirable to return to the original traces and derive 
a "nominal N-vave" overpressure through equlllsatlon (by planlmeter) of the observed positive 
Impulse area (aae Fig. 1) and the Impulse area aasodated with a pure N-wave. These Impulse- 
derived overpressures were much more conservative, and yielded a correlation of 0.86 with the 
Friedman predictions, as shown In Fig. 4. It Is emphasised that such a high correlation Is 
obtained only because 42 observations of overpressure were averaged together. It will be 
shown later that, under many meteorological conditions, the variability between traces Is such 
as to make a comparison between a numerical computation and an Individual overpressure observa¬ 
tion almost meaningless. 

The question arises as to whether the use of the real atmosphere (as against a standard, 
no-wind atmosphere) in the Friedman program reaulta In an Improved relation between observation 
and computation. Edwards AFB la not an Ideal location to teat this since weather conditions 
deviate relatively little from the normal at this site. Nevertheless, Table 1 shows that use 
of the real atmosphere resulted In no Improvement whan maximum overpressure was considered, but 
did reduce the mean absolute difference between observation and computation from .25 to .21 
lb ft'2 when positive Impulse area waa utilised to obtain a "nominal N-wave" overpresaura. 
Since the average maximum observed overpressure was 2.1 lb ft*2, for Mach numbers In excess of 
1.3 the Friedman program Is accurate to within 10 percent (In the mean) If tha maximum over¬ 
pressure Is estimated from Impulae area and an average overpressure Is determined from many 
microphones. 

4. Overpressure analysis. 

An example of a spiked presaure trace was presented In Fig. 1. When these spikes occur 
Intermittently, large differencea In maximum overpressure are found within a few tens of maters. 
For example, Fig. 5 shows how the maximum overprassura varied from 4.1 to 2.9 lb ft*2 In a 
distance of 8 m owlnp, respectively, to the existence and absanca of pressure spikes. Large 
temporal variations in maximum overpressure at a fixed location are also associated with 
spiked traces. Thus, Fig. 6 shows that at several microphone locations the maximum over¬ 
pressure changed by a factor of two within 22 mlnutea, and for tha whole grid the average over¬ 
pressure changed from 2.9 to 2.3 lb ft'2. This large spatial and teaqxtral variability suggeets 
that Individual measurements of maximum overprassura may be quite unrepreaentatlve, at least 
under certain meteorological conditions. 

For this preliminary study of possible atmospheric effects on maximum overpressure and 
overpreasure variability, the 1600 overpressure signatures obtained from the bomber flights 
(XB-70, B-58) were subjectively divided Into rounded, N-shaped, and aplkad categories (see 
Fig. 1). Only bomber data were used because near-fleld perturbations In the pressure signa¬ 
tures of the F-104 fighter aircraft often make claaslflcatlon difficult. Correlations were 
then determined between the number of signatures In each category and atmoapharlc parameters 
such as maximum wind speed, maximum wind suctr, or thanal atablllty between the aircraft and 
the surface. None of these "deep-atmosphere" correlations was significant. On the other hand, 
a comparison with the thermal atructure of the lower trowaphere, as Indicated by the depth of 
the mixed surface layer (the layer through which the lapue rate approaches the dry adiabatic), 
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gav« «ora promising raaulta. Grouping tha data according to whathar tha alxlng dapth uaa lasa 
than 0.3 ka, b«tween 0.3 and 1.2 ka, or graatar than 1.2 ka (approxlaataly aquai nuabara of 
ovarpraaaura aaaauraaanta In each group), tha parcantagaa of roundad, M-ahapad, and sptkad 
tracaa Indlcatad in Fig. 7 warn obtalnad. Alao shown ara tha aaan soundings rapraaantatlra of 
aach group. It la asan that undar essentially surface-inversion conditions thara ara no spiked 
tracas and 92 percent of tha traces ara roundad. However, whan thara la a deep nixed layar, 
23 percent of tha tracas ars aplked and only 41 perçant are roundad. Inasnuch as tha Intensity 
of turbulence la usually related to ataospherlc stability, thara la tha Implication hare that 
turbulence in tha planetary boundary layer la at least partially responsible for tha aplkad 
pressure traces. One night even go a step further and hypothesise that, since tha dapth of tha 
alxad layar appaara as a critical paranatar, a certain site of eddy, coapatlble with this dapth, 
Is prlaarlly responsible for tha spiked signature. Alternatively, tha scattering ultlaately 
producing tha spiked signature nay originate In a shallow elevated layer, but a certain tins 
(and distance) Is required for coalescence Into a spike. 

Next Investigated was tha root mean square (ms) difference In observed over¬ 
pressure as a function of nlcrophona separation. Since there was no evidence fron the Site 9 
grid data that the scale of overpressure variability was different In tha along-track and cross¬ 
track flight directions, these ms differences wars evaluated Independently of direction. Four 
specific days (Movanber 16, 21, and 23, and Decenber 12) were selected for detailed enalysls 
because the weather conditions were slnllar during the periods of aupersonlc flight on each day 
and because thare were aufflclent sonic boons on each day so that microphones could be 
'’normalized" by comparing average dally readings for each microphone with the average delly 
reading for the whole arid. The mlcrophone-recordlng-systan uncertainty estimated thereby 
amounted to 0.1 lb ft*2, In good agreement with the findings of Hubbard at al. (1964). 

Fig. 8 shows ths variation with distance of the ms overpressure-difference velues on each 
of the 4 days (based, from top to bottom, on 10, 6, 5, and 5 sonic booms per day), together 
with Information on the average depth of tha mixed layer and the mean wind speed through thla 
mixed layer. The limited sample suggests that the overpressure variability la a function of 
naar-surface wind spend as wall as depth of tha mixed layer, with the variability half aa large 
at a mean wind speed of 3 ms*1 as at a wind speed of 10 ms-i even though the mixing depths ere 
•¿■Her (cases of Nov. 23 and 16, respectively). This also Implies a relation between 
Intensity of turbulence and overpressure variability, Inasmuch as at these levela the 
mechanical production of eddy kinetic energy la closely releted to wind speed. The relative 
constancy of ms values for microphone separations ranging from 100 to 250 meters Indicates 
a preferential tendency for periodic oscillations of maxlimim overpressure with such a length- 
scale since, for a periodic oscillation, the ras overpressure difference would be minimum at 
one wave length. 

The overpressure variability at largar separation distances was estimated from F-104 
flights over tha 2.4 km Una. On three of the five days on which this long array was used 
there was a pronounced change In boundary-layer stability between morning and afternoon. The 
average ms differences In overpressure as a function of microphone separation during ths 
mom.ng and aftamoon of these 3 days, as well as tha average vertical temperature profiles, 
are shown In Fig. 9. Each of the raa traces Is based on 10 sonic booms. It Is sean that the 
overpressure variability during tha afternoon la at least half again as large as In the morning. 
Furthermore, particularly during tha afternoon, there la evidence for a preferred overpressure 
wavelength of about 1.5 km, or an order of magnitude larger than that suggested by the (smaller) 
Site 9 grid data. It will be shown below that this larger wavelength nay be associated with 
waves or undulations within the Inversion capping the mixed layer, whereas we have already seen 
that the smaller wavelength la most likely associated with turbulence within the mixed layer 
Itself. 

5. Inversion waves. 

The main reason for establishing the 2.4 km array was to test the hypothesis (Johnson, 
1967) that waves within an Inversion are responsible for periodic variations In overpressure 
because of variations In sonic boon refraction along the undulating surface. In this experi¬ 
ment the moat striking evidence for the existence of such waves was obUlned on Decaad>er 16 
(fig. 10). Note that at a height of 350 meters, or Just above the Inversion, there la a 
quasl-perlodlc variation In temperature (determined from the Cessna ISO aircraft) In the east- 
west direction but little variation In the north-south direction, strongly laq>lylng the 
presence of north-south-oriented wave-Uke oscillations. Near tha base of the Inversion, there 
Is little evidence for periodic temperature variations In either direction. The maxime In the 
quasl-perlodlc tamperature tracaa ara Indicated by arrows, and the average distance between 
these maxima la 1.6 km, quite close to the preferred length scale In overpressure verlablllty 
estimated from Fig. 9. Unfortunately, overpresaure measurements ward not obtained on 
December 16, so that a direct comparison between length scales could not be made. On January 6 
and 9, when the periodic nature of the temperature trace was not so pronounced, the preferred 
wave lengths of overpressure variability were 2.0 and 1.8 km (based on 2 and 5 sonic booma, 
respectively) while the temperature traces yielded preferred wave lengths of 2.5 and 2.0 km. 

The results are encouraging, but more definitive data must be acquired before the 
hypothesis can be accepted. In particular, the problem Is complicated by the fact that 
undulations within the Inversion may well be caused by convective turbulence In the mixed layer 
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balou ao that saparatlon of causativa affacts la difficult. Hovavat, tha natura of tha 

Johnson aachanlsa suggasts that tha parlodlclty should raatda In tha positive Inpuls* aras 
rathar than In tha splkad ovarprassuras presumably associated with turbulence. The search for 

such periodicities In positive Impulse along tha 2.4 km array has not been particularly 

successful, perhaps because of tha uncertainties Involved In evaluating Impulse areas from tha 

near-field signaturas of tha F-104's. 

6. Conclusion. 

Thera Is good evidence that sonic boom Intensity, and variability, Is a function both of 

tha depth of tha mixed layer near tha earth's surface and tha strength of tha wind near tha 

earth's surface. This Indicates that tha "spiked" overpressure traces, which are normally 

associated with large Intensities end variabilities, are caused by turbulence within the 

planetary boundary layer. Even though very few overpressure measurements have been made at 

night thi* Implies thst night-tims supersonic flights, because of the usually greater lov- 

level*stability would generally result in less intense sonic boons with lesser variability 

than flights during the day. It may well be that In the future meteorologists will have to 

Include In their routine forecasts estimates of the Influence of the planetary boundary layer 

upon the Intensity and range of variability of sonic booms. 
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Tig. 1. CharacterIttlc rounded, N*ehapad, and aplkad aonlc boon preeaure algnaturea 
(produced by a B-S8 aircraft), and Cha general method of detemlnatlon of maxinun 
observed overpressure (AP0). The positive lapulse area Is Indicated et bottom. 

i—i—i—i—i—i—f—i—i 
0 100 *00 S00 <00 

METEOS 

Fig. 2. Location of Site 9 microphone array (61 m spacing) at Bdvards AFB In relation to the 
flight track of the aircraft and the positions of the meteorological towers and test 
houses. The solid and dashed Isopleths Indicate height, In meters, above sea level. 
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rit. 5. Sonic boon prtsiur* algnâturaa along tha flight track at 0859 PST on Novaabar 16, 
1966. Tha dlatanca batwaan microphone» la In matara and the aaxlv<n obaerved over- 

praaaura la in lb ft*‘. 

AP0*Z 27 lb ft-* 

pig. 6. Maximum obaarvad overpreaaure, In lb ft"*, on tha Sita 9 grid (61 m »pacing) at >1955 

PST (left) and 1017 PST (right) on Novmabar 17, 1966. 
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Fig. 7. Percentage of rounded, N-ehaped, and spiked preaaure signatures associated with the 

given average soundings. The slanting lines In the sounding diagrams represent d’y 
adiabats. 7 
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Fig. 8. Root n«an (quart dlffertnce In Mxlmum observad overpreaaura as a function of 

alcrophona separation at the Site 9 grid, based on 10, 6, and 5 sonic booas on 

November 16, 21, and 23, respectively, and 5 sonic booas on Deceaber 12, 1966. For 

each date the aean mixing depth, and aaan wind spaed In the alxed layer, during the 

time of the booms Is Indicated. 

MICROPHONE SEPARATION (km) TEMPERATURE °C 

Root mean square difference In maximum observed overpressure as a function of alero 

phone separation along the 2.4 ka long-line array, based on 10 sonic booas each In 

the morning and afternoon of 3 different days. Thqfaean vertical temperature struc¬ 

ture during these mornings and afternoons Is shown at right. 

Fig. 9. 
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THE SIMULATION OF SONIC BANGS 

by 
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Parnborough, Hants 
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SUMMARY 

The various methods which have been developed in the 

United Kingdom for simulating sonic bangs are described. 

They range from explosive point charges, explosive line 

charges to shock-tube devices. The appropriate role of 

application, and its shortcomings, of each type of simulant 

is discussed. Some of the results that have been obtained in 

studies employing these devices are referred to briefly. 



1. Introduotloa 

Th* advent of auparaonlo aircraft has l*d to tha phanomnon of tha sanio bana. 
Tha possible effects of these sonic bangs are aatters of current interest. One nay of 
studying the effects is to do experlaants in which actual sanio bangs are Bad* by 
aircraft. Because th* Hying of superscnio airoraft is oostly, this tanda to be an 
expensive way of obtaining the desired inforaatlon. Moreover, it is not practicable 
to nake a sonic bang of precisely the desired intensity at precisely th* desired tia», 
as is usually required in experimental work. Accordingly studies eaplcylng actual 
sonic bangs tend to be bob* what 'hit-and-miss* '•xp* riment ally, further, as they 
cannot be confined to snail target areas, they involve subjecting a nuoh larger area to 
then than is required for experimental purposes. Therefor* there is a need for ways 
of simulating sonic bangs. 

This paper desoribes, in a chronological 
in the Uhited Kingdom to sinulat* sonic bangs, 
bs the fields of application of the various as 
that have been obtained. 

way, the nethods that have bean tried 
It discusses what are considered to 

thods, and gives sons of th* resulto 

2. Mxplosive point charges 

Th* waveform of a typical sonic bang recorded outdoors near the ground in the 
open is shown in figure 1. It has what has beooa* known as an »-waveform. In figure 
is shown an osoillogran of th* wavefom of the ba»..* fron th* explosion of a lumped, 
or point source', charge. It has what is usually known as a friedland er wavefom. 

The bang fron an explosive point charge differs fron a sonic bang in two nain 
respects, firstly, it sounds different, in that one hears simply one actual bang 
fron th* rapid rise in pressure associated with the shook front, whereas with a 
sonio bang one usually hears two actual hangs fron the two instants of rapid rise 
n pressure associated with the bow and stem shocks*. Secondly, there is olaarly 

more energy' in a sonio bang than in an explosive bang of the sane pressure ria* 
across the shock, owing to its longer duration, and henoe to its greater • impulse'. 
The first of these objections makes a single explosive point oharg* a poor sinulant 
fron the subjective polnt-of-view, and the second a poor simulant fron the point-of- 
vl0w or effeota on building structures« 

However, the realism of an explosive point charge as a subjective sinulant 
oan be improved by simply arranging that in fact two charges are exploded, on* 

P?1,*lTVt° ***• other by interval of time equal to the interval between 
the two »hocks of the sonio bang that ana wishes to simulate. A simulant of this 
type was studied during the series of sonio bang experiments that formed part of 
the so-oalled Exercise CrackerJaokl that was staged over the years 1961-1963. An 
exanple of the wavefom produced is shown in figure 3. 

As a simulant to be experienced outdoors it was found that basically an event 
consisting of a p*r of axplosiv. bangs is readily distinguishable fTmln“ "St 
sonic bang. However, when experienced indoors it was found to be indistinguishable 
aa is evidenced by th* results given in the table overleaf, which lists the 
percentages, out of thirty people, who identified various bang events correctly 

* Our terminology here, although the common one, is clearly not without sane 
confusion, for a 'sonio bang' consists of two actual bangs. It would be 
better if it were called, for example, 'a sonio bang ovent', and indeed this 
terminology is gaining favour in scientific circles where precision is 
required« 
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Event 
Nature of 
bang 

Percentage who identified it correctly 

In total 
Of those who had heard sufficient aircraft sonic bangs 
that they thought that they would be able to recognise 
them if they heard them under normal conditions outdoors 

92 

93 

94 

95 

96 

97 

96 

99 

100 

101 

102 

Explosive 

Aircraft sonic 

Explosive 

Aircraft sonic 

Explosive 

Explosive 

Aircraft sonic 

Explosive 

Aircraft sonic 

Explosive 

Explosive 

57 

23 

47 

53 

47 

57 

40 

43 

37 

53 

60 

56 

19 

50 

56 

44 

50 

38 

¿<4 

38 

63 

56 

It will be 8MÜ from the third column that, out of the thirty people, the 
percentages who identified an event correctly range around the 5$ marie, which is what 
one would expect if the events were completely indistinguishable. Moreover, the 
figures lower in the table are not noticeably better than the earlier figures, so that 
there is little evidence of any 'learning'. It will be noticed that sixteen people who 
had heard sufficient aircraft sonic bangs that they thought that they would be able to 
recognise them as suoh generally did poorer than the party as a whole. 

On the basis of this indistinguishability when experienced indoors, it was decided 
to use events consisting of a pair of explosive bangs as a sonic bang simulant for 
an investigation of the effects of bangs on the subjective reaction of a oummunity2. 
A community of some 280 people was chosen, living roughly equidistant from the firing 
point of the explosive oharges, as shown in figure 4. Actually it was found that 
if the oharges were fired at ground level meteorological effects, such as wind shear, 
caused large variations in the intensity of the experienced events for the same nominal 
firing oanditiens. Accordingly it was necessary to suspend the explosive charges, from 
a balloon, at an altitude of about 135 m above the ground. With this arrangement a 
fairly controllable stimulus was obtained. Although the preoise sonic bang waveform 
was not reproduced, subjectively the events were not atypical of sonic bangs, and there 
was the additional realism that the bangs were incident from above. 

The iMdn results of this study, made in 1963» are shown in figure 5, which plots 
the percentages annoyed, either at all or considerably, as the exercise progressed. 
The standard programs consisted of making twenty-four bangs on each of two days 
early in a week at random times between the hours of 0930 and 1530, and at a nominal 
pressure rise of 125 Fa. The community's reactions were retrieved towards the end of 
each week by means of a simple questionnaire. It will be seen that there is some 
evidence of adaptation to the bang environment. After five weeks of the standard 
programme variations were introduced, such as reducing the frequency of the bangs 
(week 6), increasing the frequency (week 10), reducing the intensity (week 12), increasing 
the intensity (week 14), making the bangs earlier in the day (week 7), and making them 
later in the day (week 11). The only variations that caused significant changes were 
the increases in frequency and in Intensity, to both of which the community tended to 
react violently, as evidenced by the two pronounced peaks. 

3. Explosive line oharges 

Although events resulting from the firing of a pair of explosive point charges, 
in the circumstarces outlined in section 2, had been felt to give a good simulation 
of sonic bangs, there was a need for a better simulant, particularly for studying the 
effects on building structures. This problem was presented to the Explosives Research 
and Developsent Establishment? in late 1963, who decided to simulate the sonic bang 
waveform by using explosive line charges'*-. 
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Whereaa an exploaira point charge gires the faniliar Priedlander waveform, a 
uniform explosive line charge^, when experienoed end-on, gives a waveform consisting 
of single positive and negative pulses separated in time by an interval essentially 
equal to the length of time it takes for sound to travel the length of the charge, 
as shown in figure 6, which gives the calculated waveform, and figure 7, which 
gives a measured wavefozm. This is ths basic fact, and forms the 'building brick' with 
which we can see intuitively how we can, by superposition, build up H™ charges to 
yield, in principle, roughly any desired waveform. By forming a charge consisting of 
a nuAer of strands whose ends are successively offset relative to the others, as 
indicated in figure 8, we can see that it should be possible to construct a charge 
whose waveform approximates that of the desired sonic bang N-wave. The actual waveform 
from their so-called SHOE Hark I simulant, shown in figure 9, indicates the degree of 
success that the ERSE have had in developing this technique. It must be appreciated, 
of course, that one obtains this waveform only in positions end-on relative to the line 
charge. Although the waveform has the broad characteristics required, it has two 
main shortcomingsj one is that the pressure rise rate of the second shock is not as 
great as that of the first shock; the other is that the waveform has some superimnosed 
random noise. 

In regard to the pressure ris8^*ate.e£.*h» secroh« sñocf it 'was foufld that ' - 
could be improved by adding a small explosive point charge to the far end of the line 
charge. A faster pressure rise rate of the second shock was thereby achieved at the 
expense of Introducing some pressure perturbations immediately after the second shock: 
it is not known how important these imperfections are. 

In regard to the superimposed random noise figure 10 shows the energy spectrum of 
the waveform from an ERBE Mark I explosive line charge, curve BB, compared with that of 
the waveform from an ideal sonic bang, curve AA. It will be seen that the spectral 
energy of the simulant compares favourably with that of an ideal sonic bang up to 
a frequency of about 100 Hss above this frequency there is an excess of energy 
associated with the superimposed random noise. It is felt, however, that the simulant 
i^«ad*llUata f0T aPPlloation to targets in which the responses at frequencies below 
100 Hi is of concern, such as building structures. Indeed, HIDE Mark I simulants 
(without the point charge addition) were used in a series of field experiments made by 
the Boyal Aircraft Establishment in 1968 on the effects of sonic bangs on various ele¬ 
ments of a building. Figure 11 shows a view of the test building. Various measurements 
were made, such as wall responses, window responses, etc. In many oases the measure¬ 
ments were compared with calculated values. A wide range of experimental conditions 
was investigated, esi)racing not only variations in bang incensity and duration, but 
also variations in the condition of the building, such as whether the doors wen closed 
or open, etc. Figure 12 shows one of the window arrangements studied. From the 
arrangement on the right it was possible to compare the responses of a leaded light 
with those of a plain plate glass window of the same overall sise. From the arrangement 
on the left it was possible to compare the responses of some shaped leaded lights 
with those of a simple diamond arrangement of leaded lights. A report on this work is 
in course of preparation. However, some of the results are shown in figure 13, which 
is a plot of the static deformation of a window after each bang in the programme. It 
shows that bangs of the order of 100 Pa pressure rise and 200 ms interval between 
shocks do not cause any creep in some typical leaded light installations, as evidenced 
by the fact that there is no overall drift in one direction or the other. 

Now, owing to the excess of energy at high frequencies the ERDE Mark I simulant 
is not considered suitable for studying the effects on targets in which the responses 
at frequencies above 100 Hs is of concern. Such studies include, for example, the 
effects on human siisjects. For such subjects it is known that the important parameters 
are the pressure rise and the pressure rise rate. We described in seoti m 2 the quite 
good simulant consisting of a pair of explosive point charges that hai seen used 
l!****"^ 5*îh! «action of a community. However that simulant suffered 
from the fact that, although the pressure rise rates were large, and typical of sonic 
bangs, the pressure fall rates were large too, this being not typical of sonic bangs. 
Now the shocks alone contribute subjectively significant energy to an actual sonic 
bang, at least as far as loudness is concerned, the remaining parts of the waveform 

Accordin«;l0r the Explosives Research and Developaent 
Establishment set themselves the design objective of reproducing the two shocks of the 
sonic bang waveform, and with the correct separation in time, but with very low pressure 

TTta! eaoh 8hook* Th#ir resulting simulant, which they call the rang 
Mark II, is another explosive line charge arrangement which gives'a waveform very like 
that of one of the pair of explosive point charges, but much elongated in time, as 
shown in figure 14. An essential feature of this simulant is the control that it 
gives the experimenter over the pressure rise rate, through the manner in which the 
charge is constructed. In practice, two of these explosive line charges would be 
used, the second being fired the required time interval after the first. The energy 
spectrum of the waveform from this simulant is shown as curve CC in figure 10 alanfwith 
those from an ideal sonic bang, curve AA, and from an ERDE Mark I explosive line Charge, 
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ourre BB. It will be seen that the spectral energy of the simulant compares favourably 
with that of an ideal sonic bang above a frequency of about 10 Hs: below this frequency 
there is a deficiency of energy. So far this ERDE Mark n simulant has not been used 
in any response studies. 

4. Shook tube device 

When it became known in 1965 that the explosive line charge simulant had some 
superimposed random noise in its waveform, the Royal Aircraft Establishment began to 
consider a shook tube device for simulating sonic bangs, to which they gave the acronym 
Blunderbuss". 

The basic principle behind the Blunderbuss depends upon the acoustical fact that, 
when a sphere of compressed air, as in a balloon, is released, an event having a 
N-waveform is radiated. In practice a rubber balloon tears, resulting in an N-wave 
having much superimposed random noise, but with a material that shatters, such as glass, 
very noise-free N-wavee are obtained. The main unpracticability of the use of a sphere 
is that, in order to generate sonic bangs typical of civil supersonic aircraft, which 

• • ‘hafe* an* InteiVaT between shotka' of about }00 ma,* the balloon would have to be about 
100 m in diameter. However, one does not need to radiate the event over the whole of 
space, but only at a target. Accordingly, since the phenomenon of a bursting sphere is 
spherically symmetric, acoustically the same phenomenon can be generated in a conical 
tube whose apex corresponds to the centre of the sphere, and which has a diaphragm 
corresponding to the surface of the sphere, as shown in figure 15. 

This, then, is the basic idea behind the Blunderbuss. In order to prove the idea 
a so-called pilot Blunderbuss has been constructed^, with the diaphragm at various 
positiors from about 0,1 to about 5.5 m from the apex, so that the interval between 
shocks .. the resulting events ranged from about 0.6 to 35 ms. An example of the waveform 
that has been obtained is shown in figure 16, together with that from a typical sonic 
bang. It will be seen that a good N-wf re is obtained, there being two clearly defined 
shocks of closely equal pressure rise, £ high pressure rise rate, and very little 
superimposed random noise. Plans are now in hand to construct a larger Blunderbuss, 
capable of generating sonic bangs of up to 300 ms interval between shocks. This requires 
a driver section some 50 m long. The magnitude of the pressure rise at any station down 
the tube is governed by the pressure at which the diaphragm is bursti this is easily 
controlled by bringing the driver pressure to the required value, and then rupturing 
the diaphragm by 'firing' a built-in electrical heating element at the diaphragm station. 
An artist's impression of such a Blunderbuss is shown in figure 17. 

It must be appreciated that one only gets the desired N-wave event in the tube of 
the Blunderbuss itself: it is not a 'gun' for 'shooting' simulated sonic bangs at targets 
outside it. Experimental work will be done in a so-called working section of some 3 m 
square. The main objects of stiriy will be various elements of building structures, such 
as windows, portions of roofing, etc. Naturally the dimensions of such elements will 
not have to be large relative to the general dimensions of the working section, otherwise 
there will be the complications of appreciable reflection effects from the walls of the 
tube. However, it is envisaged that many experiments will be possible by mounting test 
specimens flush with the walls of the tube, thereby allowing the simulated sonic bangs 
to pass over them at grasing incidence. It is also envisaged that a room will be built 
on to the side of the working section, and separated from it by some typical sound- 
transmitting structure such as a window or a wooden partition. In this room studies 
could then be made of the effects of external bangs passing over this sound-transmitting 
structure on human or «nlm«l subjects in the internal conditions of the room. 

Seme experiments have already bean performed in the pilot Blunderbuss. In particular 
studies have been made, on a reduced-scale model of the same experimental configuration 
of building as was used in the full-scale experiments using the ERBE Mark I simulant. 
The appropriateness of the facility for such studies has been demonstrated. Eigure 18 
shows a comparison between the measured and calculated responses of one of the walls of 
the model experimental building. Model work of this nature is particularly suited to 
checking out theoretical methods, because any discrepancies can usually fairly be 
attributed to shortocmings in the theory, owing to the high degree of precisian that 
can be obtained in the experimental measurements. 

5» 

It io appropriât® in conoluaion to comparo th® various simulants that havo boon 
described, and to discuss their roles of application. 

The Blunderbuss, together with similar shock-tube devices, is seen as a tool for 
intensive experimental studies in the laboratory. It can be used for a wide range of 
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studies of a fundamental nature on human and animal subjects, and on elements of 
building structures. 

The ERDE Mark 1 simulant ia seen as a tool for field studies on real buildings, 
and the ERDE Hark II simulant as a tool for field studies on human and animal 
communities. 

Finally the simulant consisting of a pair of explosive point charges ia felt to 
have a role for field studies on human and animal communities. It ia cheaper and more 
convenient to use than the ERDE Hark II simulant, and in many respects it ia more 
realistic subjectively. 
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Fig.6. Calculated waveform from a uniform explosive line charge

Fig.7. Measured waveform from a uniform explosive line charge
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yield an N - waveform
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Fig.9. Waveform from an ERDE Mark 1 explosive 

line charge

Fig.10. Energy spectra of the v/aveforms from 
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an ERDE Mark 2 explosive line charge, 
and an ideal sonic bang
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Fig.n. View of test building
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Fig.13 Creep measurements of leaded lights excited 
by simulated sonic bangs
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Fig.14. Waveform from an ERDE Mark 2 explosive line charge
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Pig. 15. Principle behind the Blvmderbuss
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'r^
Fig.17. Artist's impression of the Blunderbuss

Pig, 18. Comparison between measured and calculated responses of a wall 
of a model building in the Blunderbuss
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by 
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The requirements for experimental research to study the generation of sonic boom pressure 

fields, its propagation through a stratified atmosphere and its effect on humans and structures 

dictate the construction of unique sonic boom simulation facilities. A variety of sonic 

boom simulators have been built in an effort to meet the requirements of proper simulation. 

This paper discusses a broad spectrum of sonic boom simulator concepts with special emphasis 

on the NASA wind tunnel sonic boom techniques, the NASA Langley Low Frequency Noise Facility, 

the Ling Tempco Vought/NASA Shock Tube - Bursting Diaphram Facility and the General Applied 

Science Laboratories/NASA Quick Action-Valve Shock Tube Facility. In particular, this paper 

contains brief discussions of the overall design features of the facilities, their operating 

characteristics, their research capabilities and some research problems that are amenable to 

laboratory testing. The paper shows that substantial progress has been recently made in 

advancing the state of the art of sonic boom simulator development. Most of the requirements 

for sonic boom simulation and human and structural response can now be accommodated in a 

simple, inexpensive facility such as the GASL/NASA Quick Action-Valve Shock Tube Facility. 
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SONIC BOOM SIMULATION FACILITIES 

Ira R. Schwartz 

National Aeronautics and Space Administration 

Washington, D. C. 

Introduction 

The generation of sonic boom by supersonic aircraft has established the need to conduct 

extensive Investigations of this phenomenon and of Its effect on people, structures, and 

animals. Further understanding of the effect of atmospheric conditions, of terrain, and 

of buildings on the propagation of the boom is needed to assess the boom potential and 
response. 

Until very recently, most engineering research data on sonic boom was obtained by overflights 

of supersonic aircraft. Although these flight tests have contributed substantial qualitative 

information, this experimental method has serious limitations that are not conducive to a 

systematic research program of structural and human response to booms nor to conducting a basic 

research program on boom generation and propagation. Specifically, the flight testing 

technique is incapable to develop a specific boom signature, to conveniently modify the 

signature, and generally, to repeat a signature. Also, this full scale test procedure 

is very costly and time consuming thus limiting the scope of the programs that can be 

carried out and requiring the coordination of a large staff of people. 

It Is well known to researchers in this field that to obtain a better understanding of 

the various aspects of sonic boom phenomena, it is necessary to conduct a systematic 

Investigation varying one parameter at a time. To accomplish this and since flight testing 

methods are not suitable for this type of program, studies must be conducted in sonic 

boom simulation facilities. Such a laboratory simulator should have the capability to reproduce 

the boom signatures of varying shapes with variable pressure amplitudes and duration. In 

addition, the simulator should be capable of varying these parameters in a predictable and 

simple manner. Other considerations for proper simulation would provide for the pressure 

wave representing the desired signature also be a traveling wave with a velocity corres¬ 

ponding to that expected to be incurred by the supersonic transport. Further, from an 

economical standpoint, the simulator should be inexpensive to operate on a per-shot 

basis so that nunerous tests can be conducted economically if the problem requires statistical 

information. In addition it would be very desirable that the simulator have the capability 

to scale the signature wavelength, (time) so that particular tests can be conducted on 

scale models which would provide in many cases a significant cost reduction over full scale 

tests. A broad spectrum of sonic boom simulator designs have been built which satisfy some 
of the aforementioned requirements. 

This paper contains brief descriptions of the main design features of the various facilities, 

discussions of their operating characteristics, their research capabilities, and of some 

research problems that are amenable to laboratory testing. 

N-Wave Spectrum 

To make an accurate determination of the required characteristics of sonic boom simulation 

facilities necessitates a thorough understanding of the physical properties of the waves, 

particularly, the spectral content of the waves. The basic features or variables of 

sonic boom pressure signatures that are believed to be important are shown in Figure 1. 

Illustrated are the overpressure tp, the wave length T, the rise timeT, and the impulse functions, 
Ipos. All of these variables are important in the overall conmunlty response problem. With 

regard to the response of buildings, the important variables are believed to be the over¬ 

pressure, the wavelength and the impulse It is apparent that the N-wave shape is 

idealized and may be altered to some extent by atmospheric effects and aircraft design 
considerations. 

Also the factors affecting ground exposure have been discussed in the literature in great 

detail4"7 and have been classified in three categories: (1) aircraft design, (2) aircraft 

operations and (3) atmospheric effects. Many of these factors can now be successfully 

programed into sonic boom simulation experiments as a result of a computer program that 

was developed by the Aeronautical Research Associates of Princeton.8,9 Much n»re research 

must be performed on problems such as: to determine the effects of atmospheric turbulence, 

non linear near field effects, diffraction into shadow zones, propagation of the N-wave near 

the caustic and topographical geometric shape effects. The availability of this information 

will allow the boom simulation experiments to improve upon the nature of ground exposure 
patterns. 
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Spectral Content of Wave 

Knowledge of the spectral content of the wave Is essential to understand the manner In which 

sonic boom exposures affect people and structures and hence result in a proper boom simula¬ 

tion in ground facilities. A typical spectral content of an idealized N-wave having a time 

duration of 0.1 sec., based on Fourier integral techniques^ is illustrated in Figure 2. 

Relative amplitude on the vertical scale is plotted as a function of frequency, on the 

horizontal scale. The solid curve including several convolutions is essentially the 

spectrum of the wave. The dashed curve denotes the envelope of the spectrum of the wave 

at the high frequencies and is observed to drop off at the rate of 6dB/0ct. Also, it can 

be seen that the highest amplitudes are associated with the lower frequencies. The spectrum 

peaks at approximately 10 cps and then drops off rapidly above and below this frequency. 

An important feature to emphasize is that the spectrum extends from the higher frequencies 

which are in the audible or speech frequency range to the lower frequencies which are in the 

subaudlble range. The lower frequencies are important for structural response whereas the 

higher frequencies are important for loudness effects, 

Sonic Boom Simulation Techniques 

A variety of boom simulators have been developed and built, each of which satisfies some 

of the requirements previously mentioned above. The various techniques employ wind tunnels, 

ballistic ranges, shock tubes with bursting dlaphrams, piston-speaker systems, quick action 

valving shock tubes, and explosive arrays to produce the desired pressure waves. These 

simulator concepts, most of which will be described in this papery are believed to represent 

the broad spectrum of sonic boom facilities which are in use today. 

Wind Tunnel Techniques 

The wind tunnel facility with scale models has been used successfully for many years to extend 

the basic understanding of sonic boom phenomena and to establish the sonic boom characteristics 

of specific airplane configurations. To accomplish this, both the NASA Ames and Langley 

Research Centers developed various wind tunnel testing techniques that were capable of over¬ 

coming such testing problems as: accurate construction of extremely small models, nonuniform 

and nonsteady tunnel test conditions, model and probe vibration, boundary layer effects, 

and complex near field signatures. 1For example, a typical arrangement of wind 

tunnel test apparatus located at the NASA Langley Research Center which produced satisfac¬ 

tory results in sonic boom research is illustrated in Figure 3. The model is sting supported 

by a remotely controlled actuator which allows longitudinal positioning of the model. The 

measuring probe and reference probe assembly is also on a remotely controlled actuator. To 

obtain the measurement of a particular signature, the probe position is fixed, which avoids 

the influence of tunnel flow nonuniformities. The model is moved to successive positions 

when a complete pressure signature is desired. At Langley, sonic boom wind tunnel tests 

have been performed with models ranging in size from k inch (.64 cm) to 4 inches (10.2 cm). 
Figure 4 shows a photograph of some of the one inch (2.54 cm) airplane models tested in the 

4x4 foot (1.22 X 1.22 M ) supersonic pressure tunnel. The choice of model size is deter¬ 
mined by compromising between small models that permit an approach to far-field N-wave 

conditions for the measured signature and large models which provide more accurate airplane 

representation and more exact signature definition. 

Direct comparisons of signatures measured in tunnel tests with those measured in flight 

are made possible by applying scaling laws. 1 Figure 5 shows an example of this comparison. 

A signature for one inch (2.54 cm) long model is compared with the measurements for a 100-foot 

(30.4 M) long bomber airplane. To obtain geometric similarity of airplane and model, the 

signature parameters account for the substantial differences in size, ambient pressure, 

distance or altitude and reflection factor. It is also necessary for direct comparison 

that the signatures be obtained, as shown in Figure 5, for similar lifting conditions. It 

can be noted that the tunnel data, when adjusted, agree well with flight measurements. 

The application of the various test methods mentioned above (and described in greater 

detail in Reference 12) has made the wind tunnel a valuable sonic boom research tool which 

resulted in significant contributions toward the understanding of sonic boom generation and 

propagation. Although the wind tunnel facilities have demonstrated the capability of 

providing reasonably accurate data of the pressure fields of complete airplane models, these 

facilities cannot produce the traveling wave or time varying wave of the actual boom 

which is very important for response studies. 

Shock Tube - Bursting Dlaphram Technique 

Another type of boom simulation facility developed by Ling Temco Vought under NASA 

sponsorship utilizes a system of shock tubes and acoustic horn to produce acoustic waves, but 

lacks the capability to satisfactorily reproduce the required boom signatures that are needed 

for various simulation conditions. J The simulator system shown on Figure 6 consists of two 

shock tube driver sections, each twelve feet (3.65 M) long coupled to an exponential horn, 

the mouth diameter of which is thirteen feet (3.96 M) and the length is thirteen feet (3.96 M). 

Its lower cut-off frequency is 50 HZ. A variable time delay circuit provides a controllable 

period between the bursting of the two dlaphrams. The simulator can produce double blast 
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waves with a maximum peak pressure of 27 psf (15 6dB ref. 2 x 10 dynes/cm ) at ten feet 

(3.04M) from the horn (on axis) using 30 psi static pressure. The boom duration can be varied 

from 10 to 600 msec. The pressure transients generated by this process have potential 

applications with studies of physiological and structural response to sonic boom overpressures. 

Detailed analysis of the generated waves is discussed in Reference 13. A typical pressure 

signature generated with the sonic boom simulator is shown on Figure 7. It represents the 

pressure - time history at a position ahead of the exponential horn. By proper adjustment of 

the initial static pressure in the driver tubes, it is possible to vary the amplitude of each 

boom. 

The transfer function required to provide this wave signature from a perfect N-wave transient 

was established by analog simulation in the laboratory. Figure 8 shows that by Insertion 

of a high pass filter with a lower cut off frequency of approximately 35 HZ, the ideal 

N-wave input signature can be transformed to a transient very similar to that shown in 

Figure 7. The simulator generates pressure amplitudes which are comparable in magnitude to 

those produced by a supersonic aircraft. 

The frequency content or spectral analysis of the waves produced by the simulator can be 

derived from the pressure - time history by approximating the signature as an exponential blast 

wave of the form. t 

P (t) - (1 - to ) e t0 

t 

Using a generalized transform the frequency content of this transient is developed as shown 

on Figure 9. As a result of the nonlinear nature of the problem, it is expected that the 

frequency content changes as a function of distance from the snock tube and approximates 

an exponential blast wave with constant period when the weak wave condition prevails. 

Ballistic Range Technique 
A third type of sonic boom simulator uses a ballistic range with a ballistic model for exploring 

atmospheric and topographical effects. This system produces a traveling wave and the wave 

shape can be varied by modifying the shape of the projectile. Preliminary reports, however, 

indicate that it is difficult to vary the shape, velocity amplitude, and rise time of the 

signature in a sys'ematic manner in this facility concept. However it has been demonstrated 

that using a conventional one stage gun, projectiles can be accelerated up to Mach numbers of 

5. The projectile generates a shock pattern that portrays the main characteristics of the 

sonic boom. Also, there are advantages for conducting simulation experiments of atmosphere 

dynamics effects and topographical effects on sonic boom waves in this type of facility, namely: 

(1) the simulated atmospheric dynamics, such as turbulence and temperature gradients can be 

prepared in a region before the projectile passes through this region; and (2) transient 

phenomena, such as reflection, refraction and scattering processes can be investigated directly 

under most complex conditions. 

Piston Speaker-Technique 

A fourth approach for a simulator facility is the piston - speaker type which uses a system of 

acoustic drivers to regulate the pressure in a chamber. This facility can reproduce the boom 

pressure variations very accurately. An example of this type of facility is the NASA Langley 

Low Frequency Noise Facility shown in the photograph of Figure 10. In addition to sonic boom 

research capabilities, this facility was designed to provide a research capability for large 

scale acoustic tests in the frequency range below 50 cycles per second. Descriptions of the 

facility are given in References 14 and 15. In Figure 11 a sketch of the facility's primary 

components and a room size test structure are Illustrated. Also shown is a sketch of a man 

to illustrate the relative size of the structure. 

The principal features of this facility are a cylindrical test chamber, a large piston in one 

end of the chamber, and a moveable wall which can be ;->sitioned to close the opposite end of 

the test chamber. The facility chamber may be open (Figure 10) or closed (Figure 11) while in 

operation by positioning the moveable wall to tune the chamber. The piston is hydraulically 

driven to generate sound pressures. The size of the facility is sufficient to acconmodate a 

small building structure. The overall dimensions are 30 feet long (9.1M) by 27 feet (8.2M) in 

diameter. The cylindrical test chamber was designed to provide a stiff structure with the 

natural frequencies above the top operating frequency of 50 cps. The piston is 14 feet (4.3M) 

in diameter and made of aluminum honeycomb construction. The piston was designed for high 

stiffness with frequencies greater than the operating frequency. The piston shape is a double 

cone with a depth through the center of 2 (.6M) feet. The perimeter of the piston is lined 

with an adjustable teflon seal which provides close clearance (within 1/16 in. (0.16 cm) with 

the adjacent teflon wall surfaces. 

In Figure 12 is a block diagram Illustration of the electrohydraulic system used to drive t^e 

of 

piston. The principal component of the hydraulic driver is a piston with an area of 8 in. 

(51.6 cm^) and a maximum rated stroke of 9 in. (22.9 cm). The hydraulic pressure (maximum 

3500 psi (24MN/m2) is electronically controlled by a system where the desired acoustic env 
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is obtained by putting the necessary electric inputs into the system with a function generator 

such as a discrete frequency oscillator, the playback of a random signal recorded on tape, and 

the momentary closing of contacts. This signal is then conditioned and fed into a computer 

circuit which forms part of a servo-loop circuit controlling the operation of hydraulic valving 

at the driver. Thus, the hydraulic system operates on command of the electronic circuit. 

Bv this technique, desired acoustic output environments such as random, sinusoidal, or impulse 

types Including the N-wave pressure - signature characteristic of sonic boom pressures can be 

obtained. 

Reeardins this facility's application to sonic boom research, it is Important to note that 
useful ranges of the variables, overpressure, wave length, rise time and the impulse, for N- 

wave type disturbances can be simulated by the facility. Further, this facility s capability 

is particularly suitable for studying the response of structural components. In Figure 11 

the setup is such that the response of a single wall panel can be studied in detail. Various 

wall constructions, including several door ana window installations, can be exposed to a broad 

range of N-wave type Impulse loadings. Also this type of facility is amenable to a program of 

subjective studies relating to the indoor sonic boom exposure situation for which building 

vibrations are believed to be Important. It cannot, h.iwever, simulate the traveling wave 

nature of the boom. 

Quick Action Valve-Shock Tube Technique 
The fifth sonic boom simulation facility that is described and discussed in this paper was 

recently designed and built by the General Applied Science Laboratory, Westbury, New York, 

under NASA sponsorship. It is believed that this facility concept has the capability to 

fulfill most of the basic requirements for an ideal sonic boom simulator as mentioned above. 

The GASL/NASA facility can reproduce the Important and essential aspects of the sonic boom, 

and will accomplish this in a repeatable manner. This device concept produces an accurate 

traveling pressure wave, and the wave can be either scaled or full scale wavelength, depending 

on the size and design of the device. The facility operates on a supply of stored compressed 

air rather than on a continuous steady state generator that is required for acoustic chamber 

type facilities. Thus, the energy associated with a single pulse can correspond to thousands 

of watts even though the source of this energy may be provided by a small motor (conçressor). 

A schematic of the pilot sonic boom simulator that was built at GASL.Inc. in early 1967 is 

shown in Figure 13. It was the purpose of this simulator to test the GASL,I»c. concept for the 

creation opsonic booms in the laboratory. The results of feasibility •tudf«» thU 
facility warranted the construction of a new and larger facility which will be discussed later. 

The three basic elements of this pilot facility are the air supply operating at about 10 atm., 

a mass control valve and a conical duct. In this initial pilot facility, the duct was 

approximately 30 ft. (9.1M) long with a 4 foot (1.2M) wide opening. 

The basic concept involved in the GASL/NASA simulator is that a pressure wave can be generated 

in the duct which is proportional to the rate of change of mass flow at the sonic throat 
at the apex of the pyramid. Also, this mechanism for producing the pressure pulse is described 

by the following operating equation which relates the pressure produced as a function of time 

(sonic boom) to the rate of change of mass flow at the throat. 

dQ 
P^) ’K -ar (t) 

To prove this concept, a special valve was created so that this behavior could be clearly demon¬ 

strated The basic valve design consisted of a throat made up of a long narrow slot through 

which the main air passed. In front of this slot, a plate with a cutout of prescribed shape 

was made to slide. Since the flow through the slot to a first order is proportional to the 

length of the slot, assuming it to be a one-dimensional nozzle, then the height of the cutout 

in the plate would represent the mass flow for any given position of the slot. Thus, to produce 

a square wave as is shown in Figure 14, l slide plate is needed which has a linear changing 

slot so that the mass flow then is linearly changing and hence the derivative of the mass flow 

becomes a step function of both positive and negative value. To produce the N-wave as shown 

in Figure 15, the slide must have a cutout where the mass flow or length of the opening 

is quadratic with respect to the axis of the slide. If the mass flow is quadratic, then the 

rate of change in mass flow will produce an N-wave as indicated in Figure 15. 

The results obtained using these plate configurations of Figures 14 and 15 are shown at the 

bottom of Figures 14 and 15. The actual wave shapes measured in the pilot »hown 
here The Inversion of the pressure pulse occurs at the microphone signal and has no significance. 

The two waves illustrated in Figures 14 and 15 are approximately 3 milliseconds lont with peak 

pressures on the order of 1 pound per square foot (5 x 10"^ dynes/cm ). Note, that t,:e »9“»™ 
wave picture in Figure 14 is in backwards. The quality of these signatures for both the N-wave 

and the square wave provided confidence that the operating fundamentals of the sonic boom simu¬ 

lator were correct. Figure 16 shows a fast "N" wave produced in the GASL/NABA prototype sonic 

boom simulator with peak pressures corresponding to -bout 10 psf. Figure 17 indicates the various 

testing zones or regions inside the horn or duct where tests can be pertormed. Basically, the 

acoustic wave that travels down a tube is a spherical wave with its center essentially at the air 
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control valve. Thus, a true traveling wave la generated In the almilator and can be uaed to 
show Interaction with a model at normal incidence or the effect of Mach angle, 1. e., apead 
of the aircraft can be simulated by placing a ramp In the facility Inclined at angle theta, 
auch theta equals the arc sign of one over the Mach number. Testa performed In this manner on 
the ramp can provide an exact almulatlon for any reasonable Mach number. 

Based on the results obtained from the pilot facility and a comprehensive analysis of the 
physical parameters, a new and large sonic boom simulator waa built at GA5L under NASA 
sponsorship. A schematic of the final facility configuration is shown In Figure 18. A 
detailed description of the GASL/NASA sonic boom simulator and a semi-rigorous analysis of 
the phenomena associated with the simulator which provides a greater understanding of its 
fundamental operation is reported In Reference 16. The three main components of the full 
scale simulator are: the mass control valve, the conical duct and the cone termination (absorber). 

The conical duct has been constructed of reinforced concrete walls about 8 inches (20.3 cm) 
thick. The basic dimensions of the duct are 100 feet (30.4 M) long and 8 feet (2-4 M) square at 
the terminale end. The fundamental construction of the conical duct was made to be extremely 
rigid so that there would be no loss of wave energy to the walls. To prevent separation of 
the flow, a 2½ degree half cone angle was selected. 

Figure 19 shows a schematic of the plug valve used with the full scale GASL/NASA facility. 
Smch design fulfills the requirements for large mass flow and suitably shaped nótele to min Imite 
jet noise. Although the slide valve mechanism used In the pilot facility produced the required 
mass flow profiles, the amount of mass that could be passed through such a valve Is greatly 
limited because of its one dimensional character. In addition, the orifice produces a substan¬ 
tial amount of background noise. 

The mass control feature of the plug valve In the full scale facility Is provided by the shape 
of the plug on the end of the driving piston. The sonic throat Is formed between the plenum 
and the transition to the conical duct and the tapered plug passes through this orifice to con¬ 
trol the mass flow. The equivalent of SO HP of instantaneous power is required to move the valve 
at the necessary speeds, although of course, this Is on an Impulse basis. A stored hydraulic 
system Is used to furnish this power to the facility. 

A large portion of this GASL/NASA research project on developing the sonic boom simulator 
was devoted to solving the problem of acoustic reflections from the open end of the conical duct. 
Although the adsorber Is not required for very short wavelengths such as those utilized In scale 
model testing, it is apparent that for long wavelengths (full scale booms) the reflected signal 
from the open end of the duct will Interfere with the outgoing pressure wave produced by the 
valve source. The interaction of reflected and outgoing waves produces a result which is not 
representative of the sonic boom signature. 

By conducting an appropriate analysis of the wave propagation In and at the exit of the duct a 
unique solution was obuined which suggested the possibility of cancelling the reflected waves 
by means of a moving absorber. 16 A schematic of the actual Having absorber used in the facility 
is shown In Figure 20. The material selected for Initial use In the facility was inch (1.27 cm) 
thick fiberglas blanket. 

On Figure 21 are shown the results attained by using this moving porous piston technique. Ate 
upper picture Illustrates an Incident pressure wave and the subsequent reflections obuined when 
the exit of the conical duct Is exhausting directly to the atmosphere. The lower picture 
illustrates the attenuation achieved with a similar input pressure wave after the adsorber was 
insulled at the exit of the facility. It is apparent from this data that an order of magni¬ 
tude reduction of reflected energy is obtained even with this initial untuned design. 

Thus, the GASL/NASA facility described above has been demonstrated and does indeed simulate a 
sonic boom. Further, it Incorporates features which make It a flexible device In varying the 
parameters over a broad range. 

Applications of GASL/NASA Facility 
This portion of the paper will first describe the capability of the GASL/NASA facility 
and then show how the facility should be utilized in performing sonic boom research studies. 

The following Uble of values list the ranges of performance which should be available in the 
GASL/NASA facility, based on tests to date: 

% 
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GASL/NASA Simulator Capability 

Wavelength 

Period 

Peak Pressure Level up to 100 psf (48 X 10^ dyns/cm^) 

i ft - 500 ft (.08 M - 152 M) 

3004a sec - 0.5 sec 

Rise Time (minimum) 1 millisecond 

Repetition Rate (typical) up to 60/hr 

Model Scale 1:1 to 1000:1 

Maximum Test Station Area 8 feet square (2.4 M square) 

The typical repetition rate Is a function of the air compressor supply capability. Actually, 

the figure of 60 booms per hour could readily be made 200 per hour, or similarly, multiple 

booms could be produced In rapid succession, separated by tenths of seconds. Also, In this 

facility tests can be made of both full scale and scale model phenomena where the scaling can 

be up to 1000:1 so that large topographical areas, for example on the order of 1 mile (1.6 KM) 
can be easily simulated. 

It Is significant to note that many applications of the GASL/NASA facility can be accomnodated 

without any additions or modifications to the facility. For example, Figure 22 shows a test 

set up for measuring the dynamic response of large structural models. Here the physical 

model Is placed Inside the conical duct and proper Instrumentation la provided so that the 

entire structural response can be measured if proper scaling has been performed. In a similar 

manner the effects of terrain on sonic boom signatures can also be studied with scaled terrain 
models. 

Figure 23 shows a schematic of a cross section of the GASL/NASA concrete duct and a typical 

arrangement to test the effects of the sonic boom on the window and various window constructions. 

This would require minimum modification to the facility because knockout sections exist In the 

side walls of the facility which will permit such a setup to be made. In the present configura¬ 
tion windows up to 6 foot square (1.8M square)can easily be subjected to a complete range 

of sonic boom overpressures, signature shapes, and wave durations. 

A test arrangement for conducting psychoacoustic and other studies utilizing the GASL/NASA 

facility is shown In Figure 24. A full scale room Is attached to the horn and connected with a 

part corresponding to a window. This configuration realistically simulates that to be found 

In a large apartment house building where the sonic boom wave is Incident to only one opening 

or part of the room. 

Investigations of atmospheric effects on sonic boom in the GASL/NASA facility can be performed 

by producing thermal gradients and thermal turbulence using heaters mounted In the floor of the 

horn. Turbulent airstreams can be generated by Introducing jets normal to the two verfiele 

walls of the horn. This simulator has a unique capability to change the scale length of the 

N-wave so as to examine quantitatively the effects of wave length and turbulent scale size. 

Thus, the GASL/NASA facility represents the most advanced state of the art In sonic boom 

simulation. It meets most of the requirements previously mentioned for performing basic and 

applied research on sonic boom phenomena including human and structural response. There Is, 

however, room for Improvament in this area of sonic boom simulation. With the advancement of 

knowledge of atmospheric and topographical effects on the sonic boom signatures, further progress 
will be required In developing new techniques or modifying the old ones to accoonodate the 

requirements of practical sonic boom simulation facilities. 

It can be concluded that substantial progress has recently been made In advancing the state 

of the art In sonic boom simulator technology and development. Most of the requirements for 

sonic boom simulation and human and structural response can now be accommodated in a single 

Inexpensive facility such as the General Applied Science Laboratorles/NASA Quick Action-Valve 

Shock Tube Facility. Further, from an economical standpoint, the GASL/NASA facility concept 

Is Inexpensive to operate on a per-shot basis so that numerous tests can now be conducted 

economically if the problem requires statistical Information. The NASA wind tunnel techniques 

will continue to be valuable tools for extending the basic understanding of some boom phenomena 

and to establish the sonic boom characteristics of specific airplane configurations. 

Finally, the availability of sophisticated analysis and computer methods of the propagation of 

sonic boom in a stratified atmosphere combined «ith the recent breakthroughs In sonic boom 

simulator designs permit the researcher to enter Into a new dimension of understanding sonic boom 

phenomena, evaluating human and structural response, and hopefully, finding new methods for 

the minimization of sonic boom. 
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SIGNATURE VARIABLES IMPORTANT FORs 

COMMUNITY RESPONSE 

A P - OVERPRESSURE 

T - RISE TIME 

At - WAVE LENGTH 

Ipos. IMPULSE FUNCTION 

STRUCTURAL RESPONSE 

AP - OVERPRESSURE 

At - WAVE LENGTH 

Ipos« IMPULSE FUNCTION 

FIGURE 1 - TRACING OF SONIC BOOM GROUND PRESSURE SIGNATURE 

FREQUENCY, CPS 

FIGURE 2 - CHARACTERISTIC FREQUENCY SPECTRA OF N-WAVES 

(LONGITUDINAL POSITION) 

PRORF ACTUATOR 
mjmwimwimmiwwmiiwirwmiiiiimmwwwiwwiiwimmmm LONGITUDINAL POSITION) 

FIGURE 3 - NASA LANGLEY WIND-TUNNEL APPARATUS 



FIGUK 4 - TYPICAL NASA lANGlfY WIND TUNNEL MCXXLS FOK SONIC »OOM STUDIES

M=2.0, Cl = O.I

FIGURE S - CORRELATION OF NASA WIND-TUNNEL AND FUGHT SIGNATURES
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FIGURE 8 - LTV ANALOG STUDY - SUBJECTIVE SIMULATION OF SONIC BOOM PHENOMENA
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FIGURE 10- NASA LANGLEY LOW FREQUENCY NOISE FACIUTY - SONIC ROOM RESEARCH
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FIGUtt II-APPLICATION OF THE NASA LANGUY LOW-FKQUENCY NOISE FACIUTY TO THE PPOILEM 

OF SONIC-lOOM SIMULATION 

I-1 

ACOUSTIC 
ENVIRONMENT 
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FIGURE 12- SCHEMATIC DIAGRAM OF THE ELECTROHYDRAUUC DRIVER SYSTEM FOR THE 

NASA LANGLEY LOW-FREQUENCY NOISE FACILITY 

FIGURE 13- GENERAL APPLIED SCIENCE LABORATORIES PILOT (PROTOTYPE) SONIC BOOM SIMULATOR 



2d-14

Squar* wav* alid* plat* 
for mass flow valv*

Mass Plow 0

40
dt

_L L I
Rat* of Chang* of Q

Trac* for OASL prototyp* 
facility.

Sw**p Sp*«dt 1 ■illi**eond 
par division
As^litud* corr*aponda to 
about 1 p*f
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FIGURE 16- FAST "N" WAVE PRODUCED IN THE GASL PROTOTYPE SONIC BOOM SIMULATOR. 
PEAK PRESSURES CORRESPOND TO ABOUT 10 p$f.

FIGURE 17-A SCHEMATIC OF THE GASL SONIC BOOM SIMULATOR FACIUTY AND TEST AREA

FIGURE 18- GASl/NASA SONIC BOOM TEST FACILITY lAYOUT SCHEMATIC
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PLUG VALVE 

FIGURE 19- SCHEMATIC OF PLUG VALVE - GASl/NASA SONIC BOOM FACILITY 
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FIGURE 20- SCHEMATIC DRAWING OF MOVING ABSORBER - (GASl/NASA SONIC BOOM FACILITY) 
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Each division equals 0.1 seconds. The moderate 
rise time is programmed by the mass flow control 
valve.

FIGURE 21-DEMONSTRATION OF THE ABSORBER - (GASl/NASA SONIC BOOM FACIUTY)

FIGURE 22 - MEASUREMENT OF DYNAMIC RESPONSE OF LARGE STRUCTURAL MODELS IN GASl/NASA 
SONIC BOOM FACILITY
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SUMMARY 

Refined methods, based on modified linear aerodynamic theory, are available to 
calculate the detailed sonic boom characteristics of airplanes. The use of these 

methods has been justified through correlation with both wind tunnel and flight test 
data. The techniques for estimating sonic boom pressure signatures of an airplane are 
reviewed and the effects of different configuration variables are shown. In particular, 

configuntion variables and novel concepts that could lead to potentially favorable 
sonic boom characteristics, such as low overpressure, long rise time, and noncoa¬ 
lescence of shocks, aie examined. Numerical examples illustrate the magnitude for 
potential improvement in sonic boom and the resulting effects on other airplane 

performance parameters. 
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INTRODUCTION 

One goal in design of supersonic airplanes is to minimize the 

objectionable aspects of sonic boom, within limits imposed by 
design and operational cor strain ti It is possible, through 
variations in configuration geometry, to develop airplanes with a 
wide diversity in their sonic boom characteristics. Unfortunately, 
only minimal guidance as to the undesirable features of sonic 
boom is provided by today's psychoacoustic knowledge. Further¬ 
more, even though the designer might achieve an airplane with 
highly optimized sonic boom characteristics, the effects of 
atmospheric turbulence and/or transmission through the struc¬ 
ture of a building (for indoor exposure) can mask the detailed 
features considered to be favorable. Thus, the advantages of 
design compromise for sonic boom reasons may well be nullified 
for the majority of those exposed to the boom. Aside from these 
considerations, it seems apparent that the less the overall pressure 
disturbances from ambient, the less the annoyance caused by 
sonic boom. For this reason, emphasis in most sonic boom work 
has been given to minimizing sonic boom overpressure (Refs. 
30-1 to 30-4). 

m> is 
AIT • 40.000 ST 

OVERPRESSURE, 
ARIRSFI 

Fig. 30-2. EffKt of Groa Wiight 

The purpose of this paper is to assess the known aerodynamic 

design methods for minimizing and modifying a sonic boom 
signature. The corresponding effects on aerodynamic efficiency 
(lift-drag ratio) are shown to illustrate the performance com¬ 
promise for sonic boom. Mach number, altitude, and gross weight 
representative of a large supersonic commercial or military 
airplane during climb and acceleration are used for comparative 
purposes. Geometry typical of supersonic airplanes flying today 
is used as reference. To add perspective, it should be recalled that 
the magnitude of sonic boom also can be reduced by climbing 
and cruising at higher altitudes and through reductions in 
airplane gross weight made possible by improved propulsive and 
structural efficiency. The data in Figs. 30-1 and 30-2 illustrate 
the potential reductions through these means. 

Figure 30-1, taken from Ref. 30-5, shows the wing area and 
engine size increases and resulting gross weight increases required 
to climb to altitudes higher than optimum for range in order to 
reduce sonic boom. Payload, range, and landing field length 
requirements were held constant for these data. It can be seen 
that sonic boom reductions greater than IS to 20 percent are 

prohibitive. 

Fig. 30-1. Cfftct of Sank Boom Ovtrpmtun on Airpim Dtugn 

SONIC BOOM PRESSURE SIGNATURES 

While a typical sonic boom pressure signature is an “N-wave” 
(shaped like the letter N), many variations are conceivable. 

Possible signatures shown in Fig, 30-3 are an asymptotic N-wave; 
signatures that include one or more intermediate shocks; and a 
signature with a finite rise time (i.e., without a fully developed 
front shock). These are the signatures one would expect to 

observe outdoors when the atmosphere is free of turbulence. 

FINITE RISE TIME SIGNATURE 

FS 

TIMET 

Fig. 30-3. Conctivêbl* Pnaun Signatura 

As far as psychoacoustic reaction is concerned, theie is no 
conclusive evidence that any of these is preferable to any other. 
Features, such as maximum pressure change, number of shock 
waves, or length of time between shock waves (especially for 
structural responses), may be significant. In general, it is known 
that rise times greater than about 10 milliseconds have a 
favorable effect, and it seems apparent that a sonic boom 
pressure signature with rise times greater than some value would 
be as imperceptible as the pressure field of a subsonic airplane. 
No supersonic airplane yet designed would produce such 
signatures. 

The data in Fig. 30-2 illustrate the effect of gross weight on 

sonic boom. If it were to become possible, through future 
technology improvements in structures, propulsion, and aerody¬ 
namics, to reduce gross weight and decrease wing loading, 
relatively modest sonic boom reduction could be achieved. 

EFFECT OF AIRPLANE LIFT AND VOLUME 

It is convenient to separate the effects of airplane lift and 
volume when thinking about reduction of shock wave strength. 
The effect of lift is clearly re' '-d to the weight of the airplane. 
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and the effect of volume is related to its size and shape. Both 
effects have to be considered when calculating shock wave 
strength, but volume is dominant for low-altitude flight and lift 

for high-altitude flight (see Fig. 30-4). 

Fig. 304. Influtnct of Votum* *nd Lift Contributions on 

Sonic Boom Ovmpnmn 

Lift and volume effects can be combined judiciously to 

minimize the total pressure jump, AP, when Utey are of the same 
order ot magnitude. The characteristics of large supersonic 

airplanes are such that the sonic boom is lift dominated for most 

flight conditions. 

WHITHAM'S SONIC BOOM THEORY 

The sonic boom pressure signature of an airplane is calculated 

using Whitham’s theory (Ref. 30-6). Each component of the 
airplane contributes to the signature (Fig 30-5), and its 
C'itribution is determined from its area or (in the case of lift) 
equivalent-area distribution. Area, in this context, is in terms of 
the supersonic area rule of linearized aerodynamic theory. Each 
area distribution is related to a Whitham "F-function;” the 
pressure signature is obtained by analyzing superimposed F- 

functions. 1' is possible, in certain cases, to define airplane 
geometry, staging with a given signal ire. However, since the 
signature determined from an airplane’s geometry is also a 
function of flight altitude, weight, and Mach number, this 
signature will be obtained for only one specific flight condition. 

The development of a shock wave pattern is shown in Fig 
30-6. An example of the relationship of sonic boom pressure 
signatures to distributions of area is shown in Fig 30-7. If it were 
to be established that one pressure signature is the most 
desirable, an effective area distribution could be found to 
produce that signature at some flight condition. 

SONIC BOOM LOWER BOUNDS 

It is possible to determine the least possible sonic boom for 
given airplane characteristics, such as lift, length, and volume, 
and given flight conditions. As shown in Fig 30-8, a different 
lower bound results, according to the type of pressure signature 
that is assumed (Refs. 30-7, -8, and -9). The “airplane” for each 

lower bound pressure signature is defined in terms of F-functions 
and/or lift and area distributions, but there is no proof that a real 
airplane configuration can be found to correspond to the lower 
bound. The smallest lower-bound shock-wave strength in Fig 
30-8 is found by assuming a pressure signature that begins with a 

weak shock wave and continues with a very steep but not quite 
discontinuous pressure rise. The practical value of such an 
assumption has yet to be determined experimentally. 

As noted before, for N-waves heard outdoors, annoyance is 
related to the time taken to reach the maximum overpressure, 
with finite rise times being less objectionable than discontinuous 
pressure changes (Ref. 30-10). It is possible, for a specific flight 
condition, to find a minimum-length airplane (including lift 
distribution) that will produce a pressure rise just short of 
discontinuous. The result of calculations, which are in accor¬ 
dance with the work of Ref. 30-11, is shown in Fig 30-9 for the 
standard atmosphere; it can be seen that the airplane would i ave 
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F-FUNCTION 
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Fig 30-5. Bfftct of Contiguntion Compontntt on Promut* Signatur* 
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Fig. 30-6 Development of an Airplane's Sonic Boom Pressure Signature 

Fig. 30-7. Effect of Distribution of Area on Pressure Signatum 
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Fig. 30-8 Sonic Boom Lovm Bounds 

üt I'AMOoKD AT «0»M*a| INI 

e. ™C2± 
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to be very long indeed. To have a rise time of 10 milliseconds 
would require that the length be about 35 percent greater than 

that shown. 
EFFECT OF CONFIGURATION 

MODIFICATIONS ON SONIC BOOM 

WING 

Since the sonic boom of heavy airplanes is lift dominated, it 

is natural to expect the wing to have a significant effect (Ref. 

30-12). The influence of stretching the wing lift and volume 
distributions, holding span constant, is shown in Fig. 30-10. In 
this example, the maximum thickness of the wing was the same 
for all the planforms so that reduction of thickness ratio 
accompanied increased slenderness. It is seen that while the 
slenderness of the wing has a strong effect on sonic boom, it also 
has a significant effect on the maximum lift-drag ratio and 
structural weight of the airplane. Both reduced sonic boom and 
increased supersonic aerodynamic efficiency favor very slender 
planforms; in practice, slenderness is limited by structural weight 

and other design considerations. 

The effects of variations of wing camber and twist are shown 
in Fig. 30-11. The effect on boom is much smaller than is the 
effect on airplane drag. For instance, concentrating most of the 
load at the trailing edge of the wing reduces the boom d percent 
in comparison to the flat wing, but increases the drag about 15 
percent. A comparable result could be obtained by flying the 
airplane about 6,000 feet higher. Similarly, changes in wing 

dihedral have a small effect on sonic boom; small positive 
dihedral may reduce sonic boom a percent or so. It seems 
unlikely then that either camber and twist or dihedral would be 

determined by boom considerations. 
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Fig 30-10. Efftct of Stntching Wing Lift md Volum» 
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PROPULSION SYSTEM 

The influence of the relative position of the propulsion 
system can be seen in Fig. 30-12 for an airplane with engines 
under the wing. If the engines are far enough aft, their shock 
wave is prevented from reinforcing that of the wing leading edge 
and that of the body. Aft engine location also has a favorable 
effeci on the lift-drag ratio because of aerodynamic interference 
(Ref. 30-13); however, there is a best position. Overpressure 
diminishes continuously as the engines are moved back. Practical 
considerations suggest that the most rearward position of the 
engines be dictated by drag and structural feasibility rather than 
by sonic boom. 

The results shown in Fig. 30-12 were obtained assuming a 
nacelle shape characteristic of a modern airplane propulsion 
system. It is typical of these systems that the area of the engine 
intake is of about the same order of magnitude as the area of the 
nozzle, with the nozzle area somewhat greai er. If a propulsion 
pod with a nozzle area considerably less than the intake area 
were possible, the effect on sonic boom would be beneficial 
because an expansion field would be created below the wing, 
tending to cancel the strong wing shock wave (Ref. 30-14). The 
results of detailed calculations are shown in Fig. 30-13. Starting 
with an intake area typical for the weight and size of the airplane 
considered, the nozzle area was reduced to zero. Obviously, this 
alone is not enough to have an important effect on sonic boom; 
the reduction obtained by complete elimination of the nozzle 
area is only about 4.S percent. Further improvement can be 
achieved only by significant inlet area increases. The same 4.S 
percent reduction could be obtained by flying 3,500 feet 
higher -with a drag increase of about 8 percent. 

Mid LOCATION. I ITT) 

Fig. 30-12. Efftct of Engin* Locttion 

Aimit ■ cot—tant 
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Fig 30-13. Efftct of Noitft Ano 
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Sonic boom can be reduced by thrust vectoring, as shown in 
Fig. 30-14. Fhere is a reduction of shock wave strength because 

the wing is not required to produce as much lift, and for small 
angles there is a reduction of drag. However, excessive thrust 
deflection has an adverse effect on drag and also leads to 
complications in the de ngn of the propulsion system. The rate of 
reduction of shock wave pressure with thrust angle at greater 
angles is much less than the rate of decrease of lift-drag ratio; it 
is, therefore, unlikely that thrust vectoring to reduce sonic boom 
would be allowed to compromise an airplane design. 

NOTt: THRUST DETINCD CONVINT(ONALLT 

Fig. 30-14. Efhct of Thru» Vectoring 

FUSELAGE 

Changes in the size of an airplane's fuselage affect the sonic 
boom pressure signature because expansion waves behind the 
nose decrease the strength of the wing shock wave. Where the 
effect of lift dominates, the influence of the fuselage in reducing 
the wing shock can be favorable (Fig. 30-IS). To have any but a 

■ •1« CXCEWf VOSUMfc 

Fig. 30-IS. Urn of Volum» lo Rtduc» Boom 

rather small effect, however, the volume of the fuselage has to be 
well in excess of that which is consistent with the basic size of 
the airplane and an efficient mission. To illustrate, consider the 
effect of doubling the fuselage volume, which, as shown, reduces 
the sonic boom by 7 percent at the expense of 18 percent 
increase in drag. This same reduction in boom could be achieved 
by flying 4,500 feet higher with a drag increase of only 12 
percent. Nevertheless, fuselage shaping is important, and for a 

given capacity, the fuselage design can make a considerable 
reduction in drag without aggravating the sonic boom (Fig. 
30-16). Lift on the fuselage forebody has a beneficial effect on 

com!**! FUftilAOC CA FACI TV 
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Fig. 10-16. Effwct of Fumiêgê “Ar—-Ruling" 

sonic boom, as shown in Fig 30-17, but the amount of lift that a 
fuselage can carry efficiently is limited; forebody lift is merely a 
way of increasing the effective lifting length of the airplane. 
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Fig 30-17. Efftct of Fortbody Lift 

It has been suggested (Ref. 30-15) that sonic boom pressure 
may be reduced by virtually lengthening the airplane through 
electrostatic fields or other electrical or magnetic phenomena. 
The effect of having a “phantom” forebody that does not cany 
lift has been examined, and the results are shown in Fig 30-18. 

Fig 30-18. Efftct of "Phtntom" Fortbody 

As can be seen, the change in sonic boom is negligible-about 2 
percent despite an electrical power consumption equivalent to 
about IS percent of the output of the airplane's engines. (See 
also Ref. 30-16.) The same reduction in overpressure could be 

obtained by flying 2,000 feet higher, at a cost of about 5 percent 

in drag 
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CONCLUSION 

It has been shown that aerodynamic design approaches are 
available to refine the sonic boom characteristics of an airplane. 
However, only relatively small changes in sonic boom are possible 
within the constraints imposed by requiring a useful, long-range, 
military or commercial mission. This is illustrated in Fig. 30-19, 

M • Ik 
SOOOOOlB 

Fig. 30-19. Comparison of Sonic Boom Lavais 

which shows the lower bounds from Fig. 30-fî together with the 
estimated level of sonic boom for airplanes flying today, the level 
that can be achieved for airplanes designed with today's 
technology, and the potential level sometime in the future 

following considerable technological improvement. For compara¬ 
tive purposes, these data have been normalized to the reference 
condition used throughout the paper. 

Beyond the airplanes i ow built, improvement in sonic boom 
can result from careful attention to the lift distribution, area 
ruling of the fuselage, ¡nd location of the engines. By far the 
greatest configuration influences on sonic boom are wing 
planform and size, and it is through the wing that future 
improvement may occur, as paced by advances in structures and 
propulsion technology. The bound of projected future improve¬ 
ment shown in Fig 30-19 is based on a considerable wing loading 
reduction from 60 to 45 pounds per square foot and an increase 
in wing slenderness causing a 40-percent increase in the stream- 
wise length of the lift distribution. It may even be possible at 
some future time through wing design to eliminate sonic boom in 
the sense of elimina'ing objectionable rates of pressure change 
(including discrete shock waves); a lifting length about 10 times 
greater than that typical of today’s airplanes would be necessary, 
which indeed does pose a challenge for future structural 
designers! 
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SUMMARY 

A considerable amount of experimental data has been obtained from model Jets running at a 

wide range of vslooities and temperaturer at Rolls-Royce Limited (Bristol Engine Division). The 

purpose of this paper is to outline efforts being made to correlate this data, using LlghthlU's 

quadrupole theory of Jet noise generation with modifications due to Ffowos Williams for high 

speed flow. The early part of this work showed that a theoretical model based or a distribution 

of randomly orientated quadrupole sources prsdicts the emission angls of peak intensity and the 

directivity of the radiation with reasonable success, but it does not predict the spectrum 

bshaviour. Since it canoba shown that the mixing region of a Jet generates latsral quadrupoles 

with lobes aligned at 45 to the Jet axis, a more complicated model can therefore be devised 

.'onsleting of a distribution of lateral quadrupolessuperlmposed upon the randomly orientated 

quadrupole distribution. This type of model cm be used to Improve the prediction of spectrum 

behaviour and also give a better prediction of the peak intensity emission angle. However, 

certain discrepancies cannot be explained in terns of this model and possible reasons for this 

are discubsed and suggestions for improvements, currently being investigated, are given. 
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U3T OF SYMBOLS 

Ctf 

D 

e 

F 

f 

H (co) 

K(«0 
t 
¿I » 4» 

Me 

M j 

Q 

Q' 

Ui.U 
Ui', u' 

Vc 
Vj 
WÍO 

OCc 

OÍ 

0< » 

e 
9 peak 

P 
CO 

GOo 

•peed of eound under aablent condltlone 

nosele erlt díamete) 

anisotropy factor ^‘/i, 

modified Doppler factor 

[ f 1 - Mc Q» Me1 (Gk? e-.e'S.e’ 0)] " 
frequency of observed sound 

power spectral density of turbulence fluctuations, pu1!!1 

power epeotral density of turbulence fluctuations, -*• puV 

ieotroplo integral length scale of turbulence 

Integral length acales in longitudinal and lateral directions respectively 

aeouetio Mach number of convection velocity • ^e/c* 

acoustic Mach number of Jet velocity, > ^3/c+ 

ratio of strengths of lateral to random quadrupolee in directivity factor 

ratio of etrengthe of lateral to random quadrupolee in frequency spectrum 
factor 

pressure and pressure fluctuation 

mean velocity components 

fluctuating velocity components 

conveetion velocity of eddies in Jet 

ftilly expanded Jet velocity 

power epeotral denalty of observed eound 

•pace co-ordinate 

ratio of turbulence frequency in moving frame attached to eddy to that in 
fixed frame, COel/V«. 

similar to ol but for anisotropic eddies, 

angle between direction of emission and Jet axis in downstream direction 

emission angle of peak intensity 

fluid density 

radian frequency of turbulence as measured in moving reference frame 

typical radian frequency of turbulence as measured in moving reference 
frame, equivalent to the inverse of the integral time scale of th*. 
moving frame autocorrelation. 
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nr ORDER TO PREDICT THE NOISE RADIATION FROM JET BfGINKS, Rolls-Royc« (Brlatol Birina Division) 
has oarriod out a coaprahenalva «arles of asasursaents of the acoustic radiation froa aodal >ts. 
The correlation of this data is desirable so that a universal prediction nethod can bo devised 
and reliable extrapolations can be aade. This paper reports attempts to correlate the experimental 
data using Lighthill's theory of Jet noise generation by aooustic quadrupoles. Since the data 
Involved high speed jets, it was necessary to use the extensions of this theory due to Ffoves Hllllaes, 
which allow for the supersonic conveotlon of turbulence. The paper considere the directivity of 
the intensity and the frequency spectra of the Jet noise but it does not atteapt to predict the 
absolute levels of the sound radiation. The directivity factor derived 'roa the theory le compared 
with the measured field shapes, and, in the case of speotra, the theory is used to derive 
correlation paraaeters to collapse the measured speotra on to a general curve. 

In the simplest fora of the high speed theory, the noise is rsdlsted from a distribution 
of randonly oriented quadrupoles and the directivity is due entirely to convection of the 
quadrupoles. When this theory is applied to the experimental data, it is found that the direotlvlty 
is predicted fairly well, especially near the peak Intensity but the angle of peek saission is not 
estiaated well over the whole speed range. In correlating the spectra, it is necessary to oorreot 
the observed frequency with a aodified Doppler factor, based on the eddy conveotlon velocity and 
including a term which accounts for the rsdiated wavelength being ooaperable with the eddy else. 
When this is done the observed frequency is converted into the frequency of the turbulenoe as 
viewed in a reference fraae attached to the eddy. It is found that the speotra can be correlated 
for different Jet velocities and temperatures but only if a separate correlation is Bade at each 
emission angle. It was noticed that there appeared to be two basic speotra with peak frequencies 
separated by about three octaves. 

This can be satisfactorily explained by reverting to iighthin'e original aodol for Jet 
noise. He showed that the shear region of the Jet would radiate predominantly a lateral quadrupole 
orientated at 45 to the Jet axis. A acre coaplex model can now bo devised by combining these 
lateral quadrupoles with the distribution of randomly orlontatsd quadrupoles. It can be shown that 
this model has two separate spectra and a considerable improvement can now be made in collapsing 
the speotra on to a single curve which is independent of the emission angle. In addition the 
angle of peak nolee emission .» predicted better especially at the lower Jet veloeltlee. 

THE JET N0I3E EXPERIMEMTAL DATA. Measurements of the aooustio output froa model Jet 
nostles have been obtained by Rolls-Royce (Bristol Engine Division) from their Jet noise facility 
(see Fig. l). The rig, which is mounted in an anechoio teat chamber, is mounted freely on an 
air bearing. During running, thrust can be measured by the air pressure required on a thrust 
capsule to bring the rig back te a null position. Primary and secondary air supply pressures, 
which can be varied independently up to 100 p.s.i. absolute, are obtained from an external 
compressor facility. The normal air delivery temperature to the rig is about 300°K, but by the 
use of a combustion chamber the primary nessle temperature can be continuously varied between 
450 end 1250 K. The primary flow exhausts through a 3 in. diameter conical convergent nossls at 
fully expanded Mach numbers up to about 1.8 and at fully expanded Jet velocities up to sbout 
3000 ft/seo.. The measuring apparetus is standard B A K microphones and spectral analysers end 
the measurements are recorded on magnetic tape for later analysis. The microphones are traversed 
on a 10 ft. radius (4O nossls diameters) centred on the jet exit between angles of 15& and 105° 
to the Jet axis. 

0 Atypical set of data consists of ’/3 octave 8.P.L. at angular increments of 7|° between 
15 and 105 to the Jet axis, and at a particular pressure ratio and total temperature. Ifce 
whole set consiste of rune at about ten separate pressure ratios between about I.5 and 6.0, each 
carried out at four separate Jet total temperatures between 288°K and 1250®K. 

THE THEORETICAL MODEL USED 

SUMMAFï OF JET NOISE THEORY. Wie theory of aerodynamically generated sound, as initiated 
by Lighthill (l), consists essentially of rewriting the equations of fluid motion in ths form of 
a wave equation for fluid density with all the residual terms collected together as a source term. 
In physical terms, the flow in which ths sound is generated is replaced by fluid at rest acted on 
by an externally applied stress system. The source term represents the difference between the 
usual stresses in the fluid due to pressure, viscosity and momentum flux and the stress consisting 
of sound pressure fluctuations, which would exist in the fluid at rest. The stresses of the 
source term are acoustically equivalent to a distribution of quadrupole sources radiating into a 
uniform fluid at rest. 

Assuming that the source term given by the stresses is known, then ths wavs aquation 
can be solved and an expression for the density fluctuations in the far field can be obtained. 
Since fluid velocities in high speed Jets are of the same order as the speed of sound, a full 
allowance for the effect of retarded times must ce made. This solution was first obtained by 
Ffowcs Williams (2). 
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Th« «tr««« ay«U« of th« «ouro« tant la ln practica not known but sor« prograsa can b« 
nada If visooua atraaaas and tanparatura dlfferanoaa ara naglactad. The raaldual tarn, which la 
tha nonantun flux, has recently bean analysed by Jonea (3)« It nay be aaparatad into two parta, 
ona of whioh la a quadrupole aourea and the other la a higher order aouroe, l.e. ootupola. Since 
tha ootupola aouroa la laaa efficient than tha quadrupole than it la negligible at least at 
oonveotlon velocities lower than the valooity of sound. The quadrupola aouroa nay alao be split 
Into aavaral parta whan the velooltles are written aa tha sun of a naan and a fluctuating part. 
Tha two noat inportant aourosa ara the self nolaa tarn, whioh is a turbulanoa-turbulanoa 
contribution and tha ahaar noise tarn; which la a turbulanoe-nean ahear contribution. 

Tha above theor) has been fully worked out and now requires detallad ohaoking using 
experimental data fron high apaed jets. 

PHT3ICA1, DESCRIPTION OP THE THEORETICAL MODEL. It haa bean established that jet flows 
consist of turbulent addles or correlation volunsa whioh ara convectad downatraan at sons spaed 
leas than tha oantrellns jet valooity. An eddy nay ba regarded as radiating sound Ilka a 
quadrupola aouroa and sinos it la oonvaotad, sons nodification to the directional pattern of tha 
radiation will occur. If tha turbulent valooity fluctuations within a particular eddy ara 
regarded ás isotropic and if tha eddy la not in a region of larga valooity gradiants, tha eddy 
will contribute to tha self noise and tha associated quadrupola will have a random orientation. 
A distribution of such addles will produoa a spherical directivity pattern. If tha eddy is in 
a region of a large valooity gradient, such as tha nixing region of a jet, than it contributas to 
tha shear nolaa and radiates as an orientated quadrupola. An eddy in the nixing region of a jet 
produces a lateral quadrupola orientad at 45° to tha jat axis. Sinoa all tha eddies in a given 
region ara effected in tha aama way, tha directivity of a distribution of such souroas will ba 
tha same as ona source. Sinoa thesa souroas are being oonvaotad there will ba soma distortion 
of tha basic quadrupole field shapes. Mathematically this distortion is given by soma power of 
tha Dopplsr factor for a moving aouroa. Sinoa tha random and lateral quadrupola« each involva a 
différant number of tima differentlationa, tha power of the Doppler factor is différant in each 
oasa, being 5 for tha random quadrupola and 3 for tha lateral quadrupola. Tha Doppler factor 
itsalf must ba modified whan tha source is oonvaotad at speeds near that of sound. Sinoa tha 
motion of the aouroa raduoas tha wavelength of sound radlatad in tha direction of motion it 
becomes comparable with tha aouroa aisa near sonic spaads. The oorraotion takas tha form of an 
extra tarn whioh avoids tha singularity that would otharwisa occur. This tarn arlsaa naturally 
if full account is taken of tha retardad time in tha theory. 

This papar reporta eoae attempts to correlata jet nolaa directivity and spaotra at 
first on tha assumption that tha radiation is dua entirely to a distribution of random quadrupolea. 
When this modal was found to ba inadéquat«, espeolally in attempting to correlata spaotra, tha 
directivity and spaotra of tha radiation from a combination of random quadrupolea and lateral 
quadrupolea war« invastigatad and comparad with tha experimental data. 

THE DIRECTIVrfY OF JET NOISE 

THE THEORETICAL DIRECTIVITY. Expressions for the diraetivities of both randomly 
orientad quadrupolea and lataral quadrupolea oriented at 45 to tha jat axis can ba obtained 
from tha theory. Tha directivity of tha intensity of sound radlatad from randomly orientated 
quadrupola« is derived entirely froa tha distortion of the spherical field ahapa caused by 
source convection. For tha low apaad theory, whore oonveotlon Maoh numbers are lass than unity, 
the directivity factor is ('"McCssô)’" where Mo is the eddy oonveotlon valooity divided 
by tha spaad of sound in tha radiation flald and ft is tha angla between tha jat axis and tha 
direction of amission. For high spaad oonveotlon this factor becomes 

C O-McCos0)a ♦ «(»Me* (Cos*e 4 e*we) T* 
where ot • and £ are turbulence parame tara given by s t^at'/Vc and £. s /Ci 
In thasa aquations, CO« !• tha inverse of the integral tima soala ln tha moving frame of 
refaranoe attaohad to an eddy, t, and t« are tha integral length aealea in tha longitudinal 
and lataral diraotiona respectively and Vc is the convection velocity. Physically o( , 
nay ba interpreted aa the ratio of the time taken by the eddy to pass a fixed point in the fluid 
to tha decay time of the eddy and £ is the anisotropy faotor. 

Tha directivity factor for a lateral quadrupole orientated at 45° to the jet axis is 
qiven by 4 Cós*0 Sina0 and for low speed oonveotlon this faotor must ba modified to 
4Goa*0&na(^j_. Th* différant power of the factor (t-McCosG) in thia case is du« 
to the dlffewnt tins dependence of the shear noise source tern. For high speed convection, the 

directivity becomes 4 G*a BSn* 0/[ G-MeG»©? «• o^Mc* (G)**0+«?W 0)]% 
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The ov*r*11 <>ir«otivltjr of a Model coablnlng the two type» of guedrupole !• obtained 
by adding togethar the aaparate exppeaaiona fop the dlryjtiwitiee. 'iTie overall directivity ie 
therefore Vp. 26/p, where F • [O-Hc Gc*0)l+ of *Mc?(Coi?0+ea « 
and (i ie the ratio of the etrength of the lateral to the randoa quadrupole diatributlona. The 
theoretical directivity can now be calculated provided valuee of the turbulence paraaetera o( , 
and e , the relatlonehlp between the convection velocity and Jet velocity, and the ratio of the 
etrengthe of the two types of quadrupole are all known. In praetioe none of theae quantitiee 
is known precisely, but for subeonio jets the approximate valuee have been found to be 

ot > - 0.2 - 0.4 and e . 0.3 and the convection velocity is about 0.65 Vx (4). When the 
original calculatione for this theory were done, the value of oi, for supereonic flow was 
thought to be a little higher at 0.6 and the convection velocity a little lower at about 0.5 Vi 

COMP AH 30H OF THEORY WITH EXPERIMfJTAi DATA. For a quick assessment of the theoretical 
aodel, it is sufficient to compare the theoretical and experimental variations of the emission 
angle of peak intensity with jet velocity. If the random quadrupole alone is considered it can 
be shown that the peak emission angls is given by Cos - '/Me C !♦ C»-«?)*?} • Fro. thiT 
expression it can be seen that the peak lies along the Jet axis for sufficiently low jet 
velocities. When the Jet velocity rises above about I.5 timee the speed of sound, C* , the 
peak ■»in«« «w»y from the axle. This behaviour is not very similar to the experimental data but 
a good fit can be obtained between Jet velocities of I.3 c* and 2.4 cm if the convection 
velocity Vc is assumed to vary as Vc *ac^bVy instead of being a constant fraction of 
Vy , where suitable values of «. and b are .37 and .29 respectively (eee Fig. 2). 

However the addition of the lateral quadrupole considerably inprovea the prédiction of 
P**k •Bi«*i°n angle in the low speed range, although an overestimation atill occurs at the hlch 
speed end. It was found that the value of GL , the ratio of the strengths of the lateral to the 
ruidom quadrupole, had a significant effect on the result and the beat fit was obtained with 

u ’ 1 rí*' Ab°v* velocities of about 2 Cm the experimental variation of the 
°ff andvUco“*B «PProilMtely constant at about 45®. This effect could again 

be achieved by decreasing the ratio ve/Vj . -m»*« 

If the whole directivity is now considered, it is found tuet the overall ehape of the 
random quadruples is very similar to that of the combination of two types of quadrupole in the 

^ °1^90 • Hor9r b#tw**n 90 “d 160 •u *^ar th* letter case. Comparing the experimental data with the theoretical predictions 
^ typa8 of «lu*d~P<>l» (••• Fig. 4), it can be seen that the general 

fit near the peak is quite good, once the peaks have been correctly predicted. However errore 

** ÍaO*^1** t0 th* 38t axi8* h*10* ,bout 30° for the lower Jet velocities and at angles 
above about 60 for the higher Jet velocities. 

Improvements in the fit at these points could poeeibly be made by suitably adjusting the 
VaP<°+? P*rJ**tere • * Ve/V ï and Gl and in addition it nay be neceesary to Introduce the 
variation of some or all of theae parameters with Jet velocity. 

THE FREQUB1CY SPECTRUM OF JET NOISE 

CORRELATION OF SPECTRA USING RANDOM QUADRUPOLE THEORY. A reasonable collapse of 
spectra at different Jet velocities and total tomperaturea can be obtained if separate correlations 

"rth^ovSanl! P*L,-ln!i S*1!’ ^ 00t‘V8 80Und pr*8sur* l8V81 1» normalised with respect 
» î^t^SÎ fr8qu8"oy f8 oor^t8d bF Dopp'.er factor and nonalleed 
as a Strouhal number. In this way the observed frequencies are converted into the frequenclee as 

8 inference frame attached to the convected eddy. The frequency normalising parameter 
““4. ! 41! 888 end the .odifl^Dopiler f.ctor^^ ^e 
differs from that mentionmi previously since the anisotropy factor haa been put equal to unity. 

Î 4**Pr?!“í°n¿ t0 ¥h,r* L i» the length scale of the eddn Mimed 
isotropic. It ie found that, in order to obtain good corrélation, the value of c* should deereaM 
"llî velocity (see Fig. 5). It ie probable that had a more realistic anisotropy factor been 
used, the value of ot would tend to remain constant at least over part of the velocity range. 
The collapM of data can be improved further by correlating resulte not at the same emission 
angle but at the same angle relative to the peak emiealon angle. 

A close scrutiny of these results show that there are two basic spectra with oeak 
frequencies separated by «bout thrwooteves. (See Fig. 6) The lower frequency apectxua dominates 
betweenemieeion angies of 0 and 60 and the higher frequency spectrum at emlaelon angles greater 
44 4 Ik Thi8b8h8vi°ur can be resolved by adding the contribution of a lateral quadrupolfto 
that of the randoa quadrupolss. This more complex model accounts for the spectral variation with 
emission angle and will probably allow the spectra to be collapsed on to a single ourve. 
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THE THEORETICAL FREQUEMCY SPECTRA. Th« powr «p«ctr«l d«n«lty of the acoustic 
radiation fro* coactad quadrupoisa has been studied by Ffowcs Williams (2), and he derives an 
expression which involves the radiated frequency and the spectrum of the source strength stress tensor. 
For a distribution of randomly orientated quadrupoles, the spectral density has the form 
fzir-f)4 . H Cud) where < is the rsdlated frequency, to is the radian frequency associated 
wltli the turbulent eddy and H is the spectrum cf çuu , and where u is the isotropic 
turbulent velocity fluctuation. The frequency to may be interpreted as the frequency of the 
source fluctuation sino« it is that viewed in a frame of reference attached to the eddy. The 
frequencies CO and f are related by the modified Doppler factor, i.e. CD * ¿nrr 

of the radiation from orientated lateral quadrupoles will have 
is the mean rate of strain 

The spectral density of the radiation from orientated ] 
form (2ffrS>n*2e (»Vfccj)* K Cw) * ^ 
K (to) is the spectrum of puV and where *>' is the pressure fluctuation. 

qH OU w 1 ICI V y wvwww w — — — — -- x ^ 

radiation from a oomblnation of random and lateral quadrupoles has the form 
(tfVVj)4 4 Q'Sin'Ze] UCoo') where Q' is the ratio of the «trength of t 
riudoa quadrupoles and the 2V factors have been absorbed by <5 . The y 

1 . A . O) A t  O VT X". ^ a «.n aw/4 r> at 1 OA + V 

the 
and 

For this simple evaluation uf the theory *U-/òXt is replaced by vVd , the Jet 
velocity divided by the nowle diameter, and p' is assumed to be negligible compared with 
Ftt'u' ' so that K.Mbecomes identical with H (to). Therefore the spectral density of the 
» , »—. —j-1— k.. »Tj L TU/WSr / ^ 

the lateral to the 
value of Q1 will 

n¡Tb¡ näjäerioaily ëqual to ~Ql because of the 211 factors'and because the mean rate of strain 
is not exactly equal to Vj/|> . This expression can now be used to convert the °^»erv*d 
acoustic spectrum into a spectrum associated with the turbulent fluctuation in the flow. 

CORRELATIOH OF SPECTRA USIHC MORE COMPLEX MODEL. For the initial assessment of this 
theoretical expression the fact that the experimental measurements of the spectra are the S.P.L. 
in a band proportional to the frequency (i.e. 1/3 octave) rather than "P*0*”1 **““* "• 
ignored. In addition,the Doppler correction to the frequency CO is omitted, and the value of 
a1 is taken to be unity. The measured spectra at various emission angles for » «3wen Vy 
wd D are divided by the factor (fD/Vj)1 [(♦%!») +Sm 2^ ln ord” t0 fnv*rt them lnt° 
the turbulence spectrum H (co) , and the resulting spectra are then compared. 

The measured spectra for a given Jet velocity show a marked variation with emission 
anmle. 0 (see Fig. 7). It can be seen that the main changes occur at frequencies less than 
that given by Vj/D . Above this frequency the spectra are more or less the same shape. The 
application of the theoretical expression to the data considerably 
that th* raaultin* 8D«ctr» almost collape# on to a single curve (see Pig* 8)* There is however, 

dlsorepancy^^thelôwfr.quenci.s below ghout O.J Vx/fc Examination of the theoretical 
expression shows that at angles removed from 0 and 90 if the frequency is less than /D 
then the observed spectrum is that of a lateral quadrupole, i.e. -f* H (ia) . If the frequency 
is greater than Vy/t> then the random quadruple dominates and the spectrum has the form 
I* M (»1 • At emission angles close to 0 and 90 the spectrum beeomeo f ^ 
u>d the random quadrupole dominates at all frequencies. This behaviour is closely followed 
by the measured spectra. 

If the corrections for the use of 1/3 octave spectra and the Doppier factor are 
applied, the S.P.L. in a 1/3 octave band has the form (*%j) [ (+%j)a+ Q Sn 20 J ' /F 
where H (ZHff ) ie the 1/3 octave spectrum and not the spectral density. When this 
expression is applied to the data, the collapse appears to get worse (see 9)- However, 
this correction is necessary and helps to account for the observed difference between »Pootra 
at emission angles symmetrical about 45 • Consideratiroof the theoretical expression without 
this correction shows that the spectra at say 30 and 60 should be identical and this is not 
observed experimentally. This approach is promising and the examination of more data may 
resolve the difficulty. Adjustment of the value of Q also effect some improvement. 
In addition the original assumption that the spectra H(»)and K(co)are equivalent may not be 
rorreot esoeoially if K (jo) is dominated by the spectrum of the pressure fluctuations. It is 
possible that tlw/pressure fluctuation is directly proportional to the velocity fluctuation, 
i.e. b' -V pUu‘ • In ^18 0888 the 8P*ctr8 H (.£»>) «nd K. Ció) may have the same form 
but H C<o) will generally be an octave higher than K (.(&) • 

DISCUSSION AND CONCLUSIONS 

From the preliminary evaluations reported in this paper it is apparent that the 
theoretical model comprising both randomly oriented quadrupoles and lateral quadrupoles ori8nl8“ 
at 4? to the Jet axis is a considerable improvement over the model with random quadrupoles only, 
since the experimental result, show that the angle of peak noise emission is largely a function 
of Jet velocity and more or lees Independent of Jet temperature, the variation of Peak noise 
angle is predicted qualitatively by both theoretical models. However the model using two types 
of quadrupole predicts the peak angle more closely at the lower Jet walooi^88 ^108 
1.5 Cm . Also the random quadrupole model requires a reduction of the convection speed factor 
( ) with Jet velocity whereas the other model will adequately predict the peak noise 
angle for Jet velocities up to about 2.0 Cm with a conetant valus of the convection speed 
factor.0rHowever a reduction of this factor with Jet velocity is required at Jet velocities abeve 

1 
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about 2.0 fi* if the peak noise angle la to be predicted correctly. Thie is Justifiable possibly 

on the grounds that the convection velocity chosen represents some average value and if the 

structure of the Jet significantly changes at the higher speeds, the average convection velocity 
will also be changed. 

Jhe overall shape of the directivity is similar for both models except in the direction 
between 90 and 16O to the Jet axis downstream of the nozxle, where the addition of the lateral 

quadrupole increases the intensity so that it becomes almost constant between 90° and 135°. 

This compares favourably with the general shape of experimental results at these angles. The 

agreeagnt between theory and experimental data for the general shape between emission angles 0° 

and 90 is best near the peak. There are discrepancies at angles between 0° and 30° for the 
lower Jet velocities below about 2.0 C« where the levels are overestimated by the theory. Again 

the theory underestimates the intensity at angles greater than about 60° for the higher jet 
velocities above about 2.0 c« . It is possible that the discrepancy at small angles to the 

axis is due to refraction of the sound by the shear layers, which is not allowed for completely 

uy the theoretical model. At rights angles to the jet, it is possible that a contribution from 

shock-turbulence interaction, in particular shock cell tones, which again is not completely 

accounted for by the theory increases the intensity in this direction. It may also be possible to 

resolve the discrepancies by adjusting the strength of the lateral quadrupole relative to the 

random quadrupolee and the value of the turbulence parameter, (X , . In addition, it may be 

necessary to vary these quantities with Jet velocity, and this may be Justified again on the 

grounds that they represent averages taken over the Jet as a whole and may therefore vary with 

Jet velocity. Regarding the adjustment of the values of (ä and o( 1 it has been noticed that 

an increase in o<, will decrease the difference between the peak intensity and that at 90° 

to the Jet, so that it agrees more closely with observations. Physically an increase in ot, 

means that the eddy structure le decaying more rapidly. Whether this is correct for a hot 

supersonic Jet is not known unless it can be argued that the shock structure Induces a more 
rapid break up of the eddies. 

The jet noise spectra can be correlated quite well using the random quadrupole model 
provided separate correlations are made at each emission angle. However the spectral 

behaviour is accounted for remarkably well by the more complex model using two types of quadrupole 

and this offers a good prospect for collapsing the results on to a single curve. Although the 

shapes of the spectra at different emission angles are made similar using this model, they do 

not all coincide and further work is required to resolve this difficulty. It ie possible that 

adjusting the strength of the lateral quadrupole relative to the random quadrupole and allowing 
it to vary with frequency will improve the match between theory and experiment. 

Comparison of the experimental data and theoretical predictions shows that the 

quadrupole theory as a whole represents the acoustic radiation from Jets, and in particular that 

a more complex model based on two types of quadrupole improves the description of the Jet noise 

considerably. However some of the details are not in agreement and this may partly be attributed 

to the lack of information concerning the turbulence structure of hot supersonic jete. It is 

possible that suitable adjustment and variation of these turbulence parameters may improve the 
agreement between theory and experiment. 
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Fig. 1 General view of jet noise rig.



31-7 

Fig. 2 Peak noise emission angle compared with random quadrupole theory. 

Fig. 3 Comparison of theoretical and experimental peak noise emission angle. 
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Fig. 4 Comparison between theoretical and experimental directivity. 

Fig. 5 Variation of correlation factor oC2 with 
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Fig. 6 The two types of frequency spectrum shown on normalised plot. 
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SUMMARY 

This paper describes a major research and development effort called the Quiet 
Engine program which is being undertaken by the National Aeronautics and Space Admin¬ 
istration. The Quiet Engine program is aimed at the development and establishment 
of the technology required for the design and development of a subsonic aircraft 
engine which produces a minimum of noise through basic changes in engine design. 
The results of the preliminary work conducted to date on the Quiet Engine program 
indicate that noise reductions of about 20 PNdB below the noise levels of current 
commercial subsonic turbofan engines, are feasible. 
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Aviation's widening horizons can be attributed to a great extent to the successful 
development of extremely reliable and efficient gas turbine engines for the highly 
successful subsonic Jet transports. The introduction of the newest series of these 
transports, the airbuses and jumbojets, is expected to have a significant effect on 
aircraft operations and economics. However, considering the fact that the present 
aircraft noise environment in airport neighborhoods is unacceptable to the general 
public, it becomes increasingly apparent that the growth of commercial aviation 
could be severely impacted if appropriate steps are not taken soon to alleviate the 
problem. 

Figure 1, can be regarded as a roadmap for the presentation of this paptr beginning 
with an assessment of the aircraft noise problem followed by a description of possi¬ 
ble solutions to the problem. The Quiet Engine program will then be described 
beginning with the work conducted in the definition phase of the program followed 
by a review of the significant findings resulting from the various tasks studied in 
the definition phase. Finally, a description of the design constraints which were 
chosen for the request for proposals to industry to develop the Quiet Engine will 
be presented. 

Figure 2, illustrates the engine noise sources in both turbojet and turbofan engines. 
Jot transports, when they were first introduced into commercial service were plagued 
by exhaust noise which was extremely difficult to attenuate without seriously com¬ 
promising engine performance. This is due primarily because the bulk of the jet 
noise is generated some 5 to 20 jet diameters downstream of the exhaust nozzle. 
Basic studies of jet exhaust noise generation indicated that the intensity of jet 
noise is proportional to the eighth power of the exhaust velocr .y particularly in 
the range of the exhaust velocities encountered with turbojet engines. Although a 
great deal of research and development time was expended to resolve the jet exhaust 
noise problem, only limited success was noted. It was not until the turbofan engine 
was introduced that the engine designer, more or less, accidentally discovered a 
useful design tool with which he could begin to alleviate the jet exhaust noise 
problem. In the turbofan process energy is extracted from the gas generator flow 
to drive a fan located in front of a turbojet compressor. The energy used by the 
gas generator turbine to drive the fan has the effect of reducing the gas generator 
exhaust velocity and, of course, this results in lower jet noise output. However, 
as Jet noise decreased with decreasing average jet velocity, it was discovered that 
fan noise became increasingly more disturbing. Fortunately, fan noise is of a dif¬ 
ferent character from gas generator jet noise in that part'of the fan noise is con¬ 
centrated in relatively narrow frequency band giving rise to discrete tones and a 
siren-like whine. Also, unlike the jet noise, fan noise appears to be generated 
inside the fan portion of the engine and as a result it is possible to exert control 
over the noise generation through proper design of the fan-engine components and 
over the noise radiation through the use of acoustic absorbent liners in the fan 
engine inlet and discharge ducts. 

The National Aeronautics and Space Administration (NASA) has responded to the air¬ 
craft noise problem by initiating two major research and development efforts. The 
first effort is a nacelle acoustic treatment program aimed at the reduction of fan 
noise through the use of acoustically absorptive materials in the fan-inlet and fan- 
discharge ducts of the Pratt and Whitney JT3D turbofan engine which powers most of 
the current fan-engine commercial jet aircraft. The Nacelle Acoustic Treatment pro¬ 
gram is managed by the NASA Langley Research Center. The second effort is referred 
to as the Quiet Engine program which is aimed at the development and establishment 
of the technology required for the desigr and development of a subsonic aircraft 
engine which produces a minimum of noise through basic changes in engine design. The 
Quiet Engine program which is managed by the NASA Lewis Research Center is the major 
subject of this paper. 

Figure 3, illustrates the noise measurement reference points to be referred to in 
the following discussions. The take-off reference point being 3 statute miles from 
brake release, with the approach reference point being 1 statute mile from touchdown 
on a 30 glide slope approach. Perceived noise level in decibels will also be used 
throughout this paper. 

Figure 4, shows a schematic of the Pratt and Whitney JT3D turbofan engine which 
powers the Boeing 707 and Douglas DC-B 4-engine transports. The noise outputs 
related to each of the noise generating stations shown in the sketch are used as the 
baseline standard from which comparisons will be made later with Quiet Engine noise 
objectives. As you can see, during approach conditions the maximum noise at the 
ground reference station, 118 PNdB, is from the fan inlet and discharge ducts. Dur¬ 
ing take-off, maximum noise at the ground reference station is 121 PNdB from the fan 
discharge duct. The jet noise floor of the JT3D engine, 100 PNdB, occurs during 
approach conditions which make the JT3D engine a likely candidate for noise suppres¬ 
sion by use of acoustically absorbent materials, particularly during approach condi¬ 
tions. 
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In lat« 1966 the NASA Lewis Research Center conducted studies to determine the 
effects of turbofan cycle characteristics on engine noise levels, engine size, and 
engine performance. The initial cycle studies provided a field of interesting 
cycle points around a bypass ratio of 5.0. More detailed studies to define the 
Quiet Engine were then initiated with two major gas turbine engine manufacturers 
beginning in June 1967 and concluded in September 1968. These detailed studies by 
the gas turbine engine manufacturers was referred to as The Quiet Engine Definition 
Program, and consisted of three major tasks, as shown in Figure 5. The first task 
was a parametric cycle study involving about 480 different engine cycle combinations 
to determine the effects of varying the cycle design on noise, performance, engine 
weight, and engine dimensions. Based on important trends revealed in the Task I 
results, the most promising cycles were then selected for further detailed cycle 
analysis in Task II. Task II also evaluated variations in engine configuration 
arrangements. In Task III, the design configurations were narrowed to one engine 
design and a complete detailed design of the engine was made. 

Figure 6 illustrates the range of engine cycle characteristics examined in Task I. 
The cruise thrust level of 4900 pounds was selected because the cruise thrust of 
the JT3D baseline reference engine is 4400 pounds and since it was conceivable that 
the Quiet Engine could be used as a replacement engine for the JT3D, it was esti¬ 
mated the l»rqer diameter and greater drag of the Quiet Engine would require about 
10% greater cruise thrust than the JT3D engine. The other parameters reflect the 
attempt to keep the study within the limits of current technology. Task I was 
also predicated on experimental evidence which indicated that the single most 
important parameter in determining fan noise output is the relative flow velocity 
at the fan tip. 

Typical Task I results are shown with the following two figures (Figures 7 and 8). 
Figure 7 shows the effect of turbine inlet temperatures on engine weight, and 
thrust specific fuel consumption over a range of bypass ratio. In general, the 
higher temperature showed lighter engine weights and higher fuel consumption with 
a tendency to level off at a bypass ratio of 5 or 6. Figure 8 shows the effect of 
fan pressure ratio and engine pressure ratio on cruise specific fuel consumption. 
There is a sharp increase in fuel consumption at fan pressure ratios below 1.4 and 
decreasing cycle pressure ratio below 18 also increased fuel consumption. 

The conclusions reached in Task I are shown in Figure 9 and indicate that: fan 
noise is the predominant noise source in the turbofan engines studied; variations 
in cycle parameters in the range of interest do not significantly influence total 
noise, although turbine inlet temperature had an effect on jet noise; fan tip speed 
should be kept below sonic tip speeds. Low noise levels occur with fan bypass 
ratio and fan pressure ratio combinations associated with lower cruise specific 
fuel consumption. Also, engines with the lowest noise levels tend to be large and 
heavy. No clear choice for a quiet engine cycle could be made from Task I. 

The candidate Quiet Engine characteristics examined during Task II are shown in 
Table I. All of the engine designs provided for good acoustical design procedures 
such as, spacing between rotor and stator blade rows equal tc at least two rotor 
blade chords, the number of stator blades should be greater than twice the number 
of rotor blades, and elimination of fan inlet guide vanes. As can be seen the 
engine designs covered a range of bypass ratio (3, 5 and 8) and fan pressure ratio 
which when coupled together with low fan tip speed necessitated examining various 
combinations of engine configurations having 2 or 3 engine spools and/or 1 or 2 
fan stages. The characteristics of the JT3D baseline engine are also shown in this 
figure for comparison. 

Figure 10 summarizes the results obtained during Task II. Engine designs with 
bypass ratios below 5.0 were too noisy. Designs with bypass ratios about 6.0 were 
considered too large for optimum aircraft installation, while the potential noise 
reductions from a low tip speed two-stage fan were not adequate, at least 3 PNdB 
higher noise levels were predicted for two stages. In addition, there is a weight 
penalty associated with a two-stage fan compared to a single-stage fan. Finally, 
the results showed that the design cycle variables should be selected so that the 
jet noise level is well below the fan noise level to allow margin for acoustic 
treatment of fan inlet and fan exhaust ducts. 

Two configurations were selected for the final Quiet Engine design to be studied 
in Task III? one by each contractor. These Task III configurations embody all the 
background experience and knowledge derived from Task I and Task II and are shown 
in the following two figures. 

Figure 11 is a schematic of a 5.5 bypass ratio Quiet Engine design which is a 3- 
spool design with a 5 stage low pressure turbine driving the single-stage fan on 
one spool. A separate single-stage turbine drives the 8-stage intermediate pres¬ 
sure and high pressure compressors on separate spools. 
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Figure 12 is a schematic of a two-spool 5.4 bypass ratio Quiet Engine design. A 
Pressure turbine drives the single-stage fan on one spool. While a 2- 

snoni pres®ure turbine drives a 12-stage high pressure compressor on the other 
Table’ll™ perforinance and Physical characteristics of both designs are shown in 

onJÆl13' V^P?rÍSOn is made '»tween the noise outputs estimated for the 
Quiet Engine and that measured with the JT3D baseline engine. The jet exhaust 

C3T>,be1ve™^Dd ^ PNdB durin9 take off and 16 PNdB during approach condi- 
tions. The 17 PNdB and 15 PNdB reductions in fan exhaust duct noise during take 

Plusvsimilar reductions in fan inlet duct noise, are especially 
i?nt the noise reductions shown are those to be achieved by engine 

^nclude the use of acoustic absorbent material. Current 
, i'Te!JtalvWOri ^ndicates that further noise reductions of 10 PNdB in the fan 
r2iw4-and exhau3t dyct are feasible. It can be concluded that significant noise 

QuiettEnginePPr0aChÍn9 ^ llmit Set ^ the jet n°iSe fl0°r are P°ssible with the 

SMÏ«tSm?r,f=Ha^iVe^n°^eJredUCti0n g0als in mind the National Aeronautical and 
J-!^4-Ad?ini Sír?ti0n decided to initiate the development of an experimental flight- 
charari£ri:a^QUiet E"g|ne ^hat essentially embodies the design constraints and 9 
characteristics resulting from the Task III study and shown in Figure 14. 

fanÍL=naÍC¿Pated that c°nsiderable information will be forthcoming from numerous 
Hnmf \pr0?£ams linderway or Plannad for in the next few years. Since fan 

noise dominates the noise output of the Quiet Engine, it is desirable to be able 

Th*»r2fnrf°rfie nh? ad^anfed technology in the Quiet Engine as it is developed. 
^e£?f°re' the Q^iet Engine fan was specified to be mounted on a shaft by itself 

oo that changes in fan configuration and speed could be achieved with the least 

™ ,the Tgine- A limit of 12-5 was set as th® maximum pressure 
terhnn?^v ví'PíeSSOr ln °rder t0 aV°id any Probl®ms associated with an advanced 
nnnH pr®ssut® ratlo compressors. A minimum cycle pressure ratio for 

inlet tein!r^°niy WaS to be 18. in addition, the maximum design turbine 
iniet tempe^ture was set at 17750F in order to assure that jet noise levels will 

m»tfr-iaiCíenííy nois® to allow efficient use of acoustic absorbent 
material in the fan ducts. The design turbine inlet temperature Umit of 1775°f 
corresponds to a take off turbine inlet temperature of 2000°F. 

The Pratt and Whitney Aircraft Division of the United Aircraft Corporation and the 
General Electric Company have each been selected for the award of separate fixed 

There win^? t0 fabricate and b®st experimental quiet jetones 
There will be two phases to each contract. The first phase provides for detailed 

engine design and procurement of selected engine components. At the conclusion 

wíiíh>L def^gn P°rtion the first phase, six months after the award, NASA 

“Lí0? °£ ‘rr“"'1 the contt,,ctor t0 “1th th. “ôísírSon 
hl.r« of 21 ? d to^onàuct a test Program providing for a total of at least 250 
hours of engine operation. Each contractor will then mfnrWnh ^ 

oíaseniínr toftb* NASAhewis Research Center for additional SstingThlsecond 
phase is expected to take about 30 months. »e<_ona 
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ASSESSMENT OF AIRCRAFT NOISE PROBLEM 

ENGINE NOISE SOURCES 

QUIET ENGINE DEFINITION PHASE 

SUMMARY OF RESULTS 

QUIET ENGINE DESIGN CONSTRAINTS 

Figure 1 Introduc'.ion to the Quiet Engine Program 

DUCT 

Figure 2 Engine Noise Sources 

Figure 3 Noise Referei ".e Points 
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BOEING 707/DOUGLAS DC-8 

FAN INLET 
T.O. HQ 
APPR. 118 

JET EXHAUST 
T. 0. 117 
APPR. 100 

T.O. 121 
APPR. 118 

' Figure 4 JT3D Engine 

TASK I 

TASK II 

TASK III 

Figure 5 Quiet Engine Definition Program 

CRUISE THRUST 

TAKEOFF THRUST 

BYPASS RATIO 

FAN PRESSURE RATIO 

COMPRESSOR PRESSURE RATIO 

TURBINE INLET TEMP, CRUISE 

TURBINE INLET TEMP, TAKEOFF 

4900 LB 

20,000 - 25,000 LB 

3 - 8 

1.3 - 1.7 

15 - 30 

1600° - 2100° F 

1600° - 2300° F 

Figure 6 Range of Cycle Parameters 
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PREDOMINANT NOISE SOURCE O) 

CYCLE VARIATIONS Oj 

LOW NOISE rxj 

LOW NOISE Oj 

LOW NOISE Oi 

FAN 

LITTLE NOISE INFLUENCE 

LOW FAN TIP SPEED 

FAN B PR AND PR WITH LOW SFC 

LARGE, HEAVY ENGINES 

Figure 9 Conclusions - Task I 

FAN BYPASS RATIO 

FAN BYPASS RATIO 

2-STAGE FAN 

< 5 JET NOISE TOO HIGH 

> 6 TOO LARGE 

^ HEAVY AND APPEARS NOISY 

JET NOISE LfVEL BELOW FAN NOISE LEVEL 

Figure 10 Task II Results 

Figure 11 5.5 Bypass Ratio Quiet Engine 
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QUIET ENGINE VS JT3D 

APPR. 103 VS. 118 

Figure 13 Quiet Engine Noise Output comparison 

ENGINE 
BYPASSRATIO 5-6 
CRUISE THRUST 4900 LB 
TAKEOFF THRU ST 22000 LB 

FAN 
INLET GUIDE VANES 
SPACING BETWEEN ROTOR AND STATORS 
TIP SPEED, TAKEOFF 
PRESSURE RATIO, CRUISE 
ON SPOOL WITH NO COMPRESSOR STAGES 

COMPRESSOR 
ROTORS 1 OR 2 

TURBINE 
INLET TEMPERATURE, TAKEOFF 2000 F 
INLET TEMPERATURE, CRUISE 1775° F 

NONE 
2 ROTOR CHORDS 
1030 FT/SEC 
1.5-1.6 

Figure 14 Quiet Engine Design Characteristics 
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Table I Candidate Quiet Engine Characteristics 

BYPASS RATIO 

FAN PRESSURE RATIO 

NUMBER OF ENGINE SPOOLS 

NUMBER OF FAN STAGES 

FAN TIP SPEED AT 
TAKEOFF, ft/sec. 

3.0 5.0 5.0 

L71 1.60 1.60 

2 3 3 

2 2 2 

990 990 985 

8.0 

135 

2 

1 

1030 

5.0 

L50 

3 

1 

1110 

5.0 

L50 

3 

2 

780 

JT3D 

L40 

L7 

2 

2 

1470 

Table II Preliminary Characteristics - Quiet Engine Design 

Cruise (35,000; M=0.82) 

Bypass Ratio 

Cycle Pressure Ratio 

Fin Pressure Ratio (Tip) 

Turbine Temperature 
Thrust 

Specific Fuel Consumption 
Corrected Air Flow 

5.5 
24.1 

1.50 

1750°F 
4900 lb. 

0.61 

940.8 

5.4 

18.4 

1.60 

1770°F 
4900 lb. 

0.633 

870 

Takeoff (Sea-level, Standard Day) 

Turbine Temperature 
Thrust 

Fan Tip Speed 

Relative Tip Mach Number 

1900°F 
23,000 lb. 

1026 ft/sec 

1.05 

2000°F 
23,000 lb. 
1000 ft/sec 
1.0 

Dimensions 

Fan Tip Diameter 

Fan Hub-to-Tip Ratio 

Weight 

74.6" 70.0" 

0.465 0.45 
4750 lb. 5200 lb. 
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SUMMARY 

The látese available community noise data from the C-5A Heavy Logistics System noise measure¬ 
ment program are presented. Noise measured at ground stations durf ikeoff and landing is 
presented and compared to predictions. Limited comparison of measi nd predicted noise levels 
to conmunity standards Is Included. The remaining portions of the C-j noise measurement program 
ure outlined. 

SYMBOLS 

PNdB - Perceived Noise Level in Decibels 

DBA - "A" Weighted Overall Sound Pressure Level in Decibels 
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This paper presents the currently available data on the community noise characteristics of the 
C-5A Galaxy" heavy logistics transport. Predicted values, extrapolation of engine test stand 
measurements, and some fly-over measurements are Included. These data are limited and must be 
considered preliminary. A comolete noise survey covering all aspects of community noise will be 
made In the near future. 

The C-5A "Galaxy" is being manufactured for the United States Air Force by the Lockheed-Georgia 
Company of Marietta, Georgia. The wing span is 223 feet and the aircraft Is 248 feet In overall 
length. The basic flight design gross weight is 728,000 pounds while the maximum design gross 
weight for operation at reduced load factor is 769,000 pounds. The airplane Is designed to carry 
220,000 pounds of payload normally or up to 265,000 pounds under emergency conditions. The aircraft 
is not volume limited, having a 19 foot wide, 13.5 foot high, 145 foot long cargo compartment. The 
large internal volume stemmed from a requirement to carry outsized military equipment. 

Power for the "Galaxy" is supplied by 4 General Electric TF-39 high bypass ratio turbofan 
engines. The TF-39's supply 41,000 pounds of thrust per engine. The engine utilizes an 8 to 1 bypass 
ratio and an o foot diameter intake. Fan air discharges through an annular duct surrounding the core 
engine. The fan exhaust duct Is about 2 and 1/2 feet long while the Intake duct is approximately 
4 feet long. The total fan cowl length is 9 and 1/2 feet. Engine length from intake to core engine 
exhaust is 20 feet. 

The noise prediction and measurement program required by the C-5A contract is primarily directed 
toward the problem areas of sonic fatigue of structure and interior noise level control rather than 
community noise characteristics. Acoustic models were used to map noise level contours over the 
surface of the aircraft for the low frequency or jet noise portion of the C-5A sonic environment. 
The effect of fan noise was estimated by extrapolating TF-33P7 engine data (C-141 aircraft). Near 
field sound measurements from test stand engine operations have been used to supplement these data. * 
During a portion of the flight test program, an extensive skin sound pressure level and strain survey 
wi.l be conducted. These measurements will provide final verification of the design data. 

The problem of community noise around military and civil airfields has received increasing 
attention during the development cycle of the C-5A. Air Force Interest in this problem has been 
encouraged both in the hope of improving Air Force-community relations and by the possibility of 
civil airline use of the C-5A. For this purpose, a limited prediction and measurement program has 
been conducted. 

At the time the contract for this aircraft was written, the most comnonly envisioned civil 
airline certification criteria consisted of a 112 PNdB limit at a point I statute mile prior to 
touchdown and 3 statute miles from brake release on takeoff. Figure 1 shows a Septertber 1964 
prediction of perceived noise level (PNdB) versus distance for takeoff and figure 2 presents a 
similar plot for approach (1). The takeoff prediction is for maximum gross weight and a 1.2 times 
stall velocity climbout. The approach prediction consists of a roughly 6 PNdB wide band Intended 
to provide for variations in power and pilot technique. The takeoff values exceed 112 PNdB by 6 to 
7 PNdB at 3 miles while the approach values are from I to 7 PNdB high at 1 mile. 

At the time of a general update of C-5A noise predictions (2), the community noise values were 
also rev sed as shown in figures 3 and 4. Figure 3 shows that the C-5A will exceed the 112 PNdB 
criteria at all gross weights over 550,000 pounds. The 700,000 pound airplane exceeds the criteria 
by 8.5 PNdB whereas the original estimate was 6 to 7 PNdB at maximum gross weight. The approach 
values nave also increased by about 6 PNdB. 

During late 1967, the first engine test stand measured TF-39 noise data became available. 
Because of engine and landscape limitations, these data were for 95* fan speed measured along a 30 
foot sideline. No significantly better data were to be available prior to flight test. Therefore, 
these data were scaled up in rpm and extrapolated to the far field. These data were then used to 
produce a final set of community noise predictions as seen In figure 5 and figure 6 (3). Again, 
Increases In perceived noise levels are indicated. 

A preliminary fly-over noise measurement program was conducted by the Lockheed-Georgia Company 
In conjunction with some of the early flights of the C-5A (4). By this time, civil aircraft noise 
certification criteria in the United States was beginning to solidify In the form of effective 
perceived noise levels as stated in Federal Aviation Agency Proposed Standards (5). The Lockheed 
measurements were designed to verify the perceived noise level predictions and to get a feel for 
the effective perceived noise level characteristics of the C-5A airplane. 

Figure 7 presents a typical perceived noise level versus time plot for a C-5A takeoff flyover. 
The PNdB values are calculated at half second intervals. These data are for a 516,800 pound airplane 
655 fee: above the observer. This altitude has been determined to correspond to 7300 feet from brake 
release. The maximum perceived noise level is 126 PNdB. The February 1968 value (figure 5) for a 
500,000 pound aircraft at 7300 feet from brake release is 128 PNdB. The corresponding prediction 
from March 1966 (figure 3) is 122 PNdB. An effective perceived noise level of 125 PNdB was calculated 
for this case by the method of reference 5. 

Figure 8 presents a similar plot for a 512,500 pound airplane 228 feet above the observer during 
approach. This corresponds to 4343 feet from runway threshold. The maximum perceived noise level Is 
Ul PNdB as compared to the February 1968 prediction of 13^ PNdB (figure 6), March 1966 values of 
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123 to )26 PNdB (figure 4), and September 1964 prediction of 114 to 120 PNdB. The calculated 
effective perceived noise level is 12? PNdB. 

Figure 9 shows a roll-by of the C-5A at takeoff power. The microphone was 800 feet from the 
runway. A maximum perceived noise level of 11? PNdB results. At this time, these data have not 
been extrapolated to provide effective perceived noise leveis at the measurement points specified 
In the FAA noise standards (5). 

In addition to the data previously discussed, 4 additional takeoff and 2 more landing measure¬ 
ments have been made. As compared to figure 5, the measured perceived noise levels for takeoff 
varied from 1 to 7 PNdB lower than predicted. Approach measurements were from 1/2 to 2 PNdB higher 
than predicted (figure 6). Effective perceived noise levels have not been calculated for these 
measurements. 

Presented in figure 10 is a comparison of the C-5A takeoff time history of figure 7 with 
several other fan engine aircraft (5 and 6) at near similar conditions. Note that the increase of 
noise to the maximum perceived noise level is generally similar for all the aircraft but that C-5A 
noise falls off much more rapidly than the others. This effect is discernible to the ear in such a 
way that It sounds like engine power is reduced after the airplane passes the observer. Due to this 
short duration and possibly to a favorable relationship of fan noise frequencies, persons exposed to 
C-5A noise consider it less noisy than other large Air Force and commercial aircraft. 

The relationship between perceived noise levels of this aircraft and "A" weighted (DBA) overall 
sound pressure levels is shown In figure 11. The perceived noise level variations of figures 7 and 8 
are repeated (top curves) In PNdB with accompanying plots ov "A" weighted overall SPL In dB (lower 
curves). The two sets of curves are very similar. For the takeoff case, the DBA and PNdB curves 
are different by an almost constant 13 dB. On approach, the peak values are 13 dB apart while the 
average time history difference Is about II dB. The reason for this is illustrated In figure 12 
which presents a typical C-5A flyover octave band spectrum. The high frequency end of this spectrum 
compares closely to the frequency response of the "A" weighting characteristics. The dominance of 

*re<luencV fan noise over the lower frequency exhaust noise Is also evident. The aircraft 
was 700 feet overhead when this measurement was made. 

The data currently available as outlined in this paper provide a preliminary look at C-5A comnu- 
nlty noise characteristics. In the near future, further test programs are planned which will provide 
a complete picture of C-5A noise. The United State» Air-Force-Aft-c^Vaee-^teftlcil ^êsearch Laboratory 
will conduct a far field noise survey at Edwards Air Force Base, California. This site provides 
sufficiently open areas so that terrain interference is not a problem. Data will be taken on a 200 
meter semicircle around the airplane and along radial lines. These data will be used to generate 
equal sound pressure level, perceived noise level, and speech Interference level contours for base 
planning use. The Lockheed-Georgia Company will conduct additional fly-over noise measurements. 
These measurements will be taken at points further from brake release on takeoff and runway threshold 
on landing including, if possible, the FAA measurement points. Also, as more flight test data on 
height above terrain, power settings, and other parameters become available, It will be possible to 
extrapolate available data accurately. 
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by 

NELSON F. REKOS 

HEADQUARTERS 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

WASHINGTON, D.C., U.S.A. 



SIMMARY 

This paper describes a major research and development program directed towards 
reducing the fan noise radiated from the turbofan engines used in current Boeing 
and McDonnell-Douglas four-engine commercial transports. The reduction in fan 
noise is expected to be achieved by the modification of the engine nacelles and 
by the judicious application of acoustically absorptive materials in the fan in¬ 
let and discharge ducts. The results of ground tests conducted with full scale 
acoustically treated nacelles indicate that fan noise reductions on the order of 
12 PNdB to 15 PNdB below the noise levels of the current subsonic turbofan engine 

installations are feasible. 
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The presentation of this paper will follow the outline shown on Figure 1, begin- 
ning with an assessment of the aircraft noise problem followed by a description 
of the possible solutions to the problem and an outline of the objectives of the 
National Aeronautics and Space Administration (NASA) Nacelle Acoustic Treatment 
program. The Nacelle Acoustic Treatment program will then be described beginning 
with the technology associated with duct-lining materials and nacelle design con¬ 
cepts, followed by a discussion of the application of duct-lining materials to 
engine nacelles and a presentation of results of full scale ground tests, and flight 
tests of turbofan engine nacelles. Finally, a brief assessment of the perform- 9 
anee penalties of retrofitting current subsonic turbofan transports with acoustic¬ 
ally treated nacelles will be noted. 

The principal engine noise sources in both turbojet and turbofan engines are 
illustrated in Figure 2. Jet transports, when they were first introduced into 
commercial service were plagued by exhaust noise which was extremely difficult 
to attentuate without seriously compromising engine performance. This is primar¬ 
ily because the bulk of the jet noise is generated some 5 to 20 jet diameters 
downstream of the exhaust nozzle. Basic studies of jet noise generation indicate 
that the intensity of jet noise is proportional to the eighth power of the exhaust 
velocity in the range of the exhaust velocities encountered with present non¬ 
afterburning turbojet engines. Although a great deal of research and development 
time was expended in attempts to solve the jet exhaust noise problem, only very 

ZvZ^v succ®ss "as achieved. It was not until the turbofan engine was introduced 
that the engine designer more or less accidentally discovered a useful design 
tool with which he could begin to alleviate jet exhaust noise. In the turbofan 
process, energy is extracted from the gas generator flow to drive a fan located 
in front of a turbojet compressor. The energy absorbed by turbine to drive the 
fan has the effect of reducing the gas generator exhaust velocity and, of course, 
this results in a lower jet noise output. However, as jet noise decreased with 
decreasing average jet velocity, it was discovered that fan noise became increas¬ 
ingly more disturbing. Fortunately, fan noise is of a different character from 
jet noise in that part of the fan noise is concentrated in relatively narrow fre¬ 
quency bands giving rise to discrete tones and a siren-like whine. Unlike the jet 
noise, fan noise is generated inside the engine nacelle and as a result it is 
possible to exert control over the noise radiation through the use of acoustic 
absorbent liners in the fan engine inlet and discharge ducts. Also, it is possible 
to control some of the noise that is generated in the fan section through design 
of the fan components. * y 

The National Aeronautics and Space Administration has responded to the aircraft 
noise problem by initiating two major research and development ncise reduction 

ftD * 0ne Program referred to as the Quiet Engine program (managed by the NASA 
Lewis Research Center), is aimed at the development of the technology required 
for the design of subsonic aircraft engines, with substantially less noise than 
engines in current use through engine design. The other program is a Nacelle 
Acoustic Treatment program aimed at the reduction of fan noise through the use of 
acoustically absorptive materials in the fan-inlet and fan-discharge ducts of the 

T^e1^63 707 aircraft using the Pratt and Whitney JT3D turbofan engine. 
This Nacelle Acoustic Treatment program, managed by the NASA Langley Research 
Center, is the subject of the present paper. 

A schematic diagram of the Pratt and Whitney aircraft JT3D turbofan engine which 
powers the Boeing 707 and McDonnell-Douglas DC-8 four-engine transports is shown 
in Figure 3. The noise output from each of the noise generating stations within 
the engine are shown in the sketch for take-off and landing approach conditions. 
The take-off reference point used is 3 statute miles from brake release, while 
approach noise is measured 1 statute mile from touchdown (a 3° glide slope 
approach is used for the approach estimates). 

During approach conditions, the maximum noise output, 118 PNdB, is from the fan 
inlet and discharge ducts. During take-off, maximum noise level is 121 PNdB and 
it emanates fan discharge duct, and is 4 PNdB higher than the jet exhaust noise 
during take-off. The jet noise floor, 100 PNdB, occurs during approach conditions. 

The difference of 18 PNdB between the noise emissions for landing approach con¬ 
ditions from the fan inlet and discharge ducts and the jet noise, led the NASA to 
conclude that the JT3D turbofan engine and nacelles could be used to demonstrate 
the effectiveness of nacelle modifications as a means of reducing fan noise. 
Therefore, in May 1967, the Nacelle Acoustic Treatment program outlined in Figure 
4, was initiated with the award of separate contracts to the McDonnell-Douglas 
corporation and to the Boeing Company. The overall objective of these two con¬ 
tracts is to identify turbofan-nacelle modifications capable of reducing aircraft 
noise during approach conditions without adversely affecting take-off noise or 
compromising flight safety and still maintain an economically viable airplane. 
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The approach followed by both contractors was somewhat dictated by the present 
nacelle designs used in the DC-8 and 707 aircraft. As a result McDonnell-Douglas 
directed its efforts to acoustically treated inlets and acoustically treated 
"short" fan discharge ducts (48 inches long) with the goal of 7 to 10 PNdB reduc¬ 
tion on approach noise. Boeing directed its initial efforts to investigating 
acoustically treated "long" fan discharge ducts which are nearly coplanar with 
the primary nozzle and to the development of sonic or near sonic inlets as a 
means of reducing noise emanating from the inlet as an alternative to the tech¬ 
niques of absorbing the noise with absorbent materials. The overall objective 
of the Boeing program was a 15 PNdB reduction in fan noise. However, results 
obtained during the early part of the McDonnell-Douglas program showed that the 
use of noise aborbing materials in the fan inlet duct was so effective in attenu¬ 
ating the fan noise emanating from the inlet that the Boeing program was redi¬ 
rected to accomplish the goal of 15 PNdB suppression with a treated inlet in com¬ 
bination with the "long" duct. At the outset of the program the NASA felt that 7 
to 10 PNdB was the maximum that could be obtained by acoustic treatment of the 
inlet and that this inlet would have to be choked to achieve additional fan inlet 
suppression. 

The initial effort of both contractors was focused on the evaluation and selection 
of acoustically absorbent materials suitable for incorporation in engine nacelles. 
Three basic lining design concepts, Figure 5, were examined. The narrow band 
resonator shown at the top consists of i perforated plate bonded to a honeycomb 
backing chamber. This concept relies on the Helmholtz resonator principle, or 
air spring. The broadband homogeneous absorber, shown in the middle, consists of 
a blanket of felt or fiberglass material. Noise is absorbed in the blanket 
through friction. The broadband resistive resonator, shown at the bottom, con¬ 
sists of a porous layer bonded to a honeycomb backing chamber similar to the con¬ 
cept shown at the top and incorporates the basic principles of the other two. 

The noise attenuation characteristics of the lining concepts shown on the previ¬ 
ous figure are shown in Figure 6. The peaked solid curve in the top plot shows 
the sharply tuned resonator effect. The perforated plate concept could provide 
broader bandwidth of attentuation, as shown by the dotted curve, by the addition 
of a fine wire screen or by varying the size of the perforations and/or the depth 
of the honeycomb backing chamber. Although the homogenous absorber blanket con¬ 
cept provides broad bandwidth attentuation (as shown in the middle plot) the 
materials available such as felt and fiberglass, are not suitable because of their 
structural brittleness or because of their tendency to absorb or retain fluids. 
The broadband resistive resonator shown in the bottom plot, is similar to the 
perforated plate concept except that a porous layer such as felt metal or polyi- 
mide material, is used instead of a perforated plate or screen. This last con¬ 
cept (ths porous layer and honeycomb) was selected as the lining concept oest 
suited because of its broadband attentuation characteristics and its suitability 
in an engine environment. The candidate materials examined during the program 
are listed in Figure 7. In the McDonnell-Douglas design, felt wire fibers were 
used for the porous surface with a fiber glass honeycomb. Boeing selected a 
polyimide resin impregnated fiber glass for the porous surface and honeycomb. 

Typical results obtained during flow duct tests of the porous surface and honey¬ 
comb concept are shown in the next four charts. The peak attenuation. Figure 8, of an 
acoustic lining configuration varies with airflow velocity in the duct and the 
flow resistance (Rayls) of the material. As flow velocity is increased, the nomi¬ 
nal flow resistance must be adjusted to maintain a high level of attenuation. 
Therefore, it is necessary to design duct treatment for the flow regime in which 
it will be usee.. One of the most important parameters to be considered in the 
design of acoustic duct linings is that of duct height, Figure 9. Large changes 
in attenuation ein result from variation of duct height or separation between 
treated surfaces. In the example shown, decreasing the duct height from 12 inches 
to 6 inches resulted in a decrease of 15 dB in peak attenuation It can be 
expected, Figure 10, that in a fixed length of duct lining, increasing the area 
of treated surface will increase the attenuation However, the treatment of a 
second and opposite side of a duct produces a substantial increase in attenuation 
tion. The small increase in attenuation shown by treating sides C & D is due to 
the smaller area of these sides and the greater distance between them. Also for 

a given duct height, increasing the treated length. Figure 11, increases the 
attenuation. The initial portion of the treatment is more effective because 
there are many more acoustic modes at the duct entrance which can be attenuated 
than for the remainder of the propagating modes which exist further along the 
duct. 

Some of the inlet treatment configurations studied in the nacelle program are 
shown in Figure 12. The inlet configurations range from a lightbulb type of 
center body to various combinations of concentric rings, vanes and struts. Each 
of the concepts shown, results from attempts to maximize the acoustic treatment 
area. Acoustic treatment is applied to areas shown by the dark bands; the inner 
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Although the radial strut concepts increased the treated area, it was dropped 
from consideration early in the program because the wakes from the struts created 
new noise sources. The lightbulb design provided a substantial area for treat- 

S?Ufre feet ^°1-6 the two“ring inlet configuration; however, 
the lightbulb inlet required an increase in cowl length because of aerodynamic 

^°ns?-derations with the net result the incremental increase in nacelle 

The9ïimit d V?tfeated was twice that of the two-ring inlet. 
The limited available lining area of the retractable lining design and the complex 

. cowl structure limited the usefulness of this concept. ^ 

fni?ea«?UCíÍ02S achie}'ed with some of the more promising inlet concepts dur- 
Ín?no ^1-1 acale tests are shown in Figure 13. The data was taken at 150 feet, at 
a 60 angle position, from the forward centerline, with a landing power setting. 
A tan-exhaust noise suppression enclosure was installed so that only the inlet 
noise would be measured. The results show that the improvement in noise reduc- 
^°!\ tH the critical fundamental blade passing frequency region where intense 
combination tones are encountered, is quite significant going from the no-ring 
inlet to the one-ring and then to the two-ring inlet. This improvement is due 
primarily to the increase in treated area and the favorable height or distance 
between the treated surfaces. However, the results do not indicate any signifi- 
cant additional attenuation from the increased treated area (27 square feet) of 
the lightbulb inlet over the two-ring inlet. The lightbulb and two-ring inlets 

tt ^ductions' in terms of PNdB, of about 12 to 15 PNdB. The noise 
reduction with the one-ring inlet was abou: 10 PNdB. 

On the basis of these results the ring inlet concept was chosen for further study; 

îî® MWn~rin?iÍíílet1f0r íhe Boein9 long discharge duct, and the one-ring inlet for 
the McDonnell-Douglas short discharge duct nacelle. The attenuation of the fan 
noise from the two-ring inlet was expected to match the 13 - 16 PNdB of attenuation 

th^lO 12 PNdR°^?g rnh the i°n2 tr*ated fan exhaust duct and the one-ring inlet the 10—12 PNdB attenuation of the short duct. 

Schematic diagrams of the two modified test nacelle configurations are shown. 
Figure 14. The McDonnell-Douglas configuration at the top is designed with a co- 

?sho¿!Írh^1?hlenrln9 havi"9 a total of 64 square feet of treated inlet area 
*he neavy lines), and a 48-inch treated fan discharge duct having a 

Í s?uar® fe®£ of treated duct area. The Boeing configuration at the 
bottom is designed with a two-ring treated inlet (87 square feet of treatment 

\long trea5ed fan discharge duct having a total of 267 square feet of 
^rea"r ve treated areas in both designs include the inlet cowl 

side*walls ^ ^ surface of the nose dome, the inside and out- 
side walls of the fan discharge ducts, and both sides of several splitters in 

nfet-h»Snhar?e ?UCtà The ac°ustlcal performance as determined from ground tests 
of the original and modified nacelles, measured at 150 feet at 110° from the 

™^°m§ared in Figure 15' for the aPProach landing power set- 
ting. About 9-11 PNdB of suppression was noted. This attemuation indicated - 
£bab a good match was achieved between the acoustical performance of a one-ring 

inl®t and a 48 inch treated fan exhaust duct. Estimates show that if the 
-8 aircraft were to be equipped with nacelles treated in the same manner as the 

ground test nacelles, the noise reduction objectives of 7 to 10 PNdB durina 
approach conditions would be met. auring 

* results from the Boeing two-ring treated inlet were not available at 
the time of writing this paper; however, Figure 16, ground test results with the 
Boerncj iong treated duct nacelle were obtained without any inlet treatment. The 

Rnnn f10™1 reco^ded 370 feet f°r the approach landing power setting at 
5000 rpm and measured at the 110°. Noise reductions of 9 to 16 PNdB with the 

hf,6M^nd dU^ °ver,the existing duct were noted. In view of the success achieved 
by McDonnell-Douglas with a fully treated ground test nacelle, it is felt that 

no?;se reduction goal of 15 PNdB set for the Boeing 707 aircraft will be met 
with the two-ring inlet coupled with the long treated discharge duct. 

Iîî^adVanta9fS and disadvantages of incorporating modified nacelles in current 
four-engine transport aircraft have been estimated and are listed in Figure 17. 
The expected noise reduction would be approximately 10 and 15 PNdB durina landina 

noVífJ^ dUC,t {4? inCir! nai;elie ^C-8 type) -d the long ducrnac^lîe dlng 
iv27 ty*-w J-espectiyely. The weight increase is estimated to be 332 pounds for 
the short duct nacelle and 3360 pounds for the long duct nacelle. The cruise 

a??®d V°uld £ot a^eeted for either modification and the range penalty is not 
significänt for the DC-8 but the 707 would suffer a range loss of 180 nautical 

foi ^ Sh0Uld 136 n0ted that the higher weight and range loss 
=1^ 9 duct nacelie is accompanied by a greater noise reduction - all of 

which is due to the additional acoustic treatment with the Boeing nacelle. These 
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estimated noise reductions with nacelle modifications were based on the results 
of ground tests with full-scale engines. Both contractors are proceeding to 
equip a DC-8 and a 707 aircraft with flight rated nacelles to validate the esti¬ 
mated noise reductions and check performance estimates and operational constraints 
through a series of flight tests. 

In conclusion, although the results from ground tests of the treated nacelles are 
encouraging, the studies of economic impact of these nacelle modifications on 
existing aircraft have not yet been completed and the final evaluation of the 
success of the Nacelle Acoustic Treatment program must await the completion of 
the flight tests. 
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ASSESSMENT OF AIRCRAFT NOISE PROBLEM 

OBJECTIVES OF THE NACELLE ACOUSTIC TREATMENT PROGRAM 

TECHNOLOGY OF DUCT-LINING MATERIALS AND CONCEPTS 

APPLICATION OF TECHNOLOGY TO FULL SCALE NACELLES 

SUMMARY OF RESULTS 

Figure 1 - Introduction to the Nacelle Acoustic 
Treatment Program 

DUCT 

Figure 2 - Engine Noise Sources 

BOEING 707/DOUGLAS DC-8 

FAN INLET 

T.0. 11C 
APPR. 118 

JET EXHAUST 
T. 0. 117 
APPR. 100 

T.0. 121 
APPR. 118 

Figure 3 - JT3D Engine 



IDENTIFY NACELLE MODIFICATIONS CAPABLE 

OF REDUCING LANDING NOISE BY 15 PNdB 

EVALUATION OF SUPPRESSION CONCEPT 

FLIGHT EVALUATION OF FINAL CONCEPTS 

EVALUATION OF ECONOMIC FACTORS 

Figure 4 - Nacelle Acoustic Treatment Program 
Objectives 
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Figure 5 - Acoustic Lining Concepts 
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Figure 6 - Lining Mechanisms 
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POROUS SURFACE MATERIALS 

Metallic 

Felted wire fibers - sintered 

Layers of woven-wire screen - sintered 

Sintered powders 

Perforated plate 

Nonmetal lie 

Layers of woven fiber-glass cloth - resin or rubber impregnated 

HONEYCOMB-SUPPORT STRUCTURES 

Metallic 

Stainless steel or aluminum - welded or brazed 

Nonmetal lie 

Heat-resistant phenolic-resin-impregnated fiber-glass cloth (bonded) 

Phenolic-resin-impregna ted nylon-coated paper 

Polyimide-resin-impregnated fiber-glass cloth (bonded) 

Figure 7 - Candidate Material 
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Figure 8 - Effect of Flow Velocity 
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Figure 11 - Effect of Treatment Length 
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CONCENTRIC RING VANES RADIAL VANES 
LIGHT-BULB INLET RETRACTABLE LININGS 

Figure 12 - Inlet Configurations Studied 

DATA AT 60* AND 150-FT RADIUS} LANDING POWER- 

FAN-EXHAUST-NOISE SUPPRESSOR ENCLOSURE INSTALLED 

SHORT DUCT 

LONG DUCT 

Figure 14 - Schematics of DC-8 and 707 Flight 
Test Nacelles 
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DATA AT 110° AND 150-FT RADIUS; LANDING POWER 

Figure 15 - Noise Levels with DC-8 Treated Nacelle 

5000 rpm, 370 ft 

FREQUENCY, Hi (cps) 

Figure 16 - Noise Levels with 707 Treated Nacelle 
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NACELLES NACELLES 
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PNdB REDUCTION - LANDING 9 TO 11 

WEIGHT INCREASE PER AIRCRAFT 332 lbs. 

CRUISE SPEED CHANGE 0 

13 TO 16 

3,360 lbs. 

0 

RANGE PENALTY NOT SIGNIFICANT 180 N. MILES 

Figure 17 - Nacelle Acoustic Treatment Program Results 



APPENDIX I 

DISCUSSIONS 

This appendix contains the discussions which followed the presentation of 
the papers at the Joint FDP/PEP meeting on "Aircraft Engine Noise and Sonic 
Boom” held at the Institut Franco-Allemand de Recherches de Saint-Louis, 
12, rue de l’Industrie, Saint-Louis, France. 

These discussions are transcribed from forms completed by the authors 
and questioners during the meeting and are keyed (by reference number) to 
the papers contained in this AGARD Conference Proceedings. 

Le présent appendice constitue un recueil de discussions qui ont suivi 
la présentation des exposés à l’occasion de la Réunion tenue conjointement 
par le Groupe de Travail de la Dynamique des Fluides et le Groupe de Travail 
de la Propulsion et de l’Energétique concernant le bruit engendré par les 
avions et les bangs soniques, à l’Institut Franco-Allemand de Recherches de 
Saint-Louis, 12, rue de 1’Industrie, Saint-Louis, France. 

Ce recueil de discussions a été transcrit d’après les formulaires remplis 
respectivement par les auteurs et les questionneurs au cours de la Réunion 
dont les numéros de référence correspondent à ceux des exposés figurant 
dans cet Conference Proceedings de l’AGARD. 
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Discussion on the Paper 
AIRPORT DESIGN AND OPERATION FOR MINIMUM NOISE EXPOSURE 

(Paper 3) 
presented by 

J.O. Powers, USA 

A.Ferri 

Figure 2 indicates that if people do not accept noise then something can be done about 
it, and it is up to us to do something. I should like to ask two questions: 

(i) Shall we need “police" to enforce the procedures established? Surely not. 

(ii) Why does the acceptable noise level vary with weight? Is this due to technical 
considerations of aircraft design? 

J.O.Powers 

(i) The FAA does not monitor airport noise at the present time. We feel that our 
objectives can be accomplished through certification and by operational procedures 
which are monitored. 

(ii) Our noise regulation must be consistent with technical practicability and economic 
reasonability, which imply a variation of the upper allowable limit with weight. 
We do, however, expect that each class of aircraft shall make a maximum contribution 
toward achieving lower noise levels. 

H.Drell 

I am concerned that the shaded area in Figure 3 shows that present aircraft can be reduced 
n no se to 101 EPNdB and yet the FAA proposed rule allows maximum noise of 106 EPNdB say 

for a 300,000 lb new aircraft. The public will thus question the validity of the FAA*pro-' 
posed rule and why it is not lower. I question the validity of the 101 EPNdB as being 
possible on the present aircraft. 

J.O.Powers 

While the present rule allows maximum noise levels es indicated on the figure, the rule 
also requires that the noise be reduced as much below that level as is economically viable 
and technically feasible. Accordingly, within the bounds of safety, the FAA will push for 
continually reduced noise levels for all aircraft. The question of the validity of 101 EPNdB 
as a possible noise level for forecast aircraft is contingent on the current NASA acoustic 
treatment programme, which we consider to be very promising. 

C.J.Webber 

What are the considerations which led the FAA to prescribe 6% as the climb gradient 
after take-off which gives minimum noise annoyance, 

Such a high gradient gives, in fact, an increase in the maximum perceived level compared 
with a lower, and equally safe, gradient. 
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J.0.Powers 

In all noise abatement considerations safety is the primary consideration. The choice 
of the e% gradient is. however, also considered to minimise the area contained in a given 
NEF contour and hence hopefully to minimise annoyance. The lower gradient, while reduc ng 
the level at the cutback front, tends to carry that lower level to greater distances from 
the airport, and hence the area in a specific NEF contour is increased. The larger climb 
gradients tend to increase the noise exposed area by an increase in lateral spread of the 

noise. 

G.M.Lilley 

I would like to draw attention to the difficulties in making noise estimates of new 
aircraft and in noise measurements generally. Even in the case of known noise characteri¬ 
stics from an engine under static conditions it has been shown impossible to P«di^ 
within say. about ±7 EPNdB the aircraft noise under the take-off path or on the approach. 
This is the result of engine-airframe noise interference and the effect of aircraft 
motion. Thus the difficulty in working towards precise certification limits may prove 
to be impossible in the future. In the field of noise measurement we note that noise is 
not a steady measurement when we observe that all noise propagated from an aircraft 
distorted by its passage through the atmosphere, and in particular through turbulence. 
The accurate measurement of the mean noise from an aircraft may invo ve many 
would like to hear how the authors believe these two features of the aircraft noise 
problem can be dealt with adequately under Noise Certification. 

J.O.Powers 

The FAA is aware of the difficulties of aircraft noise prediction, particularly from 
a paper aircraft to an in-flight aircraft. Accordingly our NPRM currently contains an 
allowance for prediction accuracies. In addition the FAA is currently sponsor ng several 
programmes directed at the improvement of aircraft noise prediction and Probably will 
sponsor such programmes for some years in the future. Any problem of working towards 
precise certification limits is difficult but I do not believe this to be impossible. The 
subject of unsteady atmospheric conditions on noise measurements currently is being 
approached by limiting conditions under which the measurements are made. Inaccuracies 
rre into the »e JLnent, b, virtue o, in.ccur.eien in the .»«»reuent ut ««.pheric 
condition, end the une of these K^ureuent. to reduce the d.t. “‘“J“'1 '° ' h 
It is also apparent that a sufficient number of measurements must be taken to have a high 
degree of statistical confidence in the certificated values. 

F.E.Douwes Dekker 

The definition of noise exposure (NNI.CNR.etc.) presupposes a continuous relationship 
between annoyance and noise exposure. Such simplicity seems not to exist. In fact 
annoyance is aroused by: frequency of occurrence, peaking factor, duration, spectrum. 
Annoyance is eased by: unavoidability. time of day, economic links. As soon as annoyance 
is aroused, any aircraft in an approach peak becomes irritating °f nctual 
noise level Therefore the operation for minimum noise exposure should not be based 
Tnly on certif^ion and noise abatement procedures but also on the following factors: 

(i) Reduction of avoidable noise: training flights, accelerated climbs, stabilised 
approaches, free turn-outs, minimum overflying altitude. 

(ii) Psychological acceptability of noise exposure by: financial benefits, economic 
links with civil aviation, help to move out; reduce protest stimulus, p 

relations. 
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(iii) Reduction of affected areas: specific noise corridors, strict air traffic 

control, concentration of noise exposure, minimum number of tracks for approach 
or take-off, open corridors for night flying and SST-operation. FAA policy 

seems therefore to be too much limited to eocnomic and political feasibility of 
restrictions to civil aviation, and not enough to direct reduction of number of 
complaints. 

J.O.Powers 

I am inclined to agree with most of your suggestions and will not elaborate on them 
except to say that the primary consideration when applying noise abatement techniques 

must necessarily be safety. I do feel that there is a bit of misunderstanding about the 
NEF concept and the FAA policy. The NEF’s, as such, give only an acoustic exposure and 

do in fact take into account such factors as frequency of occurrence, duration, spectrum, 

etc. There is no implication of a simple relationship between exposure and annoyance. 
These relationships are necessarily very complete and are currently under continuing 

study. The comment on FAA policy is quite an over-simplification and I would prefer to 
say that we attempt to base our noise abatement policy on the principle of "equity” 
rather than economic and political expediency. 

Discussion on the Paper 
HUMAN RESPONSE TO SONIC BOOM 

(Paper 5) 
presented by 

C.W. Nixon, USA 

E. J.Kane 

The results shown in this paper are based only on "N” wave type signatures. Would the 

author care to comment on the influence of pressure signature shape on psychoacoustic 

responses? That is the influence of variations such as occur due to atmospheric variations 
or those which might be produced by configuration design, such as flat-top waves or 
signatures with general shock waves. 

C.W. Nixon 

The question, I believe, concerns the influence of pressure signature variations on 

psychoacoustic responses, specifically the so-called flat-top waves and those with spikes 

or peak characteristics. The flat-top waves, with both the positive and negative pressure 
components flattened, essentially have had their peak over-pressures reduced and, in 

keeping with what was said earlier, would be more acceptable than an equivalent signature 

that had not been flattened. If only the positive portion of the signature is flattened, 

and the negative 'portion has been unaltered, there would be little difference in subjective 
judgement of the boom due to the flattening. The presence of a spike or peaks on a sonic 

boom signature is discussed in the written version of the paper and is shown to essentially 

increase the peak over-pressure, and consequently the loudness or annoyance. An example 
is given there which shows an increase ii loudness or annoyance of 4 to 8 dB of a sonic 

boom when a peak component is added to the impulse. If the question refers to the high 
frequency energy which rides on the N-wave signature as many shock waves (as in a near¬ 

field boom) instead of a single spike, this carries greater energy in the audio frequency 
range and is judged to be louder than the same boom without the multiple shock waves. 



6 

It is my understanding that atmospheric effects on signature variations are substanti¬ 

ally beyond our control and that aircraft configuration design changes to minimize unde¬ 

sirable components in the shock wave signature are not really feasible at this time. 

l.D.Hayes 

Does improvement in acceptability resulting from change in wave shape apply only to 

outdoor subjects or to those inside buildings as well? 

C. I. Nixon 

A sonic boom experience indoors is less acceptable than the same sonic boom heard 

outdoors. A change in wave shape or signature of the sonic boom which increases the 
acceptability of the outdoor boom, i.e. lower overpressure level, absence of any peak 

components, slower rise time, would also be expected to increase the acceptability of the 

indoor boom exposure. I can recall no specific data at this time which would allow me to 

estimate the quantity or amount of change that might be expected. The indoor versus outdoor 

relationship would remain, with the indoor boom from the changed wave shape still less 

acceptable than the same outdoor boom with changed wave shape. 

J.O.Powers 

In reference to Professor Haye’s question about the important parameters with respect 

to structural response I would like to comment that it is probable that total influence 
is probably dominant. His comment considers the implications of finite rise time signatures 

and the ability of indoor listeners to derive any benefit from such signatures. Such 
potential benefit is no doubt related to the structural transfer function of the house. I 

feel it would be very interesting to measure the indoor pressure variation in response to 

finite rise time signatures for representative structures and to use them in human response 

tests, particularly as related to sleep studies. 

Discussion on the Paper 
TURBOFAN ENGINE NOISE 

(Paper 6) 
presented by 

Colin G. Gordon, USA 

J.E.Ffowcs Williams 

Could you please comment on the apparent simple source induced sound you reported in an 

early publication on this problem? Evidently that is no longer found. Could you give an 
explanation of the conditions governing the present experiments that differ from those in 

the early tests? 

C.G. Gordon 

In the paper referred to by Dr Ffuvcs Williams (Ref.(a)), the measured data indicated 

dependence of the radiated sound intensity, from the obstructed jet at low flow velocity, 
upon the fourth power of flow velocity. This was interpreted in the paper as evidence of 

aerodynamic monopole radiation from the system. No such evidence (of monopole radiation) 



7 

has been observed in the current series of experiments, however. It is a pertinent 
question to ask "why”? 

Monopole radiation requires a net fluctuation of the volume flow across the exit plane 
of the jet pipe. In the absence of fluctuating volume flow into the system (from the 
supply compressor) a monopole source can only be generated if the system itself is 
capable of storing and releasing flow periodically within it. Since compressibility 
effects in subsonic air are small, then the ability of the system to support monopole 
radiation will depend strongly upon its geometry. The extent of geometric discontinuity 
provided in the experiment described in Reference (a) was much more severe than that 
provided in the current study. It is felt that herein lies the reason for the difference 
in data. 

G.M. Lilley 

In Figure 3 you show that the acoustic power output changes from V6 to V8 as the speed 
increases. Have you checked by measurements in the mixing region that the flow is similar 
with change in jet exit speed? Only if the flow is similar would you expect a law such 
as V8 with the index independent of speed change. Thus changes in the power law index 
will indicate different sources of noise in different speed régimes. Is it not possible 
that there are changes in the flow in the mixing region with exit speed, arising from 
changes in the exit boundary layers with Reynolds number, and in the mixing region 
development that could account for the change from V6 to V8 within the speed range of the 
experiment? This is not to say that lip induced noise is not important, but have you any 
evidence that this effect was present at the low speeds of your experiment? 

C. G.Gordon 

Professor Lilley refers to the observed change in velocity exponent for the plain 
unobstructed jet as the exit velocity is increased. He suggests that the noise tentatively 
identified as lip noise may, in fact, derive within the free jet and that the change in 
the velocity exponent may be the result of velocity-dependent changes in the free-jet 
turbulence. 

In the study in our paper we did not measure the extent or form of the turbulence in the 
free jet. Such measurements are complicated to perform and still harder to interpret. 
Also, our observations on the unobstructed jet pipe were secondary to the main purpose of 
this study, which was to examine the noise radiation from pipe located obstructions. 

This notwithstanding, we feel that the evidence is fairly firm that the unobstructed 
pipe in our experiment was dominated at the lowest flow velocities by lip noise. First 
of all, we have shown in our experiments that a sixth power of velocity can be associated 
with noise of dipole origin. Ffowcs Wil’iams and others have shown theoretically that 
the exit lip of a jet pipe forms a source for such dipole sound. Further, the approximate 
velocity below which lip noise should dominate jet noise has been calculated and this 
shows good agreement with the transition velocity in our experiments. There seems no 
reason at the present time to doubt the existence of lip noise or to doubt its dominance 
over jet noise at low speeds. The weight of evidence in our mind supports the argument 
presented in this paper. 

Reference (a). Ffowcs William, J.E. Noite of Highly Turbulent Jett at Lou Exhamt Speeds. 
Gordon, C.G. AIAA Journal, Vol.3, 1965, pp.791-793. 
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Discussion on the Paper 
NOISE ASSOCIATED WITH SHOCK WAVES 

(Paper 7) 
presented by 

D.L.Martlew, UK 

' J.E.Ffowcs Williams 

Why should the onset frequency of a continuous spectrum shock noise be associated with 
the Powell frequency, which is a discreet frequency prediction? 

D.L.Martlew 

The frequency at which the broad band, noise associated with the shock waves first 
appears is not directly associated with the frequency of the discrete tones. It appears 
to be related simply to the rate at which any single disturbance passes the shocks, 
whereas the oscillation condition requires that disturbances are spread such that a 
feedback loop can be established. 

R.Westley 

Could you please amplify on, firstly, the method you used to separate the broad band 
peak noise from the screech tones and, secondly, the method used to determine the frequency 
at which the “step-up" of the broad band noise occurs. In research on cold jets, which 
have more pronounced screech tones, we found it difficult with 1/10 octave filters to 
separate the two types of noise when the “step-up” occurred near the screech frequency. 

D.L.Martlew 

The discrete tones were generally sufficiently narrow on the 5% bandwidth spectra that 
the level of the broad band noise could be inferred from nearby bands with reasonable 
certainty. Naturally this method is not perfect and some of the scatter in the results 
may be due to this. 

The frequency at which shock-associated broad band noise comes in is not easy to 
determine. The rise in the spectrum is fairly sudden and the frequency of the peak level 
was read off instead. This peak frequency is relevant in that it represents that at 
which most acoustic energy is radiated. 

J.O.Powers 

The conical plug nozzle appears to produce jet noise reduction and I therefore would 
like to ask if you have experience with rectangular or two-dimensional plug nozzles and 
if so what type of noise reduction would be expected? 

D.L.Martlew 

We have not made noise measurements on rectangular or two-dimensional plug nozzles at 
NOTE, so I cannot give an answer. 
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Discussion on the Paper 
JET NOISE FROM MOVING AIRCRAFT 

(Paper 8) 
presented by 

J.E.Ffowcs Williams, UK 

G.M.Lilley 

I was interested to see your results from the water table analogy. Could you tell us 
what index for the power law was obtained at low jet Mach numbers? If this was V3, could 
this be explained as a mass fluctuation? 

In the comparison of your formula for jet noise with experiment you show that good 

agreement is obtained if the convection Mach number is assumed constant. Are there cases 

where improvement between theory and experiment would be obtained if an acceleration of 
the source were to be included or, alternatively, if allowance for the variation of 
convection speed across the field of turbulence were to be included? 

J.E.Ffowcs Williams 

In answer to your first question, we observe both a V3 and a V5 dependence, indicating 
the presence of both monopole and dipole sources at the nozzle exit. 

In answer to your second question, I would think there are cases where the variation of 
convection speed is important. This is probably so near the shock wave at the end of a 

cell in a choked jet system. Eddy deceleration would then radiate bremsstrahlunii. Also 

there are indications of the increase in eddy convection speed relative to the absolute 
speed as jet speed is increased. Thi* must also be important. 

Discussion on the Paper 
DETERMINATION DU CHAMP SONORE PRODUIT PAR 

L’EVOLUTION DES AVIONS A REACTION 
(Paper 9) 

presented by 

M. Kobrynski, France 

J.E.Ffowcs Williams 

I should like to comment on the manner in which theoretical models are applied 
subject. A possible approach is to develop strictly the definite consequences of 
and to test it against experiment. If the model fails, the inference is that the 

mechanism has not been covered by the model. This failure can, in fact, teach us 
deal. 

in this 
a model 

correct 
a great 

A second approach is to start with a model as a near fit to experimental data and to 
modify the formulae empirically for best fit. Such an approach is obviously very valuable 

in developing prediction schemes but not so valuable in indicating the correctness of the 
source model initially postulated. 

There appear to be two failures of the model in this paper. The first concerns the 

ïh!1« of a conve^ion factor ralsed t0 the power 7. rather than 5/2 as the model predicts 
he second is in the spectral shift due to the Doppler factor. Eddies, which are the 
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assumed sources of sound, travel in the opposite direction to the aircraft so that the 
Doppler factor assumed in the paper is in the opposite direction to that of the basic 
model. If this is, in fact, a correct fit to the data there is a very interesting 
failure of the convected quadrupole model which ought to be studied more closely. 

M.Kobrynski 

Je souscris bien volontiers à vos considérations de caractère général. Ceci dit, j’ai 
montré que le modèle théorique, actuellement proposé, devrait être modifié afin d’aboutir 
à une meilleure correlation avec les données expérimentales; c’est pourquoi J’ai été 
amené à remplacer l’exposant fixe du facteur de convection par l’exposant variable avec 

,7 , retenu d’aillours uniquement pour les conditions spécifiées au bas de l’équation (32). 
D’autre part, le facteur Doppler considéré n’intervient pas au sens que vous voulez bien 
lui attribuer, car je me suis attaché à mettre en évidence (équations (15) et (25)) la 
modification du spectre acoustique local consécutive au nombre de Mach de vol, le spectre 
de base étant celui du jet stationnaire. 

W. R. Sears 

Do I understand correctly that this work is based on modifications of earlier theories 
than the Ffowcs Williams theory of Paper No.8, and that the newer theory of Paper No.8 
could be applied to calculate the seme cases for comparison with the same experiments? 

(The answer given by Dr Ffowcs-Williams is affirmative but he is not aware of the existence 
of an adequate body of experimental data.) 

M.Kobrynski 

Il serait en effet intéressant de procéder aux vérifications expérimentales mentionnées 
par le Professeur Sears. 

Discussion on the Paper 
ETUDE DES INTERFERENCE ACOUSTIQUE PAR REFLEXION; 

APPLICATION AUX SPECTRES DE PRESSION ACOUSTIQUE DES JETS 
(Paper 10) 

presented by 
P.Thomas, France 

1. B. Morgan 

The Session Chairman asked what account US engine manufacturers took of the phenomena 
described in the paper. The reply was that it is necessary to make these corrections 
oarticularly for let noise measurements (low frequency dominant noise source). These 
corrections are not, however, as important for higher frequencies such as may be dominant 
for measurements, since correction goes plus and minus frequently in the higher octave 
bands. The plus and minus corrections tend to balance out. 

P.Ihomas 

Ainsi que je l’ai precisé au début de l’exposé, la méthode de correction proposée concerne 
uniquement les analyses spectrales de bruit de jet. Bien que nous n’ayons pas encore abordé 
le problème des analyses spectrales de bruit de fan, je pense que les remarques de M.Morgan 
sont intéressantes et je le remercie des précisions qu’il vient d’apporter. 



Discussion on the Paper 
SONIC BOOM OF BODIES OF REVOLUTION 

(Paper 11) 
presented by 

K.Oswatitsch, Germany 

Errata 

Equation (7) should read 

3y 
tg(a + 8) 

dx 

V 
dy_ 

tg(-a + (9) 
3x 

Equation (9) should read 

Ap 

Po 
/(1 - tg e cot cos /3) 

Page 11-3, Section 4, Par.l, 12th line: 

Figure 4 shows the ratio of the pressure jump Ap in the shock over the local, high 
dependent static pressure pQ . 

Page 11-4, Par.2: 

Figure 8 shows R. Stuff’s computation of the front and tail shock for a declerated sharp¬ 
nosed body of revolution of a thickness ratio r = 0.0488 . The disturbances entering 
the shock shown in Figure 8 were produced by the body, when it flew at Mach Number 1.5. 

Page 11-4, Par.3, second line: 

The disturbances forming the bow waves left the body, when it flew at Mach number 1.5. 

G.M.Lllley 

(a) Is it correct that R.Stuff has extended his calculations from those as presented 
for propagation in an isothermal atmosphere to those of a more general atmosphere? 

(b) In the case of accelerated motion you indicated that it was not possible to find 
calculations near a point of focus. Could you discuss therefore how it is possible to 
calculate the strength of the shock waves at all positions as the cusped waves develop, 
and in particular the strength of the following quasi-vertical waves. 

K.Oswatitsch 

(a) We are going to extend our calculations from the isothermal atmosphere to a mure 
general atmosphere with a gradient in the speed of sound. 

(b) (This replies also to the comment below by Guiraud.) 

The method presented does not exclude the point of focus and the rotation is valid 
in the whole field. The location of the disturbance is determined by integration along 
the characteristics and shocks are given by overlapping. In order to get an analytical 
formula for the shock, I assumed for simplicity the flow to be undisturbed on one side 
of the shock. This assumption leads to wrong results near the point of focus and yields 
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an integrable singularity at this point. But integrating through this singularity I 
obtained the shock strength behind the cusp. By excluding the assumption, it would be 
possible to calculate the shock near the point of focus. 

J.P. Guiraud 

Je peux peut être apporter une contribution à cette question au passage de la 
focalisation. La théorie du Professeur Oswatitsch est une théorie linéaire dans le 
plan des caractéristiques, les phénomènes non linéaires apparaissent dans le retour au 
plan physique. Or il se trouve que le passage par la focalisation n’échappe pas à 
cette règle: il est essentiellement linéaire, les effets non linéaires n’intervenant que 
pour placer les chocs. Compte tenu de ces remarques il ne me paraît pas étonnant que 
la théorie du Professeur Oswatitsch puisse permettre de prévoir les chocs après leur 
rebroussement sur la coustique. 

K.Oswatitsch 

See (b) above. 

Discussion on the Paper 
FOCALISATION DANS LES ONDES COURTES NON LINEAIRES. 

APPLICATION AU BRUIT BALISTIQUE DE FOCALISATION 
(Paper 12) 

presented by 
J.P.Guiraud, France 

R.D.Hayes 

To obtain the maximum pressure on a caustic, a non-linear theory is needed if a shock 
is present, because the linear theory gives infinite pressure. 

J.P.Guiraud 

Je suis d’accord sur ce point. En revanche l’essentiel de l’écoulement peut être 
obtenu par une théorie linéaire à la différence de ce qui se passe pour l’onde en N hors 
focalisation. 
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Discussion on the Paper 
REFRACTION ATMOSPHERIQUE ET REFLEXION AU 

SOL DES BANGS 

(Paper 13) 
presented by 

C. Théry, France 

F.Wecken (Remarques concernant la théorie du "superbang”) 

(i) La Figure 1 montre l’allure d’un rayon sonore au voisinage de la caustique et 

explique les coordonnées locales x1( x3, la distance a et le rayon de courbure relative R 
dans le cas général. La Figure 2 se rapporte au cas spécial de la caustique plane dans 

une atmosphère stratifiée au repos, cas qui d’après Guiraud est équivalent au cas général. 
Les rayons sonores sont des paraboles. L’angle 0 est l’angle défini par Théry. La 

Figure 3 montre le même domaine tel qu’il apparaît à un observateur se déplaçant avec les 

fronts d’onde comme un écoulement parallèle plan permanent transsonique. Les fronts d’ondes 

ou lignes de Mach dans l’écoulement non perturbé sont des paraboles sémicubiques; le nombre 

de Mach augmente linéairement avec x3. Les grandeurs de perturbation Sux etc. dues à l’onde 
en N modifient M et distordent la limite sonique et les lignes de Mach; la Figure 3 n’en 
tient pas encore compte, le choc incident étant supposé faible. Le saut -Am provoqué par 

un choc est identique à la grandeur y de Théry. Les formules suivantes indiquent la varia¬ 

tion de l’intensité d’un choc faible suivant l’approximation acoustique d’après Théry (1) en 

atmosphère isobare et en atmosphère arbitrairement stratifiée, au voisinage de la caustique 

« 1); les lois de puissance correspondantes (2) en fonction de <7 et de x3 sont également 
indiquées. La constante sans dimension k a un sens physique simple (3) dans le cas Isobare, 
mais elle est généralement une caractéristique du phénomène. Il est cependant plus aisé 
d’utiliser la grandeur t] proportionnelle à k d’après (4) qui par la suite sera maintenue 

comme seule caractéristique essentielle sans dimension de la focalisation de chocs. Avec rj 
la loi acoustique de l’intensité près de la caustique (1) (2) prend la forme (5). Au 

voisinage immédiat du point de focalisation cependant (marqué dans la Figure 3 par un 

rectangle étroit) l’approximation acoustique tombe en défaut, et le calcul de Théry se 

termine, à l’instant où la limite sonique est atteinte derrière le choc, avec l’intensité 

critique (6). La même formule indique la distance critique de la caustique. La formule (7) 

pour l’intensité de focalisation (d’après Guiraud, 1965) présente une analogie étroite avec 
(6) si l’on utilise la notation de Théry soit y. Elle comprend une constante universelle 

purement mathématique mais non connue numériquement, dont nous parlerons plus tard. 

( (ii) La Fi8ure 4 montre le petit rectangle de la Figure 3 agrandi, et à côté figure 
(d’après Guiraud) une transformation normalisante (8) appliquant le plan x , x , d’une 

façon nondimensionnelle et affine sur le plan £, £ (Fig.5) et dépendant esünti^llement de v. 
Dans les nouvelles coordonnées £, £, on obtient pour la nouvelle grandeur de perturbation U 

] équation aux dérivées partielles (10) non linéaire avec la condition aux limites à l’infini 
(11). On cherche une solution avec des lignes de discontinuité (chocs); pour ces dernières 

la condition (12) doit être remplie; Ü est la valeur moyenne des valeurs U de part et d’autre 
de la discontinuité. (13) détermine l’intensité et la position du choc incident. Nous ne 
considérons qu’un seul choc isolé et devons pour cela soumettre la longueur l de l’onde de 

pression a une condition (9) qui en général est suffisamment remplie. La grandeur normalisée 
de perturbation U = U(£.£) est défine par (10) à (13) comme fonction universelle purement 

mathématique. L’état non perturbé U = o remplit (10) à (12) mais non (13). U est borné 

mais non « 1 dans un domaine fini; U ne peut donc pas être traité comme perturbation au 

sens usuel du mot. L'allure exacte des chocs n’est pas connue; (13) indique simplement le 

comportement asymptotique. Il n’est pas possible à première vue de préciser si la pertur¬ 
bation réfléchie (Fig.5) est également un choc. La limite sonique n’est plus la ligne 

- 0. Il n’existe plus de point de focalisation (xt = x3 = 0) mais plutôt un champ de 
focalisation. Il n’existe pas de domaine non perturbé devant le choc incident. La 

variation de U(<f,0 ne peut guère être déterminée autrement que par intégration numérique 
de (10). Alors seulement la position et la valeur de Umax et de Au^ peuvent être indiquées 
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et l’on pourrait dans (7) la valeur constante de Guiraud déterminer la limite sonique et 
les caractéristiques qui sont données par (14). 

(iii) (15) montre comment on parvient de (10) à l’équation bien connue du potentiel 
transsonique par une transformation simple. Les méthodes théoriques des écoulements 
transsoniques sont donc applicables en principe. En particulier on peut obtenir l’équation 
de Tricomi par une transformation de Legendre en partant de l’équation du potentiel mais 
ceci ne présente pas une grande utilité lorsque l’on est en présence de chocs. Par contre 
une linéarisation de (10) donne directement l'équation de Tricomi (16). Mais c’est seule¬ 
ment avec la condition indiquée que le membre non linéaire de (10) peut être négligé, et 
cette condition n’est certainement pas remplie dans toute l’étendue du plan. Maintenant 
nous écrivons u au lieu de U du fait qu’il s’agit d’une fonction différente. Guiraud a 
résolu en 1965 l’équation de Tricomi avec les conditions (11), (13) par une formule 
homogène (17). La solution satisfait (13) non seulement de façon asymptotique pour £ - œ 
mais rigoureusement jusqu’à £ = 0; ici on a donc Au - œ. Une singularité logarithmique (18) 
apparaît comme onde réfléchie; le long de cette courbe u a des valeurs arbitrairement 
élevées. Ici au moins la condition dans (16) est fortement violée; la linéarisation est 
inadmissible et la solution (17) inutilisable comme approximation pour U dans le domaine 
correspondant (hachuré dans la Figure 6). Néanmoins la solution de Tricomi donne quelques 
renseignements généraux. Les caractéristiques, qui peuvent en même temps être d>is chocs, 
sont des paraboles semicubiques exactes (19). Le long de celles-ci des perturbations se 
propagent dans le domaine hyperbolique (£ > 0). La perturbation réfléchie doit satisfaire à 
la même loi de puissance que l’onde incidente (13). En outre on peut évaluer dans le 
plan entier l’ordre de grandeur de ü par (20), la perturbation de la pression donc par (21). 
Vers le bas (pour x3 - -œ), (21) n'est valable que pour le choc isolé; la perturbation 
provenant d’une onde en N décroit beaucoup plus rapidement par suite d’une interférence des 
phases de surpression et de sous-pression. 

(iv) Le paradoxe de la singularité logarithmique apparaissant lors de la réflexion d’un 
choc faible sur la limite sonique causé par une linéarisation inadmissible a déjà été 
discuté en 1947 dans cet Institut1 lors d’un problème beaucoup plus simple, à savoir la 
réflexion totale acoustique sur une surface séparatrice de deux milieux. Le cas linéaire 
peut être décrit mathématiquement par l’équation (22) qui a été étudiée par des auteurs 
russes2 et qui se réduit dans le demi-plan supérieur à l’équation ordinaire des ondes dans 
le demi-plan inférieur à l’équation de Laplace. La Figure 7 montre des familles de 
caractéristiques correspondant à (22). 

(v) Si l’onde réfléchie présentait à l’endroit à (Fig.8) une pointe aig'ûe pour U (Fig.9a) 
suivant la singularité logarithmique, une distorsion affine, production d’un choc et 
dégradation de la pointe suivrait immédiatement en aval à cause de la propagation non 
linéaire (en b, Fig.8 et 9b). Dans la Figure 8 on a schématisé chocs, incidents et 
réfléchis ainsi que les caractéristiques. En outre la déformation de la limite sonique est 
essentielle pour le comportement de la solution U(£,£)• D’après Théry l’intensité du choc 
augmente lorsque l’on s’approche de la caustique jusqu’au point critique, où on a M = 1 
derrière le choc. La limite sonique subit donc un saut et présente l’allure indiquée par 
la Figure 10. Il est vrai que deux hypothèses de Théry ne sont pas remplies exactement, à 
savoir l’hypothèse de ’’état non perturbé devant de choc et la condition de Whitham derrière 
le choc. Son résultat qualitatif serait malgré tout exact. Or il n’est pas clair, si au 
point critique C un choc réfléchi prend naissance immédiatement ou si celui-ci se forme 
par la suite. En tout cas 1’ intensité du choc incident doit diminuer de C vers le bas et 
disparaître d’une façon continue à la limite sonique. Le saut de pression maximal doit se 
trouver au voisinage immédiat de C. Il y a lieu de supposer qu’un point triple se forme 
(Fig.11) et que le choc réfléchi n’est pas plus intense que le choc incident. Dans ce cas 
on aurait encore M > 1 en T derrière le choc incident, le point critique ne serait donc pas 
encore atteint. Le saut de pression maximal serait représenté par le choc de Mach tout 

Référence 1. Rapport LREL - 29/47. 

Référence 2. Blzadse, W.A. Zun Problem der Gleichungen vom gemischten Typus. VEB Verlag der 

Wissenschaften, Berlin, 1957. 
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près, au-dessous de T, avec 1’intensité du choc incident étant presque doublée. Ainsi 
ont été obtenus les résultats indiqués. 

(vi) Les considérations qualitatives ci-dessus masquent le défaut d’un calcul rigoureux 
de U(f,£). Ce dernier serait en principe possible sur un ordinateur assez puissant le 
mieux étant, sans doute, de procéder à l'intégration des équations non-stationnaires. En 
ajoutant une variable temporelle le problème mixte est, comme on sait, rendu purement 
hyperbolique. En raison des chocs, dont l’emplacement n’est pas connu on utilisera la 
viscosité artificielle introduite par von Neumann et Richtmeyer. 

K Rf, Re \R^'Tv<0) 

Caustique 

V: x3 = 0 
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A. de Maistre 

M. Théry a fait allusion à des distorsions prévisibles sur la forne de l’onde au 
voisinage de la caustique. Est-il possible d’avoir des précisions sur la forme de ces 
distorsions? 

C. Théry 

En ce qui concerne les distorsions dues à la réfraction, il est à noter que la forme 
du signal réfracté ne varie que peu au cours de la réfraction dans le domaine accessible 
au calcul. On note cependant une légère tendance à la formation d’un pic de pression 
immédiatement derrière le choc avant à mesure que l’on se rapproche de la zone de 
focalisation. Cela est peu accentué mais le calcul du signal complet s’arrête assez loin 
du point critique, la zone accessible au calcul étant limitée à la caractéristique 
remontante issue du point critique. Si il y a déformation prononcée du signal, c’est 
en-dessous de cette zone qu’ elle se produit. Une autre cause possible de distorsion du 
signal perçu peut être due à la réflexion au sol L’une des diapositives projetées, 
l’analyse du phénomène, montre que dans les cas instationnaires l’effet du renforcement 
d’intensité dû à la réflexion est surtout sensible au pied de l’onde et c’est à cette 
cause possible de distorsion'qu’il a été fait allusion au cours de l’exposé. 

K. D. Hayes 

Y a-t-il des indications à propos des erreurs qui se trouvent dans cette méthode 
approximative? 

C. Théry 

La méthode qui conduit à l’obtention d’une relation différentielle décrivant le 
comportement d’un choc au cours de sa réfraction admet l’existence d’une relation 
caractéristique Immédiatement derrière le choc. Elle est donc effectivement approchée. 
Mais la comparaison entre ce que fournit cette méthode approchée et le calcul complet 
(numériquement précis) utilisant les deux systèmes de caractéristiques (Fig.lb et Fig.6) 
montre que cette approximation est excellente. Cela dans le cas bidimensionnel. Pour ce 
qui concerne le phénomène tridimensionnel (ou bidimensionnel de symétrie de révolution) le 
calcul (complet) mené fournit des résultats qui ne diffèrent pas qualitativement et peu 
quantitativement de ceux obtenus en bidimensionnel. Les formules de comportement asympto¬ 
tique et de similitude se retrouvent être vérifiées tout au moins si l’on prend soin de 
tenii compte de l’effet d’expansion tridimensionnel. La méthode basée sur les propriétés 
caractéristiques ne permet pas effectivement d’atteindre le point oh l’écoulement devant 
le choc devient sonique mais en ce point le choc est nécessairement evanescent. Cela ne 
parait donc pas très grave. Le calcul s’arrête à l’altitude critique (écoulement sonique 
derrière le choc) très voisine en fait de 1’ altitude sonique. Dans la région comprise 
entre ces altitudes on en est réduit à une description un peu hypothétique de ce qui se 
passe: existence du choc réfléchi sur la caustique dont le point triple se situerait en 
fait un peu au-dessus du point critique (configuration en Y) ou existence d’un faisceau de 
compression qui ne se fondrait en un véritable choc réfléchi qu’à une certaine distance du 
choc incident ainsi que Ur Wecken l’a indiqué dans son intervention (Figs.10 et 11). Par 
suite les surpressions critiques que nous avons calculées ne devraient constituer qu'une 
borne inférieure de la surpression maximale de focalisation mais une borne qui devrait en 
être très proche. Il est également certain que la méthode utilisée ne tient aucun compte 
de l’existence d’un champ de perturbations possible en avant du front de 1’ onde. Or ce champ 
existe dans le cas de focalisation en palier accéléré et aussi dans le cas de focalisation 
en altitude à vitesse constante. Pour rendre le procédé utilisé satisfaisant il faut 
supprimer la connexion qui existe de part et d’autre de l’onde par l’intermédiaire de la 
zone d’écoulement subsenique, donc placer la réflexion au sol à l'altitude sonique par 
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exemple, sinon à une altitude telle Que la réflexion qui s’y produise soit régulière de 
sorte que l’onde réfléchie no vienne pas perturber le phénomène de réfraction: on voit 
donc que 1 extrapolation du résultat obtenu dans les conditions restrictives que l’on 
vient de définir au cas de focalisation à vitesse constante nuus en altitude, n’est pas à 
faire sans réserves. (On ne sait pas quelles corrections numériques cela entraînerait mais 
peut-être cela peut être connu à partir du travail de U. Guiraud qui traite du problème 
précurseur.) Si elle est licite numériquement et puisqu’il ne semble pas qu’il y ait 
d’objections à formuler à l’encontre de la loi de similitude établie par Guiraud, il semble 
possible de traiter du cas plus général et d’intérêt pratique de la focalisation par palier 
acc léré et les résultats de calcul mentionnés au cours de T exposé obtenus par comparaison 
des courbures relatives des rayons sonores et de la caustique indiquent que le rôle joué 
par l'accélération de l’avion pour des valeurs réalistes de celle-ci devant être mineur, le 
bon accord quantitatif des résultats fournis pur ce travail avec ceux des essais en vol 
menés à Istres par le CEV est encourageant. 

C. H. E. Warren 

Concerning Figure 4, which gives the amplification due to reflection in the pressure rise 
across the shock, I wonder whether M. Théry can give any indication of the amplification 
that would occur in the "impulse” (integral of the overpressure during the positive phase) 
especially near the critical limiting condition. 

C. Théry 

Il est malaisé de fournir une réponse quantitativement précise a cette question. Il est 
vraisemblable que la réflexion sur un sol rigide d’une onde N stationnaire sans incidence 
limite entraînera sensiblement un triplement de l’impulsion, le même phénomène ayant lieu 
pour les ondes de compression. Cela pourrait peut-être être contrôlé expérimentalement. 
Quoiqu’il en soit, le passage par l’incidence limite a lieu au cours d’une phase instation¬ 
naire du vol et cela pourrait être une cause pour laquelle l’effet sur l’impulsion pourrait 
être bien moins sensible. Cela dépend de la rapidité de l’évolution de l’incidence comparée 
à la longueur d’onde. Mais ainsi qu’on le signalait précédemment l’évolution de la pression 
derrière l’onde réfléchie est très rapide dans les cas instationnaires et il semble qu’en 
pratique 1’impulsion sera bien moins affectée que la surpression de crête. Cela se traduira 
par une forte distorsion du signal. 

J. P. Guiraud 

Je voudrais reprendre ici la question soulevée par le Professeur Hayes. 

En premier lieu, je ne suis pas tellement étonné que, en ce qui concerne l’analyse 
dimensionnelle, il y ait concordance entre la théorie de M. Théry et la mienne. En effet, 
la théorie de M. Théry est fondée sur l’application de l’approximation de Whitham à la 
propagation de 1 onde de choc. Cela signifie que, dans les équations du phénomène, 
M. Théry en retient assez pour que la similitude soit nécessairement respectée. 

En revanche je partage 1’inquétude du Professeur Hayes en ce qui concerne le coefficient 
numérique. Je sais bien que l’étude par voie numérique à l’aide de la méthode des 
caractéristiques apporte une confirmation aux résultats obtenus à partir de la méthode 
approchée. Toutefois, dans le voisinage de la focalisation le phénomène est fondamentale¬ 
ment transsonique ce qui signifie qu’il échappe à la méthode des caractéristiques. 

C.Théry 

Effectivement le calcul ne permet pas d’atteindre la zone très réduite d’écoulement 
subsonique. 
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Discussion on the Paper 

THEORY CALCULATION AND EXPERIMENTAL RESULTS 
(Paper 13) 

presented by 

J.O.Powers, USA 

J.C.Manner 

Vous avez obtenu, au cours des essais NASA sur la focalisation, une mesure du coefficient 

d’amplification nettement inférieur à celui obtenu au cours de l’opération Jéricho. Ne 
pensez-vous pas que la différence provient du fait que les points de mesure de l’expéri¬ 
mentation NASA n’étalent pas suffisamment rapprochés et qu’en fait vous n’avez pas observé 
la focalisation elle-même? 

J.O.Powers 

While your suggestion oi the difference in amplification factors may be the key to the 

discrepancies I could not substantiate this for sure. I feel that the problem of the linear 
acceleration super boom is one which should be investigated in more detail, and in fact the 
United States is imminently planning such investigations in connection with the present 
ESSA Pendelton tests. 

G.M.Lilley 

In the NASA experiments on the focused boom it is noted that the rise times near a point 

of focus are greater than were observed in the experiments of M. Wanner, although the Mach 
number of the tests was different. Could this be the effect of different atmospheric 
conditions, with the NASA tests being associated with heavier turbulence at low altitudes. 

With the larger rise times one might expect a lower peak pressure. 

J.O.Powers 

Truly rise time is an indication of atmospheric turbulence but I doubt that the differences 

between the two test programmes can be explained on the basis of their single parameter. In 
general, during the Edwards programmes when this type of phenomena was being investigated, 

the overflights were made during the early morning hours when the atmosphere was stable. 
Again I would like to suggest that these differences should be the subject of further 
investigations. 

J.C.Wanner 

Je m’élève vigoureusement contre x’interprétation de la comparison entre nuisance du 
bang et nuisance du bruit. Pourquoi ne pas comparer avec la nuisance due au froid aux 

pieds? C’est une plaisanterie bien entendu mais elle fait bien ressentir la difficulté 
de la comparaison. Quel est votre avis sur ce point? 

J.O.Powers 

Many investigations have expressed similar reservations. Some have suggested that the 

paired comparison technique should be used only for sounds which are just perceptibly 
different and the boom and noise do not fall into this category. One might, however, 

accept these comparisons on the basis that the results are qualitative and do in fact 
represent the emphasis of the sonic boom with a more familiar noise. 
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Pensez-vous qu'il y ait un facteur d’amplification du bang associé à chaque sorte de 
manoeuvre ou bien une sorte de facteur limite, nombre “mar.ique” pratiquement applicable 
dans tous dans tous les cas, pour le calcul de la pression. applicable 

J.0.Powers 

The determination of specific 
Amplified operational sonic boom 
limitation on flight manoeuvres, 
the most difficult to control in 
determination of the location of 
aside for that purpose. 

amplification factors is a matter of continued research, 
will, in my opinion, be controlled by the establishment of 

The linear acceleration amplification will be probably 
magnitude but I believe it will be controlled by pre¬ 
touch down and hence acceleration; long strips can be set 

Discussion on the Paper 
DEVELOPMENT OF ACOUSTIC ABSORBERS FOR 

TURBOFAN ENGINES 
(Paper 17) 

presented by 
C.J. Webber, UK 

W. A. Sirignamo 

In addition to the steady-state flow, the oscillatory portion of the velocity is 

bõthrÍhf‘t IT fl0W thr0Ugh the °rlfiCe 18 drlven by the ^nation pressure; therefore 
PreSS"re -4 the O'*111«“™ "»<> their effect, ™ the re.lst.nc, 

C. .1. Webber 

Agreed, both must be determined 
mental conditions. 

in order to give a complete definition of the environ- 
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Discussion on the Paper 
AIRCRAFT ENGINE NOISE MEASUREMENT TECHNIQUES, 

FACILITIES, AND TEST RESULTS 
(Paper 18) 

presented by 
W.R.Morgan and S.N.Suclu, USA 

J.O.Powers 

(i) Could you comment on the ability of the designer to design for a given spread of 
frequencies and the accuracy of tuning for a specific frequency, as indicated in Figure 6? 

(ii) Is the prediction method indicated in Figure 14 advanced to an extent where the 
designer can predict the full scale engine characteristics with a high degree of confidence? 

V.R. Morgan 

(i) Figure 6 is a plot of normal incident absorption coefficient for treatment material 
without fluid flow. The ability of the designer to predict and “tune” certain types of 
treatment materials for given frequencies can, in fact, be accomplished »ith rather good 
precision, insofar as normal Incident absorption coefficients without fluid flow are 
concerned. However, this is only one factor involved in the design of treatment material 
and is, in itself, normally insufficient. Other more subtle factors that should be 
accounted for are the change in impedance of the absorption material at the boundary layer 
between the fluid flow and the treatment material, and the change of absorption characteri¬ 
stics as affected by the flow being in the direction of or against the direction of sound 
propagation. The effect of fluid flow on one type of treatment is illustrated by Figure 8. 

(ii) As indicated by Figure 14, the spread of data about the prediction line is of the 
order of ±3 dB. This discrepancy is most likely caused by both inaccuracy in the prediction 
method and scatter in the experimental data. The prediction method should be exercised on 
additional fans (preferably different design types) before placing a confidence level on 
the accuracy of prediction. 

H.Drell 

(i) Answering Dr Powers, the scatter shown is still ±3 dB and ground to flight includes 
addition uncertainties. 

(ii) Concerning ground measurements and reflection from the ground, and possible impact 
on accuracy of using such data to predict in-flight data, what type of ground surface is 
used in the G.E. facility and have you examined the effect of different surfaces? 

H. R. Morgan 

(i) With regard to Figure 20, and for the take-off case, the experimental flyover data 
did check the prediction at the peak noise value rather precisely. However, there is 
approximately a three-second delay in the rise and fall of the predicted noise curve 
relative to the experimental data. This discrepancy cannot fully be explained at this 
time and could be a result of experimental data scatter or possibly computer representation. 
With repard to the approach case, there is a discrepancy of approximately 4 PNdB between 
the experimental peak flyover noise level and predicted peak noise level. Again, this 
might be attributed to experimental data scatter and/or computer representation (including 
such factors as precise aircraft course, angle of attack, etc.). It was the intent in 
presenting these curves to show results of a digital computer technique wherein static 
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ground test data is programed in the conputer, the computer representation "flown”, and 
predicted noise levels obtained. These predicted noise levels were then compared with 
the actual experimental flyover test data (Fig.20). The figure represents only two cases 
attempted to date. More cases should be tried before assigning an accuracy value to the 
technique, including cases for different engines. The results to date are, however, 
encouraging and only future evaluation of the technique will prove it to be, or not to 
be, a useful prediction, method 

(ii) The ground surface at the Peebles, Ohio, Test Facility is a coarse crushed rock 
surface. This surface exhibits an absorption phenomenon in the vicinity of 300 Hz and a 
moderate amount of reflection at frequencies below 1000 Hz. For moderate to high bypass 
fan engines, where the spectrum is normally dominated by noise levels in the higher 
frequency bands, neglecting the ground absorption introduces, for all practical purposes, 
little or no error in perceived noise. At this facility a constant sound source (artificial 
narrow band source) is utilised to obtain information on reflection and ground absorption 
throughout the desired frequency range. These tests also include tests with microphones 
at different heights to obtain cancellation and reinforcement reflection data. At the 
General Electric Edwards California Flight Test Facility, static noise tests have been 
performed over hard sandy surfaces and concrete surfaces. This type surface does not appear 
to exhibit the low frequency absorption phenomenon but does seem to exhibit the reflection 
phenomenon. 

I r 

J. C. The ven in 

The agreement between experimental results and predictions presented on Figure 3 seems 
very good. I should be glad of any information or references to your prediction method. 

N. R. Morgan 

Two references that are applicable are: 

4 Theoretical Prediction of Aerodynamically Generated Noise 
in Fans and Compressors. Presented at the November 1968 
Meeting of the Acoustical Society of America. 

Fan Compressor Noise Prediction. American Society of Mechanical 
Engineers, Paper 69-GT-9. 

(i) Do the static to flight noise level differences presented in Figure 19 represent the 
differences at the angle of peak noise or do they apply to all angles? 

(ii) A question addressed to authors of theoretical papers treating both static and 
“in motion” jet noise generation is “Do the data presented in Figure 19 appear to be con¬ 
sistent with what you would expect from your studies?". 

W. R. Morgan 

Benzakein, M.J. 
Kazin, S.8. 

Benzakein, M.J. 
Kazin, S.B. 

A. L.McPike 

(i) The flight to ground comparison of Figure 19 is on the basis of comparison of octave 
maximum SPL values at a constant distance. The maximum SPL for each octave was determined 
from ground test measurements and adjusted by SAE procedures to a fixed, constant sideline 
distance. The maximum SPL for each octave was then also determined from the flight tests and 
adjusted to the same sideline distance from the source. Comparison of these numbers for 
r.ach octave resulted in the plot of Figure 10. 
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(ii) During the conduct of the programme, some analysis was performed relative to the 

ground plane cancellation and reinforcement effect as well as the jet relative velocity 
effect. This analysis did indicate that the majority of the differences in the first, 

second, and third octave bands of Figure 19 could be accounted for by taking into account 

the Jet relative velocity due to the aircraft motion. In addition, the cancellation and 

reinforcement analysis showed that there should be a periodic positive and negative effect 
present. The positive and negative values in the fifth, sixth, seventh, and eighth octave 
bands of Figure 19 are attributed, at least in part, to this effect. 

G.M.Lilley 

Could you please explain the basis for the predicted curves in Figure 20? Is the 

prediction associated with the static engine measurements with the engine isolated from 

the airframe or with the engines installed in the airframe? Also does the prediction 

method allow for the flight speed? Can we take the differences between the experimental 
and predicted curves as being a function of engine-airframe noise interference? 

V. R. Morgan 

The ground static measurements used as input data to the computer were taken from an 
aircraft wing nacelle mounted engine. The prediction method does contain elements that 
should take into account the flight speed of the aircraft. However, the fan engine used 

to obtain the data was an untreated, high bypass fan engine and, using recognised methods, 

the corrections due to aircraft flight speed should be small compared to the differences 

shown by Figure 20. For this particular fan engine, far field noise data have been 
recorded for both the wing nacelle mounted condition and without the nacelle. Again, it 
doesn’t appear that the differences in the experimental data for these two conditions 

would account for the differences between the predicted and experimental data in Figure 20. 
A possible explanation for the differences might be the assumptions used in the computer 

representation as to the precession of the aircraft angle of attack, flight path, etc. 

Discussion on the Paper 
GENERATION AND SUPPRESSION OF COMBINATION 

TONE NOISE FROM TURBOFAN ENGINES 
(Paper 19) 

presented by 

J.D. Rester, USA 

J.O. Powers 

If the treatment does not tend to reduce the PNdB, does it not in effect reduce the EPNdB? 

J.D.Rester 

The effect of EPNdB also will be small and could be measured either as an increase or a 

decrease. A noise increase would result if the levels in 1/3 octave bands near the blade 
passing tone were lowered, resulting in a larger correction for the tone. The decrease 

could result if the 1/3 bands controlled by the combination tone noise were lowered enough 
to contribute to the overall noise sum used in the PNdB calculation. 
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C. J. Webber 

Figure 14 shows that as a probe microphone is brought nearer 
fan the fundamental tone level rises. Is this due to increased 

of the wake from the probe and its supports, rather than due to 
proposed by the author? 

to the front face of the 

generation of tone, because 

the mechanism of “transition” 

J.D.Kester 

I do not believe the presence of the probe increases the generation of discrete tone 

noise. What is observed is the discrete tone which exists in the very «near field’* of the 
rotor which results from the lift field around each blade. 

Discussion on the Paper 
METHODE D’ESTIMATION DU BRUIT_ 

(Paper 21) 

presented by 
R. Hoch and J.P.Duponchel, France 

C.J.Webber 

* !îîüre 7fai 8h0WS the fcffeCt °n Jet noise of the a coaxial secondary flow 
a different bypass ratios. The relationship between the temperatures in the primary and 
secondary streams will vary with bypass ratio and with thrust in actual engines. Did your 
theoretical and experimental work which resulted in Figure 7(a) include the effects of 
temperature variations? 

J.P.Duponchel 

Cette ^tude est basée sur une méthode de prévision du bruit d’éjection que nous avons 
établi à la SNECNA. Cette méthode de prévision repose sur une exploitation (recherchas 
de corrélation) de mesures effectuées tant sur maquettes que sur réacteurs. 

Pour les réacteurs simple flux ou double flux mélangés (mélange parfait), la méthode 
de prévision, qui consistait en une relation de la forme 

nlo = e[ue - V /V Ac] 

a été transformé, dans le cadre de cette étude, en une relation de la forme 

Nlo = htM0 .Pn . Q. C8] . 

Pour les réacteurs double flux séparés (tant en tuyerès coplanaires e = 0 qu’en tuyère 
pr maire émergente e) le point de départ est 1’etude réalisée par Monsieur F.B.Greatrex 
By-pass Engine Noise (Society of Automotive Engineers, 1961). 

e 
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A l’aide de cette étude, nous avons effectué quelques calculs: 

^LO^îflux ~ ^LO^primaire + ^3 ' (1) 

avec 

v y " ^ 
configuration 

Nous avons calculé, dans certains cas de vol, et pour certaines configurations d’éjection, 

la relation 

An (2) 

(Hypothèse: les masses volumiques pp et p8 ont été supposées très voisines). 

Des essais en chambre sourde ont été effectués afin de vérifier ce résultat théorique - 
Un ensemble de maquettes double flux a permis les montages suivants: 

- e variant de 0 à 4 Dp 

- 7 valeurs de As/Ap (0,5 - 1,0 - 1,5 - 2 - 3 - 3,85 - 4,75). 

Les mesures ont confirmé les résultats obtenus par des considérations théoriques (1) 
et (2) (pour M0 = 0). Les essais furent effectués avec une température primaire constante 
T = 330°K, 700°K et 1100°K. 

P 

Les figures 7(a) et 7(b) sont une transposition du champ (2), les quantités Ag/Ap et 
étant remplacés par \, C8, Fn/qt et e. Les 2 planches sont valables pour des 

tuyères coplanaires. Les hypothèses effectuées alors sont les suivantes: 

planche 7(e) = soufflante monoétage - rapport de compression Ptp/Pt2 = I*4**, 

planche 7(b) = soufflante è 2 étages - rapport de compression Ptp/Dfc2 = 2, rendement 
polytropique du fan: 0,85, 

par suite, ces planches ne sont valables que lors du décollage. 

Des mesures en chambre sourde, au Centre d’Essais des Propulseurs, sont en cours: 
le programme d’essais est conçu, non plus en vue d’études théoriques (températures 
constantes, ou vitesse constante...) mais en tenant compte des évolutions réelles des 
grandeurs sur un réacteur. En effet, 

Hj - (H4 - H2) - XAhJ H 

pour des conditions de vol (M0 = 0 par exemple), 

une température entreé turbine, 

un rapport de compression global primaire, 

une certaine répartition de rendements polytropiques rj, 

donc à température primaire donnée), pour un montage (e) donné, correspond 

Ah£ 
k 

k 

i 
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Ap 

et indirectement, pour les valeurs A /A_ des 
relation 8 ^ 

maquettes, il est possible de calculer la 

Ah2 = hi(Tp) = MM . 

et par suite de mesurer (AN3)dB pour chacune de ces conditions génératrices. 

Le résultat est (M0 r o); 

(AMdB = 8^ • Hs • H4 - H2 . e . T?) • 

La taille du réacteur (ou le régime) n'intervient pas car on exprime An 
Le régime du reacteur est indu dans H5, H4 - H2, 77 et 3 

en décibels. 

Discussion on the Paper 

METHODES DE DEPOUILLEMENT ET DE TRAITEMENT DE 

L’INFORMATION ACOUSTIQUE POUR L’ETUDE DU 
BRUIT DES MOTEURS D’AVION 

(Paper 22) 

presented by 
J.Hay, Prance 

C. J. Webber 

Your paper describes an elegant but rather complex system of 

acquisition. Have you considered the advantages of multi-track 
the use of a simpler system? 

control during data 

recording in allowing 

J. Hay 

Conservant un principe identique la méthode ferait intervenir une électronique beaucoup 
P us simple en réservant aux signaux annexes une ou plusieurs pistes d’un enregistreur 
magnétique multi-pistes. * eur 

En fait le topage logique que nous avons étudié devait être 

enregistreurs-monopiste car différents coopérants aux études de 
équipés de NACRA III assez bien adaptés aux enregistrements de 
à leur dynamique étendue et leur faible poids. 

compatible avec des 
bruit d’avions sont 

bruits de survol grâce 
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Discussion on the Paper 
A PRELIMINARY STUDY OF ATMOSPHERIC EFFECTS 

ON THE SONIC BOOM 
(Paper 26) 

presented by 
K. Angell, USA 

J.O. Powers 

I would like to point out that the microphones at Pendelton are hydrophones not the 
frequently used condensor microphones. Currently other questions of mounting, surface 
reflection, surface characteristics, etc. are soon to be studied in a sonic boom generator. 

K. Angelí 

No comment. 

G.M.Lilley 

(a) Could the author indicate whether the results of overpressure which he reported for 
the SR-71 were peak pressure or that deduced from the measurements of impulse? 

(b) Also, have the measurements of the rise time been correlated with different weather 
conditions and in particular can they be placed in categories such as for the rounded, peak 
and N-wave forms? 

K. Angelí 

(a) The overpressures reported for the SR-71 were peak pressures. 

(b) The rise times have not previously been correlated with weather conditions by ESSA. 
Such a study is just now beginning, and one of the interesting features noted is a correia 
tion between rise time and time duration of the peaks superimposed on the N-wave. 

K.Oswatitsch 

My question concerns the method of measuring the pressure in the boom waves with the 
microphone. Is it absolutely sure that one gets the real pressure distribution in the 
wave in this way? What are the assumptions needed in order to obtain, from the test, the 
pressure distribution in the wave? Is there a difference in the placement of the microphone 
in the USA and in France? 

K.Angelí 

To our knowledge, a detailed comparison, between microphone and other wide band pressure 
transducers, has not been conducted to establish sonic boom recording fidelity. In terms 
of the relative pressure distribution within a signature or between an ensemble of signatures, 
all recordings are susceptible to any back ground noise present at the time of the boom. 
Thus local aircraft noise or wind noise can contaminate the signal. One must assume that 
the microphone and recording system have a uniform frequency response and that the micro¬ 
phone’ s reflecting environment is sufficiently uniform so as not to introduce distortions 
in the reflected wave. Furthermore it is necessary to assume that environmental pressure 
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changes are small for the period of the sonic boom. The microphone exposure used during 
the Edwards Air Force Base sonic boom experiments is explained by Hilton and Newmann 
(1965). The microphones were supported at ground level, over a hole, by a reflection 
board. From photographs of the French test it appears that the microphones were mounted 
on concrete slabs. There does seem, therefore, to be a slight difference in exposure. 

C. H. E.Warren 

The question of the method of measurement of sonic bangs is an important one. The 
matter is currently being considered by the appropriate Technical Committee of the 
International Standards Organisation, and a standard for measurement is being prepared. 
Having attended the committee discussions, I think I can state that the French and United 
States measurement procedures are essentially the same, to the extent that any differences 
in their results are almost certainly not associated with the measurement procedures. 

K.Angelí 

No comment. 

A.Aurlol 

Je peux indiquer que, lors des expériences françaises, des appareils de mesure avaient 
été placés par l’ISL entre les capteurs employés par le CEV pour les mesures courantes. 
Les appareils de 1’ISL étaient particulièrement sensibles, de types différents, et montés 
de différentes façons, de manière à pouvoir juger de l’influence du type de capteur et du 
mode de montage sur le résultat de mesure. Les détails peuvent être trouvés dans les 
rapports* de mesure. Les résultats ont montré une bonne coincidence entre les résultats 
des appareils de mesure couramment utilisés et ceux des appareils de mesure d'étalonnage. 

K.Angelí 

No comment. 

’Rapporti ISL de Mr Frobote sur les mesures de bangs: 

N 30/64 : Ondes de choc de tête d’un Mirage III - Vols complémentaires à “Jéricho Marina”. 
T 3C/64 : Mirage III: Résultats et remarques des essais “Jéricho Marina” à Istres. 
N 5/65 : Rangs supersoniques produits par F-104 G - Essais à Meffen. 
T 38/66 : Mirage III: Jéricho Instrumentation à Istres. 
T 23/67 : Proposition en vue de la normalisation des techniques de mesure de la pression pour 

l’étude des bangs. 
N 11/63 : Ondes de choc de tête d’un Mirage IV - Brétigny. 
T 30/67 : Rangs produits par un Mirage III B en vol accéléré: Jéricho - Focalisation - Istres 1966. 
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Discussion on the Paper 
THE SIMULATION OF SONIC BANGS 

(Paper 28) 
presented by 

C.H.E. Warren, UK 

G.M.Lilley 

The simulation of waveform wiib respect to duration and peak pressure has been shown 
by your measurements to be very good in certain cases. Is it possible to reproduce a 
given rise time in either the line charge or laboratory simulation facilities, and in 
addition to represent some of the atmospheric turbulence interference characteristics of 
live sonic booms, including, say, the effect of spikes? Could you also say what your 
views are on the need to simulate the waveform associated with focused booms and whether 
this could be achieved in both the line charge and laboratory simulation facilities. 

C.H.E.Warren 

With the ERDE simulants it is possible to control the rise time, but as the Mach 1 
simulant is poor at high frequencies anyway it is doubtful whether it is purposeful to 
attempt to simulate the rise times with this simulant. With the Blunderbuss it will be 
recalled that we are able to attain very short rise times, and we consider that it 
should be a simple matter to introduce some form of acoustic absorbers to increase these 

rise times as necessary. 

In regard to the attainment of other waveforms, for the reasons that I have given in 
regard to rise times. I do not think that it would be a very purposeful thing to attempt 
with the ERDE Mach 1 simulant. With the Blunderbuss I do not think that the variation of 
waveform can be done simply. As I see it, its role vis-à-vis other simulators, is the 
generation of N-waves of good N-waveforms, to facilitate comparison of experimental 
measurements with theoretical predictions. 

R.N.Cox 

To what extent do you have to take precautions in Blunderbuss against waves travelling 
along the metal structure and arriving before the air shock at the measuring station? 

C. H. E. Warren 

None: because we have found that no waves of significant magnitude travel along the 
metal structure, as is evidenced by the waveforms that we measure. 

A. R. Seebass 

I would like to ask Mr Warren whether or not he feels that for indoor subjective 
response the very useful simulation of a sonic boom by two point charges still obtains 
at the higher impulses we expect from SST over flights? Another way of asking the same 
question is at what levels of impulse does this simulation begin to fail? 

C. H. E. Warren 

Although the two point charges were found to yield a good simulant of the sonic bang 
of a fighter-type aircraft, having a time between shocks of 100 ms, there was of course 



33 

Ih!iZen0lVed que®ti0n 0f Precisely ’»hat pressure rise of the slmilant corresponded to 
a given pressure rise of the sonic ba:g being simulated, and accordingly the results of 
our study were relative only, and not absolute. To be sure I agree with you that for snnir 

1«,°; “r si“k 01300 “• í« 0 i ^10 
? K » ,0"' that “ ’0,,ld ^ '“f'1'"11 t0 relate to tl., octu.1 »onlc bmg 

q antltatively but also It mlubt become u less uatlsfuctorj si.ulant Qualitatively, owing 
“ Inutility to emite bun. ings In the way that the long-period 300 as aonlc bang 

A. R. Seebass 

Discussion on the Paper 
SONIC BOOM CONSIDERATIONS IN AIRCRAFT DESIGN 

(Paper 30) 
presented by 

E.J.Kane, USA 

forIthpUfÍoííkeht0i,POiÍnt 0UÍ that y0U 8eein t0 have deplcted the “id-field lower bounds 
for the front shock alone (last figure). As a consequence you have, perhaps not done 

minimi sed "to ^ JU8tÍCe- Whe" b°th the fr°nt “’d rear shock strengths are 

voi.221, mid'field minima are not 80 optimi8tlc (8ee- e-«-- Nature' 

E.J.Kane 

The lower bounds referred to (see Dr Seebass’s reference) are indeed higher but the 
lower bounds shown in the paper were only used to provide reference levels. Dr Seebass’s 

minent is correct and makes me, as an aerodynamic designer, feel very modest. Thank you. 

H.D.Gruschka 

thisVwCne T1"6 the engÍneS Were considered t0 be incorporated into the wing, was 
!Î !otw P;tyîe arrangeraent? If not- can y°u see any potentials or favourable 
effects (on sonic boom reduction) due to this principle? 

E.J.Kane 

A jet-flap concept, specifically, was not studied, but the results foi 
of reducing the boom would be very similar to that shown in Figure 30-14' 
favourable effect for boom and drag for small angles. 

such a method 
i. e., a small 
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ROUND TABLE DISCUSSION ON SONIC BOOM PROBLEMS 

Professor Sears 

The objection has been raised that this table is not roand. However, it is topologi¬ 
cally the same as a round table. It could even be obtained from a round table by conformable 

mapping, I believe. First let me remind you of the purpose of this round table, namely 
that at the end of this interesting and somewhat lengthy meeting it would be well to get 

some thoughtful people together to summarize, to consider what we have learned and what we 

have not learned during the week and where we stand on the subject of the sonic boom. For 

those of you who are more interested in a matter of engine noise, I can only apologize and 

point out that the distinguished panel chairman of the PEP panel had to leave this morning - 
1 think he had a somewhat diminished interest in having a round table on his subject. So, 

anyway, we shall have a round table concerning the sonic boom. Let me introduce the 

participants: On the extreme left is M.Vallée Ingenieur naviguant d’essais and chef adjoint 
du service méthodes of the CEV, Istres. Next to him ray good friend Professor W.D.Hayes of 

Princeton University, whose work most of you know a^d whose work has been referred to 

several times during the week and whom we have heard asking questions and making a few 

comments. On my right, Mr C.H.E.Warren of Farnborough from whom we heard an interesting 
paper this morning, and to the right of him my colleague Richard Seebass who is especially 

a professor of aerospace engineering at Cornell and incidently Acting Director of the Center 
for Applied Mathematics at Cornell and who has worked extensively in this field. 

Now what I thought we would do to get the things started, is to ask each of these gentle¬ 

men to make a short statement, as controversial as possible, on some aspect of the sonic boom, 
a field that is of particular interest to him tnd, particularly with a focus towards the 

questions I have asked you before: Where do we stand, what we have learned, what we have not 

learned, where do we go from here? In connection with this, what I think is undoubtedly the 
central question, can we eliminate or attenuate or alleviate this unpleasant phenomenon that 

is called the sonic boom, sonic bang, "band sonique”. So I would like to begin by calling 
on Professor Hayes to make a few remarks in a particular area of our ability, to understand 

and to predict the sonic-boom phenomenon. 

Professor Hayes 

I thank you. In predicting the sonic boom signal or bang signal, we must start with an 
F-function from the aeroplane. This is a function of Mach number and azimuthal angle, and 

of lift coefficient. It is, in general, linear in the lift coefficient. For a careful 
prediction of details of a signal, it is necessary also to worry about, for example, what 
the elevators are doing. Essentially I think that the problem of prediction of the F-function 

is in an excellent state. We must first calculate lift distributions on the aircraft, and 
this is quite well understood. And once we have that, then we can calculate the equivalent 

body of revolution and obtain the F-function by quadrature. So I think there is no problem 
here. If we have an atmosphere without turbulence and do not have diffraction effects, we 

have straightforward propagation of sonic boom. It seems quite clear that the straight¬ 
forward application of geometric acoustics together with the calculation of the non-linear 

distortion is a sound procedure, and is also well understood. There are no basic diffi¬ 
culties here. We can also calculate from the geometric acoustics where a focusing should 

appear, and I also think that there is essentially no problem in determining where to expect 

a focusing. I am of the opinion that eventually, and particularly if there is any super¬ 
sonic flight overland, there will have to be ddsigned into aircraft onboard computers for 
computing where the focus will appenr, to ensure that the focus will not appear strongly on 
the ground. In a normal supersonic flight the focus first appears very close to the aircraft 

and, hence, with positive altitude. In steady level flight the focus is essentially at 
infinity and, hence, at infinite negative altitude. In a descent, there is never ar.v real 
focusing. So the important part of the focusing problem should normally appear in the fact 
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that somewhere between the point at which the aircraft becomes supersonic and the point 
at which the aircraft is in level flight at supersonic speed, the focal point must go 
from positive altitude above the ground to negative altitude below the ground. A small 
onboard computer can tell you where the focus is. The important thing is that there 
should be a transition manoeuvre in which the focus is thrown as suddenly as possible 
from a sufficiently large positive altitude to a sufficiently large negative altitude. 
This, I think is something that we may have to worry about in the future, and is something 
that can be easily accomplished. 

When we come to diffraction effects, we find that diffraction effects are in not a very 
good state as far as prediction is concerned. But, fortunately, most diffraction effects 
are not very important. Exactly what the sonic boom signal looks like in a shadow zone, 
is a very interesting mathematical problem but it is not very interesting for the engineer. 
The answer that he is interested in is that the signal is very weak in a shadow zone, and 
immediately his interest disappears. The diffraction effect that is most important, of 
course, is the one which appears because of a focusing, and this effect normally appears 
in the form of a caustic. The caustic is something for which we must have a definition; so 
let me define it. 

A ray is to be considered not as a line in space but as a point trajectory in space-time. 
We should think of propagation in terms of a four-dimensional space plus time. A caustic 
is a three-dimensional hypersurface in this four-dimensional space which is an envelope of 
these trajectories which are the rays. Sc the fact that the caustic has this mathematical 
nature has to be kept in mind in order to treat it. I have looked at the caustic problem 
to some extent theoretically, and so has M. Guiraud, and I think we are essentially in 
agreement. The status there is that if we know the kinematics of a caustic (i.e. its form 
as a three-dimensional hypersurface in space-time) then we can calculate directly with no 
particular difficulties what happens in the vicinity of a caustic from a linear point of view. 

The linear solution presents no fundamental difficulties. The difficulty appears when 
we have a shock. So, if we have a bangless boom, a signal with no shocks in it, the solution 
would be essentially complete to a high degree of accuracy on the basis of a linear theory, 
locally. If we have a shock present, then the linear theory presents the difficulty that it 
tells you that the pressures are infinite. This means that in the immediate vicinity of the 
shock, it is essential to have a non-linear theory. M. Théry and M. Auriol have obtained 
approximate solutions for this particular type of problem. I think the difficulty here is 
that we have no way, except in the special cases where the solutions are exact, of knowing 
what the errors are. What we essentially must do \s to obtain, by the solution of appropriate 
partial differential equations, quantitative non-linear solutions that will resolve the shock 
strength problem. Then, I believe, this can be combined with the linear solution using the 
similitude of Guiraud to obtain realistic solutions in the vicinity of a caustic. If we are 
interested in the propagation of the signal past the caustic, then I think we are again in 
good state. I believe that in this case we can take the linear solution ignoring the sin¬ 
gular behavior near the caustic, simply carried through the caustic. The signal propagated 
on the other side of the caustic will have a logarithmic infinity, but this logarithmic 
infinity will be immediately erased by the non-linear folding and shock producing process 
that we calculate in the normal shock propagation. The essential point is that we must 
make a transformation of a signal shape, from whatever it is immediately before the caustic, 
to a mathematically related shape immediately after the caustic. This relation may be given, 
for example, if we consider the shape before the caustic as represented by the real part of 
an analytic function of. a complex variable on the real line. The shape on the other side 
of the caustic will be the imaginary part of the same analytic function. It is a straight¬ 
forward calculation. One difficulty remains, however, which is related to the fact that 
the caustic is a three-dimensional hypersurface. There is a basic dimensional parameter in 
a caustic which, to use a description that is not quite precise but most easily understood, 
can be considered to be the relative curvature between the caustic considered as a surface 
and the ray which is tangent to the caustic surface. This relative curvature gives us a 
dimensional parameter which must be known in any case in order to obtain solutions for the 
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caustic problem. This is easily calculated for caustics which appear in level flight at 
constant speed. It is considerably less easy to calculate with an aircraft flying a 
general manoeuvre. Some mention has been made of a super-superbang. This already appears 
as concept in geometrical optics, where it is a cusp in a caustic, a caustic cusp, and is 
referred to in geometrical optics as an "arête”. I think this is probably the appropriate 
term for us to use also. In this case, I think, almost nothing has been done. I think if 
we solve the caustic problem, we shall have done quite a bit. On the question of turbu¬ 
lence, I am afraid, I myself can say very little. It is not a field in which I am at home. 
I think that generally the large scale turbulence gives a statistical spread in the pressure 
signals obtained on the ground while the small scale turbulence tends generally to smooth 
the signal. Turbulence in general leads to finite rise-times. It does occasionally, on a 
statistical basis, give rise to the spikes. If we have bangless booms, or sonic boom 
signals without shocks, the spikes should not appear. This would be so because the spikes 
appear to be inherently associated with the fact that the basic signal has a shock. I 
believe the people involved in the turbulence problems are hopeful that they can consider 
the prediction problem there essentially solved, on a statisical basis, of course. Thank you. 

Professor Sears 

Thank you, Professor Hayes. 

Incidently, may I notice that one of the things Professor Hayes has done in addressing 
himself to the question what can we do about alleviating the sonic boom, has been to discuss 
the focusing in a caustic, which is essentially a problem that the people who worry about 
sonic boom have not yet worried about. I think it is a good thing that we have somebody 
out ahead. 

I would like now to ask Professor Seebass to say something about configuration effects 
and minimum-boom signatures and things like that. 

Professor Seebass 

With regard to the sonic boom minimization, my topic for this afternoon, most of what 
I want to say will bo in some sense reiterating what Mr Kane said earlier today. As you 
all know, the classical far-field theory tells us that the overpressure is composed to two 
parts. One is due to the volume oi the aircraft, and one is due to the lift, or weight 
of the aircraft. The volume contribution decays like one over the altitude to the one-half 
power times the square root of the pressure at the altitude divided by the pressure at the 
ground. The lift contribution decays like one over the square root of the altitude itself. 
Furthermore, the volume contribution decays like the length of the aircraft to the three 
quarters power, while the lift contribution decays like the length of the aircraft to the 
one quarter power. When you combine these facts with the estimated length, weight, and 
altitude of operation of SST’s, you conclude that the iominant contribution to the over¬ 
pressure is that due to the lift or weight. When we talk about minimization we can say 
something about each of these components. The volume can be handled easily. In principle, 
the volume contribution can be eliminated à la Busemann, for if we design the Busemann 
ring-wing then there is no contribution to the boom from the volume. Then the question of 
how we minimize the lift or weight contribution remains. Now we know that the lift or 
weight contribution is essentially inescapable and is related in a very subtle way to the 
support of the aircraft by the ground. The pressures on the ground are very large compared 
to the pressures you really need to support the aircraft there. When you integrate them, if 
you do it precisely enough, you find that the aircraft is supported by the ground. Now, 
when it comes to minimizing the lift or weight contribution, let me remind you that the 
equivalent body of revolution for lift alone is a slender body of revolution that never 
closes. That is, if you are below the aircraft, the equivalent slender body of revolution 
extends to infinity downstream with a finite base area, the base area being directly 
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proportional to the lift or weight of the aircraft. So what you want to do here is to 
determine what is the minimum overpressure, shock pressure rise or impulse for this lift. 

I am going to divide my remarks into two parts. First, I want to say something about 
exotic configurations. By exotic configurations I mean those that embody fluxes of energy, 
momentum and mass to or from the flow in order to increase the effective length over which 
the lift is distributed. We heard about one such scheme from Mr Goldberg and some 
discussion of other schemes from Mr Kane. Next I want to make some remarks about the 
aerodynamic approach where we consider that the Bernoulli constant is fixed throughout the 
flow and we do not rely on exotic approaches. Then we have to ask what is the best we can 
do in minimizing various features of the overpressure signature. Before I do that, let me 
reiterate a warning that came from Mr Kane today; you cannot brook much compromise in the 
efficiency of the aircraft if you want to minimize the boom, because some of the most 
effective ways to reduce the boom are to increase the altitude of operation, increase the 
lift to drag ratio, decrease the specific fuel consumption, increase the length without 
adding structural weight and to increase the structural efficiency. Neither exotic nor 
aerodynamic approaches can tolerate much of a compromise in these areas. 

Let me now say something about exotic configurations. As I mentioned just a minute ago, 
the equivalent body of revolution due to lift never closes; it effectively extends down¬ 
stream to infinity. However, we all know that aircraft engines modify the Bernoulli constant 
of the flow that passes through them and it is not entirely unreasonable to think of aircraft 
in which a reduction of the engine stream tube area is used to compensate for the growth of 
the equivalent body of revolution due to the lift. By using this idea, it is hypothetically 
possible to totally eliminate the boom due to lift. Naturally the second law of thermo¬ 
dynamics requires that infinitely •''ar downstream the engine stream tube area must be larger 
than the entering stream tube area, and it is this plumming of the engine exhaust which 
takes many aircraft lengths to occur that gives rise to a weak pressure turbulence on the 
ground. A portion of this disturbance accounts for the support of the aircraft by the 
pressure field there. Because this pressure disturbance is spread over such a large longi¬ 
tudinal distance, it is reasonable to assup. that no significant steepening of the pressure 
signal into shock waves occurs. Professor Resler at Cornell who first had this idea, has 
carried out a detailed engine cycle analysis. In my view his results indicate how very 
difficult it is to make gains by this route with reasonable restrictions on turbine inlet 
temperature. Furthermore, Professor Hayes has pointed out in an earlier conference that you 
suffer a severe drag penalty when you do this and, as Mr Kane pointed out this morning, total 
elimination of the exhaust stream on present SST configurations would only reduce the over¬ 
pressures by about 5%. However, should it eventually prove feasible and practical to design 
aircraft with engines whose stream tube capture area is a significant fraction of the base 
area of the equivalent body due to the lift, then some gains mav be expected by this route. 

Let me conclude, then, with some discussion of what we might achieve through aerodynamic 
means with the Bernoulli constant of the flow fixed. When I do this I tread dangerous 
ground, and I feel a retort from my fellow panel members is likely. Our understanding of 
these features of the overpressure signature that are most annoying is far from complete. 
If shock waves are absent from the pressure signature and rise times are on the order of a 
hundredth of a second, then, as was pointed out earlier in the conference, there is little 
acoustical energy in the audible range. The most annoying feature of a sonic boom, at 
least as it is experienced outdoors, lies in the shock waves themselves. On the other hand, 
the low frequencies which are inaudible outdoors contain the majority of the acoustical 
energy and cause structures to vibrate, windows to rattle and bric-à-brac to fall. As a 
consequence, overpressure signatures without shock waves may not be much less annoying 
indoors than their fully steepened counterparts. Let me leave the unanswered question of 
which features of the overpressure signature are the most critical ones with the ad-hoc 
assumption that one of the most annoying features of the sonic boom is due to the presence 
of shock waves in the pressure signature, and turn to the technical and answerable question 
of what minimum shock pressure rises and overpressure levels may be achieved. Several years 
ago at NASA Langley, McLean noticed that it takes several hundred aircraft lengths for the 
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overpressure signature to reach its asymptotic form in a homogeneous atmosphere. This 
led him to examine the required aircraft length and weight, for a fixed altitude and Mach 
number, to achieve signatures with finite rise times. At first glance, his results seem 
fairly pessimistic: To achieve one one-hundredth of a second rise time instead of front 
and rear shocks, a 600.000 pound aircraft would need to be nearly a thousand feet long. 
I am sure nobody knows how to build a 600.000 pound aircraft that is a thousand feet long. 
However. McLean assumed that the only effect of the atmosphere was that it changed the 
level of the pressure. But as Professor Hayes recently reminded us, the increasing 
acoustic impedance below the aircraft causes the midfield to extend to infinity. There 
is a fairly convenient way to state this principle, that we may call the principle of Hayes, 

that is essentially this: The signature shape that exists at a distance of — H from the 
2 

aircraft in a homogeneous atmosphere is the shape that is obtained asymptotically in an 
isothermal atmosphere with scale height H . You can take advantage of this effect to 
freeze the midfield and makes it extend to infinity. By taking advantage of that fact you 
compute what is the best one may do in minimizing the shock pressure rise or overpressure. 
When you do that, you have to decide if you want to worry about both the front and rear 
shock waves or only the front shock wave. From my point-of-view there is no question; you 
have to do the same thing to both shock waves and there is a dramatic difference in the 
aircraft lengths required if you minimize both the front and rear shock wave strengths 
simultaneously rather than the front shock wave strength alone. I would like to show you 
one or two slides which show this difference. 

FRONT AND REAR SHOCK PRESSURE RISE VERSUS AIRCRAFT LENGTH 

W« 600,000 LBS, M-2.7, h-60,000 FT 

Atmocphwric Seal* Hwight.20,000FT 

The first slide is simply a plot of the shock pressure rise after reflection for a 
600.000 pound aircraft flying at Mach 2.7 at 60.000 ft. in a isothermal atmosphere with 
a scale height of 20.000 feet. The “Jones” curves are the far-field minimums; the others 
result from taking advantage of the atmosphere. In effect, you find the length required 
to achieve these overpressures. If we insist on considering both shocks, yo\ can see 
that the length required for a given overpressure has increased considerably. It takes 
about 408 feet to totally eliminate the front shock while something more like 2.36 times 
408 is needed to eliminate both shocks. Now may I have the next slide, which shows what 
the numbers look like for two weights that are typical of a domestic SST. This is a small 



SHOCK PRESSURE RISE VERSUS AIRCRAFT LENGTH 

ALTITUDE-60,000 FT, MACH NUMBER - 2.7 

Atmospheric Scale Height- 20,000 FT 
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aircraft with a small fuel load, because the range requirements are down. As you can see, 
it looks like no matter how clever we are with aerodynamic techniques, we are going to have 
overpressures of about one pound per square foot. 

In conclusion, it seems that we can safely prognosticate a continual evolution of SST 
designs with greatly improved sonic boom characteristics. While gains may be expected 
from improvements in the overall efficiency of such aircraft and careful aerodynamic design, 
I do not foresee any revolutionary concept that will totally eliminate the sonic boom. 
Recent research efforts seem to be pointing the way to the design of a domestic SST with 
cruise overpressures of less than one pound per square foot. Whether or not these evolu¬ 
tionary gains will be sufficient to make a domestic SST an economically viable concept is as 
yet unknown. We cannot hope to provide the answer rntil we know what features of the over¬ 
pressure signature are the most annoying ones, and what integrated overpressure loadings 
are likely to prove to be acceptable. 

Professor Sears 

Now I would like to call on Mr Vallee. 

Mr Vallee 

Je voudrais vous rappeler essentiellement quelques résultats qui vous ont été donnés 
par l’Ingénieur en Chef Wannar concernant les essais de focalisation et vous donner 
quelques précisions à ce sujet. Nous avons orienté, en France, nos études expérimentales 
sur le domaine des focalisations, parce que c’est un domaine relativement limité et peu 
expérimenté. A noter qu’on a pu faire les travaux que l’on a fait parce que l’on a 
réussi à constituer une petite équipe de théoriciens et de praticiens qui a une cohésion 
suffisante pour mener à bien de tels essais, et qui est bien décidée à traiter ces 
problèmes de manière objective. Je vous rappelle que nous avons effectué deux expériences 
de focalisation différentes. La première qui s’appelait “Jéricho focalisation’’ conduite 
avec un Mirage III à 600 m d’altitude et avec l’accélération rectiligne de 3 m/s2; et une 
deuxième expériraentation "Jéricho Virage”, menée avec un Mirage IV à 11 000 m d’altitude, 
qui comportait des virages, avec un facteur de charge de 2, et des accélérations rectilignes 
à 1 m/s2. Vous voyez donc que ces deux expérimentations ont été menées dans des conditions 
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très differentes. Nous avons trouvé dans les deux expériences, avec les restrictions que 
vous a exposées l’Ingénieur en Chef Wanner, un coefficient d’amplification du Ap d’une 
valeur de l’ordre de 4 à 5. Je ne veux pas dire pour autant que cette valeur de 5 peut 
être considérée comme une valeur magique dans une focalisation quelconque, loin de moi 
cette pensée. C’est pour cela que nous avons dès maintenant prévu l’expérience "Jéricho 
Carton” qui doit nous donner des résultats expérimentaux complémentaires sur 1’influence 
des paramètres intervenant dans la focalisation, et qui doit également nous permettre 
d’étudier cette superfocalisation ou super-superbang dû à un phénomène très particulier, 
celui de la mise en virage d’un avion. 

Ce rappel étant fait, je voudrais éviter que les résultats de nos essais vous fassent 
considérer la focalisation comme un phénomène épouvantable... Pour cela, je veux attirer 
votre attention sur le fait que nos essais ont un caractère très discret, très particularisé, 
et que nos résultats ne peuvent pas, a priori, être extrapolés facilement. 

Tout d’abord, le facteur d’amplification de 5 est un facteur maximal que nous avons 
rencontré et qui est mesuré par rapport au Mach de focalisation. Je précise ceci pour 
éviter la procédure erronée de calcul qui consisterait à multiplier par 5 le Ap dû à 
l’avion en vol de croisière pour obtenir le Ap de focalisation. Un avion opérationnel, 
qui fait son accélération au voisinage de la tropopause, focalise vers Mach 1,20 auquel 
correspond un Ap nominal qui est plus faible en général que le Ap de croisière, sauf 
peut-être si l’avion vole à des altitudes extrêmement élevées en croisière. C’est donc 
cette valeur nominale correspondant à Mach 1,20 qu’il conviendrait de multiplier par 5 
pour avoir le niveau de la focalisation, c’est-à-dire le Ap de la focalisation. 

Deuxièmement, les focalisations que nous avons enregistrées intéressaient une surface 
très limitée. Il s’agit d’un phénomène "crête” dont la largeur, Mr Wanner vous l’a dit, 
est de l’ordre de, peut-être, 20 à 50 m. Sa longueur est par contre celle de la ligne de 
focalisation qui est évidemment beaucoup plus grande, mais la focalisation est tout compte 
fait un phénomène qui est très limité sur le terrain. D’autre part, je pense qu’on peut 
actuellement conclure que nous pouvons effectivement calculer l’emplacement de cette zone 
de focalisation par rapport à la trajectoire de l'avion. Et il n’est pas du tout impensable, 
comme nous le disions tout à l’heure, qu’un calculateur embarqué permette de placer la 
focalisation en accélération d’un avion à quelques kilomètres près par rapport à la 
trajectoire supposée connue. Il est évident que les erreurs de trajectoire s’ajouteraient. 
Nous avons en effet, dans nos essais, abouti à la conclusion que la précision de la locali¬ 
sation d’une focalisation par accélération rectiligne était de l’ordre de quelques kilo¬ 
mètres, avec un calcul en atmosphère standard. Je ne pense pas que le calcul en atmosphère 
réelle avec le vent et la température améliore considérablement cette précision. Ce calcul 
introduit même des risques d’erreurs supplémentaires dans le cas d’une mauvaise connaissance 
de l’atmosphère. Donc je pense qu’on peut être optimiste sur la façon dont on peut placer 
la focalisation produite par l’accélération rectiligne de l’avion. 

Troisièmement, nos résultats d’essai ont pour base des enregistrements magnétiques 
analogiques de pression, mais nous n’avons fait apparaître dans nos conclusions que l’étude 
du Ap et de son coefficient d’amplification. Nous n’avons pas étudié en détail, notamment, 
l’évolution de l’impulsion, c’est-à-dire l’intégrale positive du bang, et bien qu’une telle 
étude puisse se faire à partir de nos enregistrementp. Aussi je ne suis pas en mesure de 
vous dire, actuellement, quel est le "coefficient d’amplification” de l’effet produit par 
une focalisation, par exemple vis-à-vis des structures. Nous avons vu ce matin que le 
signal focalisé a une allure très particulière, le pic est très élevé, mais la surface de 
l’onde n’est pas multipliée par le même coefficient, c’est certain. Je pense que ce 
facteur est très important, et une étude est à mener dans ce domaine vis-à-vis des effets 
sur les structures. Ceci n’a pas été fait actuellement. 

C’étaient les trois rappels que je voulais faire. 
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Professor Sears 

And finally, in alphabetical order, Mr Warren. 

Mr Warren 

You did say at the beginning that you wished ns to make our contributions brief. I 
noticed that we have used up nearly three-quarters of the time set aside for this round 
table. My colleagues, of course, have not been up on this stage before, so I guess they 
wanted to talk a little bit at length, but I have been up here, so I really am going to 
try to be brief, if that is all right with you. You also asked us to be provocative. 
Now, I don’t think Professor Hayes was, for I agree with pretty well everything he said. 
He gave us a most definitive statement of the problem. Except for one point, where I think 
he said that the state of the art of calculating the F-function was pretty well buttoned 
up. I think I would take a little bit of issue there because I ajn not happy that we do 
absolutely the right thing necessarily in calculating the F-function for an aeroplane with 
its engine flow. You have really got to work out the equivalent area for the aeroplane 
that exists plus the incoming and outgoing streamtubes to the engine, which really means 
in principle you have got to know the shape of the streamtubes. I really wonder if we 
do know them that well I mean, how, from the practical point of view, do we handle this 
problem. We have talked a bit about the focus, the cusp and the caustic. My attitude on 
this is that the real problem with the sonic bang is the cruise problem. I have always, 
myself, taken the attitude that the focus in any case Is something which will have to be 
planted in a place where it does not matter, and as we have heard in many of the papers, 
it is a very limited domain. Equally we have heard, it can be planted accurately too. 
So this is the way I think that the problem will be handled. Just a final point I want to 
make. I was very interested in the two papers this morning by Goldberg and by Kane on the 
possibilities for minimizing, reducing or alleviating the boom. But thinking of it from 
the point of view of the aircraft designer, I just want to make the point that some of these 
things we have heard will increase the drag. Now let’s get it quite clear. One percent on 
drag is a lot. I know from my colleague John Hay of the British Aircraft Corporation that 
if the drag goes up by 1%, this is really what the people in the design offices of firms 
worry about. One percent in drag can make just the difference between a viable aeroplane 
and a nou-viable aeroplane. If the drag is greater by more than one percent when an aeroplane 
flies, compared with what has been estimated then that’s the sort of thing that sends one 
back into the windtunnel to try out fairings or things like that. It is really important, 
one percent on drag. So I don’t think that a small reduction in boom which would cost 1% of 
d g is a solution. On the other hand, 10% on the pressure rise of sonic bang is peanuts. 
And the final point I want to make is that we must be very careful as Professor Seebass said, 
that in this minimization we minimize the right quantity. Very naturally a lot of the work 
we talk has been about minimizing the peak overpressure or pressure rise, but some of these 
schemes I have seen suggested actually increase the impulse. Now I think that the sonic 
bang, as a problem, is primarily an indoors problem. People sleep indoors. The surgeon does 
his operations indoors etc... The indoor situation, I say, is more important than the out¬ 
door one. Following on from that, I always remember a report by, I think it was Domenic 
McGlieri, in which he showed that the intensity of the boom indoors, which he measured in 
some sort of acoustical way in decibels, correlated well with the impulse outdoors. In 
other words, I think that the impulse is probably what cue has got to minimize if one wants 
to alleviate the most important situations. Some of the procedures for reducing the peak 
overpressure entail increasing the impulse. Accordingly I get worried as to whether one is 
optimizing the right thing. 

Professor Sears 

Thank you Mr Warren. Now the chairman can have a word. I want to say also to 
Professor Hayes, about the happy state of calculating the lift distribution on the wings 
at supersonic speeds: If Professor Ferri were here he might tell us that he is not happy 
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at all: Nobody can calculate the lift distribution on these wings! He is talking about 
the fact that there are difficult non-linear effects right on the wings; I mean before 
you know the lift distribution you get some tough aerodynamic problems here. 

I was very happy to hear Mr Vallee who told us that the focus problem is not so 
terrible as has been predicted. But Professor Hayes said he thought it would be nice if 
we could carry out a quick maneuver to bring that focus point from above the ground to 
well under the ground in a hurry, so it would not annoy anybody, but I wonder if anybody 
is going to carry out anything -quickly” at a Mach number of 1.2 with a real airplane! 

One of the things we need to know is. what are the unacceptable features of the 
signature? We want the public-relations people, psychoacousticians, or civil engineers 
to tell us, what do you want? This teature or that feature’ It reminds me that through 
these years we have been concerned with these phenomena, they are just as unhappy with us! 
They say, they keep saying, what can we do, what can we study, what can we say. because 
those damned aerodynamicists will not tell us what the signature ! really going to be? 
We think that we really tell them what the signature will be, but i,hen they say no, you do 
not because you say, you admit, that it will be dependent on the weather, on atmospheric 
turbulence and such things. What I mean is that, from our standpoint, we see that those 
fellows are being unreasonable. But they think we are the ones who are unreasonable. 

We are able to compute the signature with very impressive accuracy in a real, quiescent 
atmosphere and for real configurations. We understand clearly, whether they do or not 
that the effects of atmospheric turbulence has got to be handled in some way by statistics 
some kind of experience, and Dr Angelí is hard at work along this line. Now is there a 
possibility that we are being unreasonable with them when we say. why don’t these fellows 
tell us what is acceptable and what is not acceptable to the public’ May there be also 
seme kind of unanswerable question in this, the answer to which would only come after years 

Well, let us ask if any of the round-table participants has 
or rebuttal to make before we turn to the audience. 

a quick question, or remark, 

Profesfor Seebass 

I want to reply to Mr Warren. He said that he thinks that it is important to minimize 
the impulse. We have known how to minimize the impulse for a long time. Certainly, we 
aerodynamicists have not done anything of much value in minimizing shock pressure rise and 
overpressure if those are not important quantities. I quite concur with that view that 
impulse is important and was surprised this morning when Mr Warren said that for indoor 
simulation two bangs with little impulse are as annoying as an N-wave with a large impulse. 
Now it is not clear to me how important the impulse is to indoor annoyance. Mr Warren 
could you respe rid to that? ’ 

Mr Warren 

Yes. I have responded to this in the written reply that I have given to your question 
on my paper. The point here is this. You are referring to the way I simulated bangs of 
an appreciable duration. To be sure, I agree with you. The simulant of the two point 
charges compared with the sonic banp appreciable duration was a good one. we felt in the 
sense that people could not distinguish the one fro*! the other. But as I pointed’out, and 
elaborated in the written reply that I have given, we recognize that it was not possible to 
relate the two quantitatively. Then you went on to say that this might be all right when 
comparing this simulant with a short duration sonic bang typical of a fighter but, would 
it be as good a simulant with the longer duration bang of a SST. As I have said this 
morning, and as I have amplified in my reply, it would become a worse simulant. 
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Prolessor Hayes 

With respect to the calculation of the F-function and the distinction between what 
was in good shape and what was not in good shape, I was making the distinction more 
between what is fairly well understood theoretically and what is not so well understood 
theoretically. The distinction was more with respect to what is clear we can do and vhat 
it is not so clear that we can do, rather than what is already available in computer 
programs and developed algorithms and what is not yet available in this way. So, e.g., 
the F-function is easier to calculate in principle than perhap” it is at this moment in 
practice. The same is certainly true for linear solutions in caustics. Nobody has a 
computer program or an algorithm for obtaining even the linear solution in caustics. It 
is just that the fundamental parameters are known, the basic functions that are needed are 
hypergeometric functions. They are in principle easily calculable. 

I would like to mention that I certainly agree completely with Mr Wanner when he 
complains against the expression of the strength of sonic boom¿ signals in db. It is 
clear that it is important for the psychoacoustician to have a measure of acceptibility or 
non acceptibility. It is, however, unappropriate to measure sonic booms in terms of db or 
pndb. I also would like to object to the focalisation ratio, on the basis that it is 
inappropriate. The pressure signal measured on the ground which (I am full of admiration 
for what has been done in the Jericho program) is the pressure above the line in this ratio 
is clear; but the pressure below the line is arbitrary to quite a degree. You must decide 
what the reference pressure is and there is a certain arbitrariness in determining what the 
reference value is. Thus I believe that this ratio is not really an appropriate measure. 
It is also clear that if you increase the acceleration or increase the manoeuvre curvature 
of an airplane that you could drive this ratio up, however it is defined, to well above 
five to ten, or that if you have a well planned manoeuvre which is aimed at destroying a 
particular microphone you can get up to a hundred. Thank you. 

Professor Sears 

Well I think what I would like to do is to accept questions or discussions or arguments 
from the floor, with only the request that we try to keep in mind the proposed theme of 
this round-table, which is, as I said, where do we stand with regard to the elimination or 
alleviation of this unpleasant phenomenon. Professor Oswatitsch. 

Professor Oswatitsch 

The near field solution seems to me to be a little underestimated for the whole solution 
because the near field solution goes nearly up to the ground. It is not exactly a near 
field solution, it is some medium solution. In any case, I think, we know now that the 
asymptotic solution is not on the ground, and if one checks the calculations, one finds out 
that e.g. the lower the drag is, the higher the sonic boom is, in theoretical results. 
Therefore, it seems to me that it is of some importance how the combination of shock waves 
from the wings, fror< the bodies accumulate to a rotational one and we try to calculate these 
things and I would be very glad to get some encouragements that this is of some value what 
we do. The theory is not so difficult but in any case it makes work. Thank you. 

Professor Sears 

I want to make sure to understand you. Are you suggesting that you think that the 
approximation of the Whitham theory, the concept of the equivalent body of revolution and 
such things, lead us to an tmderestimation in the near-field? 
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Professor Oswatitsch 

Not so much the Whitham theory as to calculate with a simple, equivalent body of 
revolution. I think, because you see, if you have quite weak shock waves from the trailing 
edge, from the wings and so on, weaker the shock wave are larger is the way to combine a 
shock wave of revolution and this is, I think, quite a long distance of the body but if 
we calculate right, a thing one gets I mean underestimation of the soni'; boom higher, I 
mean, an underestimation of the influence. I think the sonic boom is lover and one gets 
e.g. the theory with equivalent body of revolution. 

Professor Seebass 

I want to make some reply. I think that it is important to know the answer to Dr 
Oswatitsch’s question and I know of no one doing such theoretical calculations excs'.'t 
Mr Lomax of NASA-AMES. However, a number of very careful experiments of very asymmetric 
bodies were conducted by NASA Langley, and those experiments have been reviewed in NASA 
SP 147 and SP 180. It is remarkable how rapid this azimuthal redistribution of the 
pressure is; it happens very rapidly. 

Professor Sears 

Unfortunately we are a little late, Mr Kane. 

Mr Kane 

I have two very brief comments to perhaps clarify some points made by the yanel members. 
First of all, I believe that Mr Warren remarked that it would be desirable to include the 
effects of engine stream tube in the calculation of the sonic boom signature. This effect 
has been included in calculations done in the US for the past two or three years. 

Mr Warren 

You do? 

Mr Kane 

Yes, we do. Specifically, calculations made both by NASA and by Boeing include these 
effects. 

Secondly there was a remark made, again I believe by Mr Warren, about the significance of 
impulse. This distresses me a little because of the emphasis placed on a single parameter, 
such as impulse, to characterize the effect of the wave form. For instance, tests to 
determine the effect of shock waves generated by various airplanes on glass breakage 
indicate that not only is the impulse significant, but also the number of shock waves 
constituting the wave form. The data I am thinking of is from a test conducted by NASA 
where windows were exposed to various levels of meximum overpressure (NASA TND-3443). Two 
airplanes were used; one was the F-104 which produces a very irregular wave form shape with 
jiany shock waves in it, and the other was a F-106 which at the same altitude had approxi¬ 
mately the same overpressure, that is, the same maximum pressure change but a much more 
regular signature shape. The impulse of the pressure waves for both these planes was about 
the same but the 104 created considerably less damage. I conclude that there are more 
factors involved than just the impulse or overpressure when evaluating either structural or 
psychoacoustic responses. 

Professor Sears 

I would like to thank the interpreters for their wonderful work during tais week. 




