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Part IT: THE SONIC RBOO-

Chepter I: CAUSES AND CHARACTERISTICS

Certainly one of thc mosi controvercial aspects of the use of

herent part of supecrscanic flight. Before one can formulate &

a‘lperscnic transports in cormarcial aviation is the sonic boon, an

reasonable systenm of legeal rules which should be gpplied to sonic
boom damage, one must firstl achieve a basic uwnderstanding cf wnet a

sonic hocu is, howr it is produced, and how it can affcct perscns and

property.

A. Souic Boom Production by Sunersonic Rirplancs

The properties of ordinary sound arc an eppropriate starting
point. A drop of water striking a pool of water creates a srrall wave
that expands in a circle around the place where the drop hit the water.
In a similar manner, a sharp dislurbanca in the air crcates a Qave of
agitation called a sowrce or sound wave which cxpands ouvtward from the

q 1 q
place of disturbance. When such a wave reaches our ears, wc perceive
scund. Ordinarily the wave-genereting obhject will cauvee a nuwber of
air disturbances in a shorl pericd of tine. For eXample, a piano string,
when struck sharply, will vibrate back and forth, perhaps 400 timcs a
sccend; and those rmovanments will prodvce an egual nunher of consecutive
sound waves, jusl as drops oi water from a Iaucof into & sink% create an

coual nurbexr of xings of waves (sce Figures 1 and 2). The nuihor of these

sound waves produced in & given tinme deternines the freouoncy of sound,
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FIGURE 1,
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Cross section of water in a sink showing waves produced
by drops striking the surface.
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FIGURE 2.

Cross section of air showing sound waves produced from
disturbances caused by & stationary source, _-- here a bell,
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which our ears interpret as the pitch of the sound. The higher the

frequency of the waves, the higher the pitch perceived by the ear.
when the source of the sound waves is stationary and the air
through which thoy pass is wniform, thg distance between consecutively
produced waves depends entirely upon how rapidly the sound waves are
produced. However, when the source is moving, as in the case of a
subsonic jet airplane, the sound waves which have moved out ahead of
the plane'in the direction of flight are closer together than those
that have moved opposite the direction of flight, as illustrated in
Figure 3. When the source of sound waves moves faster than the speed
of sound, as in the case of the supersonic transport, the sound waves
expand essentially on ton of one another, as shown in Figure 4.

This bunching togcther of sound waves forms a highly energetic
front of air agitation known as a ‘shock wave, which travels through
the air like a sound wave2 and vhich is closely analogous to the
large bow wave produced by a boat moving rapidly through the water.

This is a continuous process of disturbance that occurs throughout the

period of supersonic flight, not just at the point of time when the plane

"breaks the scund barrier." The shock wave can be thought of as a
moving wall éf compressed air. Any object the wall encounters will
experience a sharp rise in air pressure =-- an increase relative to the
pressure of the air in front of the wave to which the object was pre-
viously exposed. A typical example of such a pressure rise is shown

in Pigure 5. The difference between the highest pressure experienced
and the preccding pressure is called the "over-pressure,” a term often
used as a measure of the strength of the shock wave, just as the height

of a water wave is used to describe its magnitude,
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FIGURE 5. Graph showing the pressure rise accompanying a
shock wave, (Often called the "signature" of the shock wave).
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FIGURE 6, Typical supersonic transport showing production of
shock waves at dirferent parts of the plane's surface,
Pressure signaturc near the plane is shown by greph
at bottom.
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As it passcs through the air, a shock wave gradually loses its

encrgy because of air friction; and, if it travels far enough through
the air, the overpressure daxclincs until the shock wave dissipates.
Put since the shock wave froa a supersonia transport is initially
quite strong, end since air friction is rclatively slight, such a
shock wavc way travel well over 50 miles in the air before dissipation.

Therefore, the shock wave from a supcrsonic transporst is likely to strike
persons or objects on the ground, creating the sensation of a loud bang.
This scnsation has given rise to the common term "sconic-boom" to dzsig-
nate thc shotk wave generated by supersonic flighi--a very proper desig-
nation, since the boon we associate with an explosic . is also our percep-
tion of a shock wave whith the explosion produces.

The initial strength of a shock wave produced by a supersonic trans-
port depends not cnly upon the s%ze, shape, and weight of the airplane,5
but also upon the spccd and altitude of flighi. Generally speaking,
the biggex, heavier, and fastexr the airplane, the stronger the initial
shock wave.6 On the othcr hand, the initial} shock wave is less strong
if generated at high than low altitudcs, because at higher altitudes the
air is "thinnexr" and there are fcwer air molecules for the plane to
push ahcad of itsclf.7

Applying these generalizations to the proposed Amcrican supersonic
transport, we can see immediatcly that the initial shock wave will have
considerable cnexgy. In contrast to the Air Force B-58 bomber, one of
the larxgest supcrsonic aircrall presently ammloycd, which has a length
of 100 fcet, @ wcichl of 50 tons, and & maximum speced of about Mach 2,10
the 88T is experted to be nearly 300 feet ]oég (the length of a foothall

3

. . . 8 " . ‘o .
fiecld) and will weigh abcut 300 tons;  even thoush its cruising altitudce




will be in the rarific. air botween 60,000 and 70,000 fcet, (12--14

T

; 9
b o miles), the SST's high speed of Mach 2.7 (1800 I5pH)  will ensure

"

extensive collision with air molecules and ‘“rong resultant shock

o

waves. Indeed, onc of the technical probhlems faced by designers of

the aircraft is the great hcat produced on the surface of the plene

by the friction crcated by its collision with air wolecules at 70,000

feet.

B e

Shock waves are preduced by a svpersonic aircraft at each place

where the surface of the j.lane greatly disturbs the air during flight.

For example, the simple airplene confiqguration showr in Figuve 6 pro-

=]

=T - ”
B inmidasiinbicons

duces major shock waves at the front of the plane, the lecading edge of
] the wing, and the bock edge of the wing and tail. In that same figure,
the rise in pressure near the airplane that corresponds to each shock

wave may also be seen. As these shock waves move through the air, the

ones produced between the front and tail waves tcnd to approach those

—

two waves and eventually coalesce with them as shown in Figure 7.11

Figure 8 shows clearly that the maximum overpressurc of the shock waves

e
S

co_.s 12 N
is greatoer after than before combination. For the supersonic trans-

port cruising at 60,000 to 70,000 feet, this combination will occur before

the shock waves hit the ground. However, it is believed that at altitudes

| =

of 40,000 feet or less this combination will not occur before the shock

waves strike the ground; so the exact size and shapc of the planc may

have an important effect on the overpressures experienced on the ground

NPT g =T AT PR TR T T T

3
from shock waves produced at thesc lower altitudes.l Unfortunately,

B A e

} the airplavne shape which produces the least strong sct of shock waves

; . before combinatiorn is not the same shape which gives maxinmun flight

l and maneuvering cfficiency, so the minimum sonic hooa configuration
s

\ 14
increases the operating cost of the airplanc.
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FIGURE 8. Comparison of the overpressure of shock waves produced from
a supersonic transport before and after combination of the shock waves,
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FIGURE 9, Different directions of travel of shock waves formed
by aircraft moving at different speeds,
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B.  Variations in Sonic Booun Strength.
Jn erder to detcrinine the possible strenyth of ss7 generated

shockyaves as they reach the ground, we must focus our attention

on the front, or leading, shodl: wave an SST would produce. fThe

direction in which the shock wave initially travels depends upon the

speed of the plane at the timce the agitation is produced. Examples

of shock waves produced at @if ferent: speeds are shown in Figure 9, At

a given time, the vhole shock wave that has been rroduced during the

prior few scconds by the front of a plauc moving at a cons’ant speed

looks like a cone trailing the Plane, at least vhen the atnosphere ig

considered to bhe berfectly uniform.

Two characteristics of the shock wave must be carefully distinguished.

The wave front sweeps back from the plane in the conical shape illustrated.

But the direction_pf iovement of any part of the wave front and of the

energy in the wave front is perpendicular to the front,

Analogy can he

made to occan waves breaking on a beach. oOne observes a line of breakers~.-

the wave front--parallel to the shore. But the movement of the wave, and

more particularly of the encrgy of the wave, is toward the beach. Thus,

in Figure 9, the wave ffonts are shown by solid lines sweeping back

from the nosec of the Plane; and the direction of movement of each wave

1s shown by the arrows,

If the plane is flying level with the ground, this conc intersects

the ground in the form of a hyperbola, as shown in Figure 10. We must

not forget that this cone is only a picturc of the shock wave at a

given moment, and that cach pertion of the shock wave actually moves

in a direction berpendicular to the wave front. A scries of impactg

between the wave apg the growmnd will occur as indicated by the datied

i




FIGURE 10,

Diagram showing both the conical shape
oi the shock waves trailing the super-
sonic transport and the intersection
of the shock waves on the ground
{shaded hyverbola).
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.- line in ¥Figuie 11, The part of the shock wave which is produced by
. the airplene at & given place in the air travels along a path as shown

in igurc 12, Since the wave mast travel farther through the aix to

.
e s o o e

rcach Lhe growmd 7 it dig directed out to the side of the planc than

&

if it is dircceted bonecatihy the alrplene, the shodh wave w@ich rcaches
the ground to the cide of the path of flight is less strong (ignoring
atrmospheric distortion for the romant) then that which reaches the
ground dircctly beoncetl the path of flight.

Al a certain distance owey fron the puth of £1light, the shock
wave has to travel so fey before yeaching tlie ground that it becones
dicsipated in the aix; thus the vidth of the affected area on the ground

15

is limited by the strength of lhe initiel shock wave. Conyparative
strengths of shoch waves reaching the ¢round at differenl. distances from
the path of flight are illusirated in Pigure 13 for e tyricel supersonic
| 16 , e a1l .
flight. sstinates of the width of the erca which will be affectec by
the Armcrican supersonic transport, traveling at cruising altitude and
spced, range froa 30 to 80 miles. 0L course the affected avea extends
along the enlire path of supersonic flight @ illustrated in Figure 14.
Since supcrsonic speeds arc expeclted to be attained between 100 and 200
miles from the airport of origin end te end about 100 miles from the
destination eirpoxt, a typical flight such as Fow York to Los Angeles
will affect the lergce swath of territory shown on the man of the United -
States in Figurce 15.

1. Mmosphevic Distortions.

. The strencths of check waves striliing the grownd along the path
13 17 I3
of"flight will nolt bo consistent, for the simple conical fora of the

g
f
*

shock wave which has bean Cescribed does notv adeguately yapresent the
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FIGURE 14, View from above the airplanc showing the area
covered by the shock wave (sometimes called the
sonic boom "carpet'),
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possible variaticns in shock waves which will be caused by an actual \
SR g plane in the actual atmosphere. Ve must now exawine one by one the ’

effects of certain meteorolegical phenowmena and then cowbine these ef--

fects to illustrate the relative strengths of shock waves striking the
r ground under common a*tuospheric conditions.

a. Te.aperature Effect

The non-uniform aspect of the real atmosphere with which we

are most femiliar is its variable pressure. At high altitudes,

£E I
'E i1 the pressure is much less than at sea lavel. Up to 35,000 fect
:% [~ altitade, this pressure decrease is accompanied by a substantial

decrcasc in the terperaturc of the air from an average in the
United States of 50°r at sea level to -70°F at 35,000 fcct.18

The spced of a shock wave is strongly dependent upon the tempera-
ture of the air through whigh it paSFeslg and the shock wave travels

more rapidly at higher temperature. Thus the parts of the shock

? ao m
Lo Lt ——
[. i d

wave in the lower altitudes travel faster than the parts in the

higher altitudes. The net result is a bending of the shock wave

 pra—

as shown in Figure 16. Figure 16 also illustrates a case in which

the speed and level of flight are properly chosen so that the

beiding effect directs the lower part of the shock wave parallel

: R s
S
oy
| SN

to the ground, thereby preventing the shock wave from ever striking
the ground. Howaver, for.the SST traveling at cruising speed,

the shock wave is directed so sharply away from the line of flight,
as shown in Figure 17, that this average tewperature variance can-
not precvert the shock wave from recaching the ground furing level

20
flight.

Eoliisiiait g
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The smonth variation of pressure and temperature which has

becn assumed in the preceding discussion is in accordance with

a conceptual) moded knoon as the standord atmosphere, which is
used as @ refervence for conparing different uneteorological condi-
tio 3.21 The actunl atwosphere rarely conforms to the model.

The two localirzed varictions fron the stendavd atmosphere which
have the groatest effect upon shock waves pascing through them
are temperature nessen and wind regions.

Consider first the cffect of a mass of air with a tewperalure
different froaw that of the cuwrrovnding stendard atmosphere. As
illustrated in Piguwre 18, passage of a shock wave through sucﬁ an
aly mass distoris the shock wave; as a result, cneryy initially
distributed over & long scameni. of the shock wave tends to focus
in two snall portions of the wave. Conscquently the strength of
the shock wave at those two points is inecreosed over its usual
strength. Further passage through the standard c'wosphere tends
to defocus the strengthened portion and reéreate a shock wave with
unifori strength. Thercfore, only abnoraal temperature regions

lying at lJess than 10,000 fect altitude have any detectible effect

o , 22
on the relative strength of the shock wave as it reaches the ground.

But temperature pockets neer the ground arc very cowmon--
a cool pocket over a large body of water end a waim pocict over
a city are typical exaaples. A typical fecus from a wann pocket

on the aground is shown in FPigore 19. The exect magnituie of the

A

focused giawvsth of the sbedh wvave is not clear, but a doubling
M I

. 23
of sirengtih has coaonly beory predi ctod,
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In addition to this focus cffect, a recent study has shoun
that passage of the shock wave through air colder than the
standard atwosphere involves less dissipotion of encrgy than passage
through wayucr air.24 This wcans that during thé winter identi-
cal initial shock waves will strike the ground with more encrgy
than in the sumner.
b. Wind Effect

In addition to the temperature masscs, regions of winds are
potential causes of increcased strength eof shock waves passing
through them. Wind, quite simply, is thc movement of the very
medium through which the shock wave passes. The direction of
the wind is crucial in determining the distortion of the shock
wave, just as the direction of water flow in a stream is crucial
in determining wherc a swimmer crossing the stream will land on
the other side. A very simplified sketch of the effect of a wind
region on a shock wave is shown in figure 20,

Increases in the relative strength of the shock wave created
by wind regions are nullified by further passage of the shock .
wave through thg windless standard atmosphere. One study has in-
dicated that wind magnifications created above 15,000 feet altitude
cannot be detected in the shock wave by the time it recaches the
ground. If it is correct, this proposition indicates that jet
streams (centered arow.d 35,000 feet) are not significent sources
of shock wave magnification.25 However, winds commnonly extend
to ground level, and very strong uwnpredictoble winds may be

expected belou 15,000 fect.
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The wind effect on a shock vave has not been thoroushilv in-
J =

o s

vestigated, and the extent of poscible magnification does not

seem to be agreed uwpon. The two most deteiled studies indicate

that two-fold magnification of the nocwal shock wave strength

may occur, but neither study attempts to determine the magnifi-

cation resulting froa very localized winds which would be expected
. . 26

to focus the shock wave sharply into a particular place. of

course, not all the effects are adverse: scae winds may actv.lly

27
prevent parts of the shock wave from reaching the carth. But

wind effects will causc marked variations in both the strength
and dircction of movement of the shock wave.

Because atmmospheric variations of temwerature masses and
wind regicns will often occur at the sawe time and place, the
effects of the two phenomena on a shock wave will often occur
simultanecusly with the result that a single shock wave may very
mmmtha%@hs&mﬁhmd@mﬁmsumhsumﬁhmmw
because of oxdinary variations in thc atmosphere through which the
shock wave must travel. BEven the relotively scanty results from
experiments which have been conducted up to the present time have
shown these magnification effects.28 For examnle, Figure 20a
wnich is derived from the Chicago tests in 1965 shows that double
magnifications occur about 0.5 per cent of the time. Lundbexy's
analysis of the Oklahoma Cily tests indicate similar probabilities
although his results are probably extrepolated frow the actual

29

experimontal data. Figure 20b shows those results and elso
shows the actuval area which would be affected by the nagnificd shock
waves during a single supersonic flight from Los Angel-s to

New York.
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FIGURE 20b. Graph showing the probabilitie. that a given shock wave
of normal pressure X will be stronger or weaker than x at various
distances from tne flight path,

For example, the graph illustratas that a wave al least twice as
strong as x will occur with a probzability of .001 (.19 of the timr) at
a distance 33 miles from the flight path, It is equally probcble (.001)
that the wvave will be atv least 2.25 timas as st{rong as x on the flignt
path, A wave at least as strong as normzl strencbh x (rmaltiple 1.0) is
shown to occur alonz the flicht path with a probability of 0.5,

The numbers in the left hand column indicaic nmultiples of nornal
wave strangth (x) from .5, or i, to 2.5, or 2%, Tne numbers ot the
left end of each curve indicate the probability value of the curve;
that 1s, the probavility that nultiples of shock wave sirength, at
least as strong as those indiceted by the nunmbers In the left hand
column, will occur at any given distance from the flicht pzath,

The figures in tha rizht hand column show the number of sguare
miles of land {nat would be exposed to overpraisures hzving the
probabllity value of the curve to the number's leoft on & sinzls oo
Angiles=Mow Yorit flignt., Thus it is Indiecoted thoet 1,230 scurrs wioas
will bo exnosed to overprvessuras ot least 1.4 to 1.8 Liszs newonl

strenzth during such a {lignht,
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Fro. that figuie, it is apparent that those ceeoningly infrecuens:

maghifications will affect very large areas; indsed, over the coursc

of a yecar's {lightls, voery fow parts of the arcos traversed by §89's will

remein vitovched by o wognified shoch wvave. ]
2. Mancuvers ]
LN A i i

The cavscs of ¢hoek wave distorlion so far cxoninzd are those 1
which cen affect the strength of a wave produced by an SST flying i

straight, level end ab constont speed.  Additional complications
and magnificaticns may be inlroduced by airceraft maneuvvers which the
SST will be veguired to milie.

rt leest once cochh flioht, the 58% will accelerate from subscnic
to supersonic spoods.  This accelerztion throuvgh speeds in the Hach 1
range will cause focusing and concentration of the shodk waves heing
generated ducing that acceleration. Since the causes of wave focusing are
similor in the case of most mancuvers it is appropriate Lo exanine the
accelerotion phenomenon in some detail; thorcuch understanding ¢f this instance
of focusing will facilitate consideration of other mancuvers.

Recell that the shoek wave front is almost perpendicular to the
flight petb at Mach 1 and forms an increasingly sharp angle with the
flight path as speed increases; aad recaldl that the direction of encrgy
trencmission is pexpendicular to the wave fronit:. As the SST accelerates
through different specds, no two of the wave fents cau;od will be pre-
ciscly povellel to ope amother, and honce no two energy paths will beo
parellel. As illusiraled in igure 21, tho cencrgy releoszed at Tiwce 1
is "adned” at o point en the grvomd well formird of the plene's position

st thet biwe. MU 9 2 the plane hes adveaced, and encvgy released at

it 2 da oive A wes noarvls slreicht deonpe oLl ebont the saee point on
. R~ — —
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the ground ot which the first shock wes @ilcd.  Moreovexr shock nurher
two has ashorter distevce Lo trovel so that it tends to catch up with
and reinforee phodh nwdboer ornc.  FPor this reosoen there is a significant
focusing of cucrgy el that arce on the ground whore the “sonic boow
,

carpet” fivst occurs.  An arca in the shane of & horscesheo (with the
open end of the horsesher in the Qlvection of flaght) will experience
overpressurces of wnusval intensity.

An analogy mey esgist (Ul understending of the azcceleration, or
horscshes, phencienon.  Tnegine that a firetruck is being driven down the
strect by a playful fireman who drcides to sgvirt a friend with the
fire hose. le airs the hose at the friend and turrs on the water
viaile the friend is well uwn the street, almost cheed of the truck on
the sidewalk. As the truck moves closcr end finelly passes the friend,
the fireman continues to aim, pojntjng Lhe hose 1ore and more to the

.

side of the truck as the truck draws alongside the friend. Suppose

that the speced of the truck, the velocity of the water and the distance

to the friend all happencd to be such that all the water particles that

had been shot out on their independont journeys tovard the friend over
a period of many seconds, each on a diffc .t couwrse and with a different
distance to.trave] to the friend, hapnened to srrive at the same instant
of time. The friend would not be wetted gently over a period of many
scconds but would bo_strucg violenltly by a well of water.

A similar aggregation of shock weves striking a point on the
carth is wvhat cauces the horsesher effect. thile no conscious aiming
is involved, the plane sends out  «onnlete conical wall of shock waves
at: eazh noment and e dircctior =ovencht of cach suscessive wall is

projressively ave dovneard and less in the direction of flicht. Thore
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will ba some particular ereo on the cexth henceth L plence so sitvated
1 as to e subjocted to the focvoing etfects idluvstrated in Piowe 21.
The ar@a cn the grouwnd that will be affectad by this foowsing can be
predicted faicly clesely (2 5 miles), i the atrospheric conditions
arc not teo severe ead the altitude and acceleralion are knowsn. The
rcgion that the focused pressure wave strilics looks like a hexseshoc
300 fect wida below the planc's line of £light, with ils oven end in
. the direction of the plane's wovenzni. The horseshcor encopasscs on
30

- arca of about one sjuare mile. his focus is generally consicdered

to give at least a two-fold megnification of the normmal shock wave strengih

expected from level flight al caaporable specds.
It may be possible to mininize the hoerseshoe focus problem by
having the planc climb es it accelerates through the transsonic speed
. range. If the angle of climdb is sufficiently great, the initial
i direction of shock cnergy and the kending of the shock waves by the
temperature gradient in the atmospherc may reduce the effect by

forcing the shock wave to travel a long distance through the air

before striking the ground, as shown in Figure 22,

A second comnon maneuver by the supersonic transport is the

"pushover," which is the change from a cliwbd to hoxizeontal flight.

i This mancuver also crecates & sirengthened shock wave on the ground
since the sheck waves produvced during the climb mect the ground at
i : . <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>