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NOTICE: When goverrment or other drewings, speci-
fications or other data are used for any purpose
other thon in connection with a definitely related
govermment procurement opsration, the U. 8.
Govermment theredby incurs no responsibility, nor any
obligation vhatsoever; and the fact that the Govern-
ment may have fcimulatod, furnished, or in any way
supplied the said drawings, specifications, or other
dats is not to be regarded by implication or other-
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other persun or corporation, or conveying any rights
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patented invention that may in any way be related
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FOREWORD

This section of the Bulletin contains unclassified
papers discussing design, test methods, instrumenta-
tion and data analysis. The material discussed at the
panel session on the Collection, Analysis and Presen-
tation of Shock and Vibration Data is also included. A
Table of Contents for all four Parts of the Bulletin
and an attendance list for the 28th Symposium may te

found in Pari I.

Constructive suggestions for the improvement of
the Symposia and the Bulletins are earnestly solicited.
Address communications to: Code 4021, U.S. Naval
Research Laboratory, Washington 25, D.C., or to a

member of the Interservice Technical Group whose

names are listed on the following page.

August 1960 —W
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A METHOD FOR PREDICTING
ENVIRONMENTAL VIBRATION LEVELS
IN JET-POWERED VEHICLES

P. T. Mahaffey and K. W. Smith
Convair
Fort Worth, Texas

A method for predicting environmental vibration levels for jet-powered
vehicles is described. A quantitative relationship is determined be-
tween structural vibration and acoustic noise level on the external
super of a structure by statistical analysis of measured data., Com-
parisons of measured and predicted levels are shown.

INTRODUCTION

One of the most difficult problems facing
the vibration engineer is that of predicting
environmental vibration levels on a new
vehicle, Amother problem almost as diffi-
cult is that of quoting vibration levels on a
current vehicle in a region where no meas-
urements have been made. Yet questions on
these matters are frequently asked by equip-
ment designers and must be answered in
some manner by the vibration man.

1t is the purpose of this paper to present
a method which can be used to obtain good
engineering answers to these questions.
This particular method wes developed to aid
in establishing vibration test requirements
for the B-58 airplane. Zlowever, it appears
that it would be equally applicable to other
vehicles according to the checks which have
been made at Convair. The basic principle
lies in relating vibration level to noise level,
and curves are presented which permit a
prediction of vibrsticn level from a knowl-
edge of noise level on the externz! suriace
of tho vehicle,

BASIC CONCEPTS

In jet-powered vehicles, most of the envi-
ronmental vibration comes from response of
the structure to intense engine noise. Thus,
the vibration level should be proportional to
the noise level in some manner. If this re-
lationship could be established, then it should
be possible to predict vibration level from a
knowledge of the engine noise level dis-
tribution.

There are two basic ways which can be
used to relats vihration level to noise level.
One way is to calcuiiute the response of the
structure to the excitation provided biy the
noise. The other way !s to use statistical
methoda to predict the most probable struc-
tural response level to a given noise level.

To follow the course of direct reaponse
calculation, an investigation has to adapt the
approach of looking at a gpecific iocation.
He has to examine the physical make up of
2 structure and {o calculate as best he can
the natural modes of vibration of this loce-
tion. Ho has ‘o determine the damping
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as3ociated with each natural mode, and he
has to determine whether or not the response
is linear. Thege obstacles have been suffi-
ciently formidable to deter most investi-
gators, and to prevent any from achieving a
universally applicable solution to the
problem.

Let us now examine the statistical &p-
proach. One important advantage is imme-
diately obvious. It is now possible to look at
the problem in the broad sense rather than
having to deal with esch specific instance.
The structural response can be categorised
into that for primary structure and that for
secondary structure. One can also adopt the
viewpoint of average response, or of most
probable response instead of dealing with a
spécific response value,

I we now formulate the problem in terms
of predicting the most probable vibration
level for primary structure exposed to a
given noise level, we begin to see a chance
for success. What we need is a sufficient
body of measured dats to amalyze. These
data need to be in the form of vibration level
measurements and sound pressure level
measurements for a large number of loca-
tions. We then need to reduce tliese data on
an octavz band basis and to correlate the re-
$uiis in terms of the reiationship between
vibration acceleration level and sound pres-
sure level. If we do this, we can construct a
plot for each octave band of the type illus-
trated in Fig. 1. Acceleration level in g's is
plotted on a lce scale agrinst sound pressure
level in decibely. Statietical analysis can be
employed to determine a regression line giv-
ing the aversge trend of the data, and the
scatter in the dita can be expressed interms
of confidence leveis.

With a plot of this type for each octave
band and a knowledge of the octave band
sound pressure level, a prediction of the en-
velope of probable vibration level can be
made in tix form illustrated in Fig. 2. Any
desired degree of conservatism can be in-
corporated by basing the predicted envelope
on the appropriate upper confidence level

boundary,

These methods have been applied to
measured data from the B-58 airplane with
gratifying results as described in the fol-
lowing section.

ANALYSBIS OF B-58 VIBRATION DATA

Both an acoustic noise survey and an en-
vironmental vibration survey were made for
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Fig. 1 - Example of plot acceleration vs
sound pressure level
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Fig. 2 - Example of predicted envelope of
probable vibration levels

the B-58 airplane for the condition of maxi-~
mum afterburner power on all four engines
during ground run-up.

The noise data were collected by using
microphones spaced judiciously over the
surface of the airplane so that lines of equal
sound pressure level could be constructed




from the measurements. The microphone analysis of an oscillograph trace of the
outputs were recorded on magnetic tape and transducer signal. Sixty-five pickups were
reduced on an octave band basis. Isointen- used. These were mounted on primary

sity line plots were then made for the over- structure at various points in the airplane.
all levels and for each octave band as shown At mosat points, accelerations were measured
in Figs. 3 through 9. in three perpendicular directions.

The vibration data were collected by using The first siep in correlating the data was 3
velocity pickups, crystal accelerometers, to tabulate acceleration level in g's for each |
and a tape recorder. These data were re- frequency octave band along with the noise
duced on a one-third octave band basis level in decibels in the corresponding octave
through a peak detection circuit. Within the bands. This was done for each pickup for
limitations of the filters, the reduced data all octave bends. The noise levels were
were peak acceleration readings of the sort picked off the isointensity line plots made
cne would expect to obtaiy from a hand for each octave band, as shown in Figs. 4
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Fig. 4 - Twenty to T4-cps octave bard sound
pressure level contours

3




T PRI YT

iy = i

Fig. 5 - Seventy-five to 150-cps octave band sound
pressure level contours
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Fig. 6 - 150- to 300-cps octave band scund
pressure level contours
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Fig. 7 - 300- to 600-cps uctave band sound
pressure level contours
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Fig. 8 - (00- to 1200-cps octave band sound
pressure level contours
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9 . 1200- to 2400-cne octave hand sound

pressure level contours

throngb 9 sccording to the location of the
yibration pickup. These values were first
plotted on ordinary graph paper bearing
uniform scales. As expected, a wide scat-
ter was observed, so statistical correlation
methods were employed to determine a
mathematical equation best fitting these data.

The vibration acceleration values together
with their corresponding acoustic noise lev-
els were then processed by electronic cal-
culating machines. Here the otatistical cor-
relazion coefficients were calculated for a
number of different equation forms (iinear,
parabolic, exponential, etc.). These statis-
ticai correlation coefficients are a mathe-
matical representation of the fullowing two
methods of prediction:

1. Each peak acceleration level ia pre-
dicted by using the empirical equation line.

2. Each peak acceleration level is pre~

dicted by using the average of the mensured
vibration levels. Then

r=1(1 - af 022)-‘&, (1)

where

Pearsonian correlation coefficient,

-
i

2 = gum of souares of data point devia-
tions from the empirical equation
line,

022 = gum of squares of the data point
deviations from the average line.

Q
-
1]

When r approaches i1, then the fit of the
data is good. If r approaches zero, then the
data are randomly arranged. The correla-
tion coefficients calculated for the different 1
empirical equation forms revealed that the :
exponential equation provided the best fit for
the data in each frequency cctave band. The
exponential equation has the form o I

log, g = (M)(SFL) + log A, @
where

¢ = peak acceleration level divided by
the acceleraiion due to gravity, l

i
slope of the empirical equation !
|

M =
line,
SPL = sound pressure level in decibels

(re .0002 dynes/cm?),

A = intercept of the empirical equation
line on the g-axis.

The method of least squares was used to
determine valu2s of Mand log, A 8o that the
sum of the squgres of the data point devia-
tions from the empirical equation line wss at
2 minimum. In addition the statistical var-
iance of the data from ti:e empirical equation
line was calculated. Figures 10 through 15
show the plots of the empirical equations and
statistical confidence levels for each {re-
quency octave band in the range from 20 o
2460 cps.

With the octave band noise plots of Figs.
4 through 9 and the plcts of vibratory
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acceleration versus noise level of Figs. 10
through 15, it is now possible to predict a
vibration leve! envelope such as illustrated
in Fig. 2 for any point on the airplane. From
such envelopes, one may further proceed to
derive range curves for vibration qualifica-
tion testing along the lines specified in
MIL-E-5272.

DERIVATION OF VIBRATION TEST
ENVELOPES

The first step in deriving a sertes of vi-
bration test envelopes for the B-58 was to
divide the airplane into vibration sones. The
preliminary selection of these zones was
made on the basis of the exterior sound pres-
sure levels on the surface of the airplane.
The final boundaries were selected so that
the transition from one zone to another would
not represent in an unduly large step changes
in the predicted environment. These zones
are shown in Fig. 16. The representative
sound pressurv level for each vibration zone
was then read from the isointensity sound
level plots for each frequency octave band in
the 20 to 2400 cps range.

By using these 3ound pressure levels
from each vibration zone, the plots in Figs.
10 through 15 were entered and the predicted
peak acceleration levels were read opposite
one of the upper confidence lines. The
choice of upper confidence line depends upon
the risk one is willing to assume that the
actual acceleration level will excaed the
predicted level. For the B-58 it was deter-
mined that predicted vibration levels

corresponding to the upper 60-percent con-
fidence line provided a reasonable {it to data
collected but not used in the correlation.
The vibration level predicted with this con-
fidence line will encompass the measured
vibration levels during 80 percent of the
prediction trials.

The predicted peak acceleration values
read from the upper 60-percent line in each
frequency octave band were tabulated and
plotted for each vibration gone. A test en-
velope suitable for use with a sinusoidal vi-
bration shaker system was then drawn over
the predicted vibration values. Figures 17
through 19 show predicted vibration levels
and derived test envelopes for three repre-
sentative test zonen. Included in these {ig-
ures for comparison purposes are plots of
the measured vibration data collected in each
of the zones and used in the statistical cor-
relation. These plots are representative of
the fit between the derived envelope and the
measured data. Note that although a few
measurad points fall outside the envelopes,
the fit is generally good.

Vibration range curves were thus derived
for all the zones shown in Fig. 16, and were
used with the basic MIL~E-5272 procedure
to produce a qualification test procedure tai-
lored to fit the B-53 airplane.

Very little measured vibration data were
obtained for some of the zones of Fig. 16,
and no data at all were obtainad for others.
Yet, the application of this procedure made
it possible to estabiish predicted levels and
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Fig. 16 - Vibration zones
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Fig. 19 - Comparison of predicted envelope and derived
test envelope with measured vibration data for Zone 14

test range curves for these areas with a
good degree of confidence.

EARLY DESIGN USES

While the data shown were collected {rom
the B-58 airpiane, these empirical curves
have been used to predict vibrrtion levels
for other vehicles where both jet engine
noise and vibration data are available. The
predicted vibration levels for the different
frequency octave bands fit the measured
dats with about the same degree of accuracy
as they do the B-58 data. Therefore, by
choosing a suitable risk level (upper corfi-
dence line), the curves presented in Figs. 10
through 16 may be used with reasonable suc-
cess on other jet powerad vehicles. Fur-
thermore, when used with estimates of the

external surface acoustic noise levels on
new deeigns, these curves will provide 2
good first estimate of the vibration environ-
ment and may be used fo specify vibration
qualification tests in the early procurement
specifications.

While the prediction curves presented are
in terms of peak acceleration readings, the
same correlation procedure may be used
with true root-mean-square or average val-
ues read from a particular frequency baad.
By experimentation it was determined that
the peak acceleration values road from Figs.
10 through 15 are about 3.3 timnes the true
root-mean-square values. Thus the predic-
tion values from these figures can he con-
verted to rms values by dividing by 3.3 if
desired.

DISCUSSION

Mr. Barber (Chance-Vought Aircraft): 1
have three questions, Bill. Convair
been able to determine what proportion of

the vibration environment is due to struc-
tureborne vibration and what proportion is
due to airborne noise input ?
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Mr. Mahatfey: No, we haven't, Walt. We
have not attempted to try to separ.te these
two. By basing your data on actual meas-
urements in the structure you get both, so
that I think that the combination is repre-
sented in the data,

Mr. Barber: Has a separate correlation
of sound and vibration been made for the
B-58 flying supersonically? It 80, has this
correlation agreed with those obtained trom
the ground run-out and taxiing you presented
here? This would give you some better idea
of what proportion was coming from sound
and what was coming from vibration.

Mr. Mahaffey: We have made an inflight
vibration survey, and the levels are corsid-
erably lower than they are on the ground.
We do not have a measurement of external
noise levels in flight. We tried to measure
some at about three different locations, but
we were unsuccessful, as I guess a lot of
other peopie have been in this respect. So
that there is no way that we can correlate
inflight nois= leve} with inflight vibration
data.

Mr, Barber: | was wondering whether
yon had the opportunity to attempt to esti-
mate inflight vibration levels on the basis of
estimated acrodynamic noise levels.

Mr. Mahaffey: We are working on this,
and we have a method for predicting inflight
noise level patterns of these sorts. Natu-
rally you'd think that if you could do this in
flight you could also predict inflight vibra-
tion levels. But we do not have any experi-
mental data to be able to tell whether our
inflight noise predictions are any good or
not. That's where we stand on that.

Dr. Vigness (NRL): Iam glad you gave
the coefficient which related the peak value
that you obtained to the rms value. Thai
might be more useful to some of the rest of
us. Iwould be interested in knowing how
you happened to pick such a number as a
peak value for a rather nonsiiiugoidal con-
dition of vibration, and I certainly would ex-
pect you to get a very wide range of measure-
ments when the peak value is measured for
this type of vibration. Could you give any
information as to why you picked that?

Mr. Mahaffey: We didn't exactly pick it.
That's The way it came cul. Actually we set
up this data reduction system some several
years ago before we hit upon this scheme of
reducing the data, and we set up our peak

13

detection system to detect peaks which would
occur about one percent of the time.

Dr. Vigness: I think that's the answer.
Thank you very much.

Mr. Brown (Douglas Aircraft): Would it
be permissible tv ask wheiler a great deal
of variation, let's aay in the range of about
10 £o 1 that you get in your readings, is due
tc the measurement technique rather than
the data itself because of this peak measure-
ment technique ?

Mr, umi{g{: I'm not sure that I under-
stood your question. Were you asking couid
the large amount of acatter in the data be

due to the pesk metliod of measurement ?

!dr. Brown: Right. In other words, let's
say I you did this by the power spectral ap-
proach would this give you less variation in
the measurements ?

Mr. Mahatfey: Of course one can never
be entirely sure of his data system. All I
can say is that we did everything in our
means to check out the data system, includ-
ing running out records from the tape on
oscillograph and reducing it by hand to be
sure that the data system was reading the
right numbers. However, I don't believe that
the large amount of scattzr is due to the data
system. I think that the large amount of
scatter is inherent in the process. Yo re-
momber that these were readings taken all
over the airplane at a number of different
locations, and each location is ffoing to be
different. So that what we are trying to get
at is the most probable vibratior level.

Mr. Karnesky ( Asro-Jet General): Do
you think per%s your scatfer 1s due to the
fact that you are measuring vibration cf dif-
ferent types oi structures at different points ?
You wouldn't expect the launcher &rm, o7
example, to have the same responsge to an
acoustical environment as a frame. Did you
try tc break your data down s to the typical
type of structure, either frame, launcher
arm, size of frames perhaps ?

Mr. Mahaffey: No, we didn't, AL, Li's
quiie probable tyhat there 18 sonze of that in
this data. But if you start trying to break it
down in terms of the particular type of struc-
ture then you will complicate the situation in
irying o lay out vibration zones. Now I
won't say this can't be done, and maybe it is
a valuable extensicn to this technique, but
we have not tried to do that.
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Mr. Koppamaki {Lockheed, Sunnyvale): I
have a comment conceruing the last figures

you presented on amplitude versus frequency.

The presented statistics show an increasiug
trend in amplitudes up to the 2-kc limit of
the graph. How about higher up? The usual
excuse for stopping at 2-kc amplitude (when
the telemeter channel used is not the limiting
factor! is that information of vibration am-
plitudes above this level can be omitted be-
cause thers is no equipment availabie to per-
form component testing at digher frequencies.
Such excuse, however, cannot be readily jus-
tified. Information on amplitudes of higher
frequency bands should he solicited (when-
ever within reach) in order to f{tad out
whether or not simuiation techniques in
coraponent testing have to be extended to
cover higher frequency bands than poasibie
without modification with the gear presently
in use. The shown increasing trend of vi-
bration amplitudes in higher frequencies

14

would definitely justify extension of the
measurements beyond the 2-kc iimit of the
presented data.

Mr, Mahaffey: Actually the highest ac-
cel?ﬁﬂmgs in the data I presented
occur in the 000- to 1300-cps range and the
acceleration has begun to drop off as we
approach 2 ke. There may be eignificant
vibration above 2 kc. On the other hand, the
signal from the trensducer mey be mainly
electrical noice. It is very difficult to tell
{rom a practical standpoint. While I can-
not really disagree with you that we should
try to measure and test for the entire range
of vibration present, there comes a point in
iaboraiory simulation where we are kidding
ourselves on the significance of the test.
Sometimes ! wonder {f we are not kidding
ourselves when we try tc test above 1 ke,
particuiarly on the larger pieces of
equipment.
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THE INFLUENCE OF MASS AND DAMPING
ON THE RESPONSE OF EQUIPMENT
TO SHOCK AND VIBRATION

Ralph E. Blake and Torsten Ringstrom
Lockheed Missiles and Space Division
Sunnyvale, Calif,

Much present practice in designing for shock and vibration environ-
mento is highly conservative because impedance effects have largely
been neglected. Theoretical results are reported on the amount of re-
duction to be expected from such effects and the way in which mass,
natural frequency, and damping will influence design stress.

INTRODUC TION

In earlier papers, it was shown (1,2,3)
that equipment con be very much over-
strength when our present procedures for
designing and testing for shock and vibra-
tion are used. The reason for the present
conservatism is that shock and vibration
measurements made in the past must be
‘extrapolated to apply to equipments not yet
in use., An envelops of available data, usu-
ally in the form of a frequency spectrum, is
used to deiine a test or design input motion
of the equipment mounting points. Contrary
to the assumption that is usually made, the
reaction of the equipment against its founda-
tion can produce significant reductions in the
geverity of the motion of its foundation.

However, a reduction in equipment
strangth cannot bo mado safely uat!l it can
be shown how much reduction in severity can
be guarenteed in each instance. It is necee-
sary to obtain better understanding of the
factors which influence the dyramic loads in
aminment, Ag a aten in thig direction, some
theoretical resui.. are ruported which show
the manner in which a simple model of an
equipment can affect the shock and vibration
which it feels when mounted on a siiaple
model of a vehicle,

Of course, our real interest is in the be-
havior of complex systems but it bas not yet
been found possible to reduce the coraplax
mathiematical expressions to a form which
can Ye "understood.” 3ince a cimple system
obeys 4 simplified form of the equation for a
complex system, one can hope to find ueeful
clues in tie behavior of the simple model.

NORMAL MODE EQUATICN

The equation expressing the scceleration
% of a mass of an eqwipmant ag It respoads to
un arbitrary force F(t) on the vekicle is (4)

= LT, Ry(1). (1

There i3 one term of this series for each
normal mode of vibration of the equipment-
vehicle system. The factor R (t) is imown
as the dynamic response factor or Dukamel's
Integral, It io a fusction of time t deter-
mined by the zpplied force and the natural

fracnancwy of the modae, it {a the fasctor which
depends upon whether the excitation is o
transient pulge, a sinusoidal force, 2 random
force, etc.; but it will not be diacussed fur-
ther. The other {actor T , the "Mode Trans-

migsion Factcr," i8 determined entirely by
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the properties of the system, and is inde-
pendent of 7(t). The question under inves-
tigation here is the ef(ect of the distribution
of mass and sti{fness in the equipment and
vehicle on the values of T . The factors T
apply rega~dless of the form of F(t); that is,
they affect the: response to any shock, sinus-
oidal vibration, or random vibration.

The {actor T, is expressed in terms of
the normal mode amplitudes, ¢ of the Nth
mode by

%ai ns
1! @)

T =

3
-m™
-=
e
b~

where ¢_;, ¢ (, and @, ars the normal
mode amplitudes at the point of measurr.-
ment of x. the point of application of force,
and the jt» mass of the system, mj, re-
spectively.

A SIMPLE MODEL

The system that was studied is shown in
Fig. 1; it io about the simplest syatem that
could be expected to show the desired ef-
fest3. The equipment is represented by a
niaas supported by a spring and damper; the
vehicie is represented by two masses con-
nected together by a spring and damper. To
simplify the analysis the ratio of damping
soefficient to spring coefficiert for both
spring-damper pairs is assumed to be the
same. This assumntion of "uniform damp-
ing" makes the mode stxpe and T, indegend-
ent of the amount of damping.

RESPONSE

2
-
m
PEQUIPMENT"
K
My

Lot

§ | "VEHICLE"
N A

M

?INPUT

Ft)

Fig. 1 - A simplified
equipment-vehicle system

The parameters uged to define the system
are «_, the natural frequency which the
equipment would have if it were attached to
an infinite mass; 1, the natural frequency of
the vehicie by itself, and the mass ratios
m/M, and M/N, . The dampirg, expressed
either by [, the percent of critical damping
or Q(= 1/21), the resonant amplification fac-
ter, will not be considered yet.

The combined system will have two natural
frequencies associated with two modes of
wibration; hence there are two Mode Trans-
mission Factors, T, and T,. Values of T,
and T, have been computed as a function of
w /M, mM,;, and ¥;/M,. A dimensionless plot
of N.T, and N,T, vs. ¢, /0 are shown in Fig. 2
for the case M; = M, and several values of
n/M,. The following features of Fig. 2 are
considered to be significant:

1. The largest response in both modes
occurs when «_ I8 about equal to (1.

2. The transmission is reduced as the
equipment mass is incieased.

3. The largest values of T, and T, are
nearly equal but of opposite aign.

Since the largest loads are developed waen
the equipment i "tuned' to the vebicle nut-
yral frequency, all further studies were for
the case w, = 0 and K; = N,.

The equation for the two natural frequen-
cles of vibration of modes is

! o, u |é:t- =
A i b
. 1 ™ _w
I ¥ G ffﬁ "
e I Wl

|
; b | iS¢ i

bt 1. |
. W |
' 1, S
| f glil
i —

Fig. 2 - Mcdel transmission factors
for three-mass system




- (3)
<:‘)"'¢wn2 (1 +ﬁ)> 2 2/ m
ik his| P

The differeace between the two natural {re-
quencies is

%
Ir-(fl2 + w:(l + %))2 - Qsznz (l +%)‘|
-(4)
0+ w,,’(l +1;“-) + 200 V2 i _J
Examination of these equations shows that

the difference in {requency becomes emaller
{{w - 0 and as m becomes smaller.

ty - g =

As a result of the small difference in the
two natural frequencies and the nearly equai
but opposite values of T; and T,, the accel-
eration of m which will result from an impul-
sive force I is almost a perfect example of
vibratior beats. The acceleration is

% = 10
2/

ﬂwnzﬂ,l‘=ﬁzlnd m << My,

st (sin wgt -

tin gt} , (5)

An example of equipment response to an
impulse is sketched in Fig. 3. The oscille-
tions of the two modes cancel each other out
initially, then reinforce each other later.
The lower curve shows the corresponding
acceleration of the foundsiion mgss M,; this
also shows beats at the same rate but the
amplitude is large when the equipment am-
plitude is small, and vice ,
ance is that the impulse sets up an oscillation

EQUIPMENT ACCELERATION
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FOUNDATION ACCELERATION
fiohe, |1
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_JllLI ﬂ."|lq IIFIIIJ-AU
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Fig. 3 - Response of tuned
system to impulse
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of the vehicle as if the equipment were not
there. The eguipment reaponds to this oscil-
lation with a resonant buildup of amplitude.
Since this buildup draine energy out of the
vehicie, the amplitude of the equipment
reaches a maximum wher. the vehicle oscil-
lation is stopped.

This picture of the phenomernon led to the
question of how much of the total energy gets
into strain energy of the equipment spring.

It was found that the total energy transferred

to the system by the impulse can be expressed

as the sum of the kinetic enargy of rigid body
translation of the system plus an oscillatory

energy. If the energy in the equipment spring
were equal to the energy input minus the
rigid body energy, the acceloration of the
equipment would be

{1
VAN (6)

X =

agsuming m << M, and no damping. Thus the
effect of tuning; is to ullow all of the oscil-
Iatory energy to find its way into the equip-
ment spring.

But this energy builds up to 8 maximum
by incremeate un each cycle, so that one
could eapect damping to reduce the maxi-
mum acceleration considerably. By finding
the time at vhich the envelope of Eq. (5)
reaches a pak and by using Eq. (3) the peak
accelerstion was calculated to be

. . () ‘zﬂ;m‘u\/ﬁ_

max 2
407+ -2"_1

This is plotted on Fig. 4, showing that for
small damping an increuse in equipment
mass produces considerable requction in
acceleration; or for small eguipment mass
an increase in damping is very beneficial.
But {f one of these factors is already fairly
large, the other is not very importsnt, With
zero damping the acceleration varies in-
versely with .

if one knows the response of a system to
an impulse, he can {ird the response to other
inputs. The response to a step force ¥ is
derived easily; it is the same as Fiz. 4 {{ F
is gubstituted for I10.

The responee io a random white-noise
force 1is of interest to those in the missile
industry. The roct-mean-square acceleration

it o ——r
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Fig. 4 - Effect of mass and damping on
tuned equipment

of this system was calculated by D. A.
Aspinwall at Lockheed to be

o
N2

2 (4(’ +-§;;) '

where ¢ is the spectral density of force.
The expression in the numerator is the
rms acceleration of the foundation when tie
ecuipment is not in place. Again it is seen
that an {ncrease in either nass or damping
will decrease the equipment acceleration.

aL
2

Ao

rms

RECIPROCITY OF MODE
TRANSMIESION FACTORS

In Eq. (2) the factor T  contains the prod-
uct of mode amplitudes st the point of accel-
eration measurement and at the point of force
application. It is evident that the factor

will remain the same if the points are inter-
changed. Thus wa should expect large re-
sponse throughout a heavy vehicle if the
force 18 applied to a lightweight tuned mass-
spring system.

APPLICATICN TO PRACTICAL
PROBLEMS

It has not yet been proved mathematically
that the phenorena and curves for this sim-
ple model can be applied to more compiex
systems. It is hoped that some judicious
combination of the theorems ir Refs. 2 and §
might be made to provide a sound basis for
working with complex systems. in the mean-
time these results can be regarded as pos-
sibly useful cluen to understanding the sys-
tems with which we work.

Some examples in our recent work tend
to show some of the effects just described.
In ore case, a computer wa3 used to compute
the normal modes of a 20-mass system with
and without a mass-apring "equipment" tuned
to one of the vehicle modes. The peak ac-
celeration of the equipment for a step-force
input correaponded guite well with the energy
of the vehicle mode flowing into the equip-

ment spring.

In a Lockheed rocket it was observed that
u certain mede of the structure responded
very strengly to random forces in flight. In
sncther missile thie response was mysteri-
ously missing. It is now suspected that the
region of force inaut of the first auissile in-

volved a local structure tuned to the frequency

of the missile mode.

As a final example, it seems significant
that the largesi oscillations seen on shock
and vibratior records are very often char-
acterized by bheats. Although a vehicle may
have a large number of modes In the fre-
quency range of 2 recording instrument, very
few of these are promirent on a given record.
Only a few satisfy the conditions for good
transmission and these ¢iten show the beat
effect found to accompany good transmigsion
in the simple model.
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ON THE PREDICTION OF
DYNAMIC ENVIRONMENTS

R. W. Mustain
Northrop Corporation, Norair Division
Hawthorne, California

are aiso presented.

Estimates of jet engine noise, rocket engine noise, and boundary-layer
noise have been computed and are presented. Actual field data sre
compared with predictions, and predicted vibration response is also
discussed. Field data of vibration levels created by acoustic inputs are
presented. Predictions for a hypothetical rocket of 2 x 10°-pound thrust

INTRODUCTION

What is the basic dynamic environmental
problem on aircraft and missiles? When and
where did this environmenta! difficulty
origiaate ?

In order to answer these fundamental
questions, the reader must rewrn to the
beginaing of the Air Age on December 17,
1803. On that historic date the Wright
brothers piloted the world's first flights in
a motor-driven, heavies-than-air plans and
thus ushered in the era of {light with its
iransports, {ightere, bombers, helicopers,
missiles, satellites, giide-bombers, etc.
Ther it was that man first successfully
faced the basic dvaamic problem of Wilding
an optimum strength/weight airframe with
the required equipment capable of enduring
the specific dynamic environment. In contra-
distinction to the mighty and complex weapon
systems of this modern period, the Kitty Bawk
biplane with its i2-horsepower motor presents
but a whisper of dynamic excitation, Yet, the
task accomplished hy the Wright brothers in
constructing a suitable frame for that small
motor with its relatively minor excitations
compares well with the gigantic tasks con-
fronted by the dynamic engineers of today.

It is saie to assume thal Orville and
Wiitar Wright knew practically nothing of
such sophisticated terms as power spectral
density, spatizi correlation, randomnesy,
atochestic processes, stationary processes,
power transfer functions, autocorrelation
function, ensemble, etc. However, sophisd-
cated as these terms appear to the layman,
the foundation, the framework, and the build-
ing blocks for present day dynemic formula-
tions had been e itabliskcd already by men
like Newton, Gaunz, Rayleigh, Strouhal, etc.
For example, Karl Friedrich Gauss had
made valuabie mathematical contributions in
the early part of the 19th Century that aze
recognized today in eny voncept of normality
and randoraness. In 1877 Lord Rayleigh pro-
vided an early foundation for medern theories
on stochastic (ranéom) methods. In The The-
ory of Bound, he discuseed vibrations with
"phase accidentally determined” and iormu-
lated the circuiar distriution that describes
the amplitude r, or eavelope of random vi-
brations. The Rayleigh distribution shows
the probability of a resultant amplitude oc-
curring between r and r + dr wien a large
number, n, of unit vibrations ars compounded
at randor. This is how the probubility was
given originally by Rayleigh
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2 -r
——exp—5-rdr . (1
nal na?

For power spec.ra mathematice this
praobabiiity can be expressed in the modern
form

r dr -r?
P(r) dr = 3 cxp;;i-. (2)

(See Refereaces 1 and 2.)

It is {nteresting to point out that Stroubal
had predicted Strouhsl values, fp/v, ir 1878
that may be considered reasonably accurate
at this date. His calculations displayed a
maximum Strouhal number of 0.2 for a
Reynolds number of 2000.

'Chis brief discussion has beer inserted
for the purpose of inference. Imagine that
the founders of aviation, Orville and Wilbur
Wright, had advanced to a techrical state
wherein acoustical and vibraticn analyses
were deemed beneficial. Then, it can be
inlerved that the essential technical ingre-
dients were available for development
under a desired and guided impetus. This
impetus has graduully evolved during the
past decades and has grined stature con-
comitantly with each edvance in propulsion,
airframe, and airborne equipment. The
transition from one type of propulsion svs-
tem to newer and mare powerful units has
resulted in greater velocities, fiighis to
higher aititudes, equipment complexities,
#rid more severe dynamic envircnments.
Throughout this continucs advarcenzent of
power znd velocity performance with its
concurrent additional dynamic penalty, the
basic dynamic environmental problem has
remained the same,

The trond to greater power plants has
actompanied the tremendous expansion of
the aviation industry through two World
Wars, the Korean War, and one major
depression. World War I provided tie first
real encuuragement in this rapid develop-
ment ¢ the airplane began to revolutionize
warfare. Then, in the twenties and thirties,
the advent of in-line engines and powerful
radizi engines created noticeable vibration
groblems and minor acoustic enigmas.
With the second World War the airplane
came into its own as a mighty weapon of
attack and destruction. During the acceler-
ated developments of World War II, manned
aircraft bscame complex systema with
powerfal exgines capable of inducing
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relatively large vibrations in relation to
previous environmenis. Furthermore, de-
veiopment of delicate airborne electronics
for controls and guidance created compo-
nents with low-fragility levels. A major
transition in aircraft engines occurred near
the end of World War II when the first jet-
propalled aircraft appeared (the P-58 and
the P-80) to preserit a new dynamic environ-
ment containing troubiesome acoustlc excita-
tiona. In due time the dynamic engineers
berame acquainted with the many pitfalls of
the jet engines and their zttendant vibrstions
and their randem-type forces that canse
equipment and structural {ailures.

Then, before the jet dynamic problem
could be conguered, the next type of propul-
sion system entered the scene. The last
decade ias seen the space age become 2
reality with irs multistage vehicles and its
thunderous rocket erigines producing thrusts
in the hundreds of thousands of pounds and
even threatening to enter the million-pound
class. Phasing into the high-thrust rocket
systems created severe shock, vibration,
and acoustic environments. Although, the
previous engines had provided some dynamic
difticulties, these difficulties were magnified
by several degrees in the missile and space
programe. The dynamic environment hus
accounted {or numerous incomplete missile
missions attributed to equinment and struc-
teral fallures,

The many recent 2quipment and struciural
failurea on aircraft and migsiles have en-
hanned the valee of predicting dynamic envi-
ronments. Solution of the basic dynamic
problem requires: (1) an adequate definition
of the dynamic environment, (2) the deter-
mination of fragility levels, and (3) the de-
sign of equipment and structures so that
their fragility levels exceed the dynamic
environmental leveis, There is a fundamental
requirement for a reazonable definition of the
dynamic environment during early design
stages ir aireraft and missile programs.
Experience has shown that lack of awareness
of these dynumic excitations and their dam-
aging responges has resulted in mission
failures, numezous design changes, and
manpfacturing delays. On the other hand; a
sensible consideration of the expected vibra-
tion and asoustic forces will result in im-
proved performance and greater reliabilily
of aircraft and migsiles.

Several methods of predicting dynamic
environments have baen formulated by indi-
viduals and organizaiions within the dynamics




field. Sume of these prediction techniques
have been studied and investigated. Perhaps
the most important acoustic predictions are
those that provide estimates of acoustic lev-
els generated by: (1) jet engines, (2) rocket
engines, and (3) boundary layers. Example
predictions which use some of the investi-
gated methodologies are given in this paper.
Actual calculations of acoustic levels for jet
engines, rockets, and aerodynamic propaga-
tions are listed in the Appendices.

. Accoustical predictions for a hypothetical
rocket engine with @ thrust of 2 X 10 pounds
have been made. Assuming certain renuired
duta (i.e., weight flow, noszle diameter, mis-
sile length, and trajectory), the following
estimations were inade and are included in
this paper:

(1) Rocket exhaust noise spectrum,

(2) Sound pressure levels for the various
stations,

(3) Boundary-layer noise levels.

JET ENGINE NOISE

Soon after the appearance of jet engines
it became apparent that the high-intensity
noise levels generated by the jet exhaust
flow were not unly trcublesome tc personnel,
but were 8o intense that thay contributed io
equipment and structural failures. Tkis
sonic fatigue problem hestened the analyscs
and measurement of jet engine ncise. So
that in the intervening years there has ac-
cumulated a vast amount of valuable litera-
ture and data on jet noise. The jet phe-
nomena have been well described and defined
during the past decade. Th'3 has resulted in
the formulation and verificstion of several
prediction and estimation procedures. For-
tunately, these predictions have been pri-
marily based on and confirmed by the wealth
of svailable empirical data (3,4,5). For this
reason, this paper wili practicaily cizcum-
vent the jet engine noise problem. However,
& brief review of some salient poin's will be
presented with a sample predi:tion and a few
enipirical data points.

The noise produced by the jets is primarily
aercdynamic noise that is generated by the
torbulent mixing which occurs at the boundary
of the jet stream. In genersl, most prediction
methods and analytical sclutions have neg-
lected the least understood and perhaps, neg-
ligible effec'ts of other minor noise sources

22

found in jet engines. It is entirely possible
that, depending on the engine configuration,
sources such as compressor whine, com-
Lustion noise, duct noise, combustion insta-
bilities, engine resonances, etc., may radiate
considerable acorstic energy and in some
individual cases might even cause structural
and equipment failures. For example, the
high fluctuating pressurcs developed within
jet engine {nlet ducts have created sonic-
futigue failures. These failures are a func-
tlon of several possible sources. To exem-
plify, they may result from forces caused by
(1) compressor noise radiated forward, (2)
boundary-layer noise within the duct or (3)
radal, sloshing, or longitudinl modes within
the duct. The absence of these and similar
functions from acoustic prediztions may
yield unconservative answers.

Whereas the aerodynamic noise created
aft of the jet exit has heen the principle fac-
tor in most jet engine considerations, some
aspects of this forcing function will be re-
viewed. Beginning at the plane of nozzle
there exists a central core or cone wherein
the flow is approximately sonic and wherein
thzre ie little or no turbulsnce. Surrounding
this potential cone 18 an aanular mixing re-
glon that runs downstream from the orifice
to the énd of the cone, At this point (approx-
imately § diameters downstream) the cone
has vanished and has beex replaced by the
turbulent front which now reaches the jot
axis. The shear differsntial between the jet
efflux and the ambient atmosphere generates
a turbulent boundary layer commencing in

the annuiar region und spreading downstream.

These eddies travel zimost with ihe speed of
the jet flow. It has been {ound that the angle
of spread of the jet boundaries is batween
7.5 degrees to 10 dogrees for subsonic jets
(8). Certuin investizations have indicated
that the maximum noise 15 generated near
the tip of the jet core (7). Analytical results
by Powell (8) imply that meat of the noise
powor is generated at constant rate along the
fet from exit to the end cf the cone. Ribner
(9) tound tisat this power is constant with X
(distance from the nozzle) in the initial mix-
ing region (X0 iaw), then farther downstream
(about 8 to 10 diameters) it falls off ex-
tramely fast (X-7 law or faster) in the fully
developed jet. Studies of these turbulent
fiowa show that as the boundary layer is thin
in the annular region adjacent to the jet exit,
bigh-frequency excitations will be generated
near the nozzle. In like manner, the larger
eddies produce low-frequency excitations
downstregin,
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Quadrupole sources were considered as known. By using ire required engine data,
the principal noise generators in a fluctuat- (1) the accustic power, (2) the sound rower
ing flow by Lighthill (10,11) when he derived level, and (3) the sound pressure leveis at
the parameter for acoustic power. Lighthill's  varicus locations were estimated for the T-36

parameter or the v® D? law is airplane. The calculations are given in Ad-
dendum A which accompanies this paper. The
D2 v8 ¢, estimated sound pressure levels for 30-foot,
. —— (3) 100-foot, and 250-foot radii are displayed in .
P2 8 the polar plot of Fig. 1, Measurements for |
tha 50-foot radius on two T-38 airplanes have “'
where been included for comparative purposes. It
can be cbserved that the field values ure
P is the total acoustic power, higher than the predictions nuar the nose of |
L the aircrait. A possible explanation for this |
py I8 the jet density, difference is thet the estin:ation reflecied |
} only the noise gencrated by the turbulent |
3 D {s the nozzle diameter, exhaust jet. That is, the calcuiations did not
3 consider individual aircrait variabies such
4 v is the jet velocity, as engine and duct design. As & matter of
3 fact it was later found that the duct design }
Py 18 the density of the atmosphere, induced high-pressure fluctuations. |

a {8 the atmospheric speed of sound. ‘

THE MISSILE ENVIRONMENT
The V8 D? term in characteristic of jet

i noise power which appears to be gererated A primary design consideration for any
E by a mixture of latera! and longitudinal rocket-boosted veliitle is the effect of acous-
i | quadrupoles (8). tic and vibration excitatiens on the vehicle

structure and on delicate airborne equipment.
Estimations of jet acoustic power may be Naturally, these dynamir forcing functions
made when certain engine parameters are display magnitudes in agreement with spatial

Fig. 1 - Estimated vs measured
engine noise levels for a T-38,
Overall sound-prescure level as
a function of angular position
from exhaust jeis durirg mili-
tary power operation (100 per-
cent rpm without after burner).
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patterns and are variant alac with time and
the mission profile. The following liat of
forciing functions presents some of the vibro-
acoustic sources that must be considered,
predicted, measured, and analyzed during
the course of any missile program.

1. Acousatic Bource

a. Aerodynamic noise

b. Rocket noise

¢. Auxilisry equipment

d. Becondary acoustic aource

e. Interaction of shock wave and

boundary layer
2. Vibration Sources

2. Main power-plant oaciliations
b. Auxiliary equipment

¢. Aerodynamic gusts

d. Separation of stages

e. Coning vibrations

f. Guidance-system reactions
g. Jpin-roczet excitations.

It can be expected that the space vehicle
will experience the most severe dynamic en-
vironment during the iaunch phase. There
can be nu doubt, but that the sound field of
the rocket engine is the most important
source of vibration and that aerodyaamic
noise ranks second in source severity. An
example of high-intensity noise levels irom
solid-prepellant rocket bottles i displayed
in Fig. 2. This field diagram depicts exier-
nal sound pressure levele us & function of
fuselage station and frequency for a typical
firing at Cape Canaveral on the SM-62 Bnark
missile. The high peak in the background of
this three-dimensional plot displays a sound-
pressure level of 180 db overall. These
measurements were obtained by external
microphones mounted so that the microphone
buttons were flush with the outer skin of the
miseile. Numerous instrumented launches
and firings were conducied on the Spark mis-
gile that verified the tield data of Fig. 2 (12).
Although the Snark missile has been opera-
tional for many years, is launched in a hori-
zental angle, and is not supersonic, ii is felt
advantageous to exhibit and discuss these
high levels. The astonishing fact ie that the
acoustic levels suirrounding the dependable
SM-62 missile are more severe than those
upon any present day missile and missiles in
the near future. The reason for the higher
levels or. the Snark missile is the coniigura-
tion of the rocket~bottle installation which
places the exhaust nozzles at fuselage sta-
tion 647 and consequently, the aft missile
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structure recefves the direct blast of the
£€0,000 pounds of thrust and excitation. Per-
haps, it will be some time before any
vertically-launched missile is exposed to
intensities as great as those found within

and external to the SM-62 missile. Further-
more, the envircnmental conditions presented
by the Snark lannches provided the stimulus
for Norair engineers to select optimum de-
signs and to ccnduct meaningful qualitication
tests. The results of this stimulus were the
design and manufacture, on a production
scale, of delicate airborne equipment capable
of withstanding extreme acoustic envirciments
that will not be exceeded for some time in the
futcre. This i3 exemplified hy the predictions
in this paper which show the levels lor a hy-
pothetical two-million-puund turust vehicie

to be less than those on the SM-82 missile.

Whereas a vast amount of vibration and
acousiic data were compliled {rom 8nark fir-
ings and launches, it was considered desir-
able to establish some type of correlation
between vibration levels and acoustic levels.
Some typical correlations of vibraiions per
acoustic levels va frequency are given in
Figs. 3, 4, and 5. Even though these graphs
indicate the slopes for three different axes,
there appears to be a reasonable sgreement.
These data provide an indication of expected
vibration increments {or acoustical inpits.
Many {actors such as rtvuctire] configura-
tion, structural demping, material damping,
resonan: frequencies, impedance of the struc-
tare, coincicdence, ground plane effects, etc.,
anter into any correlaiion study. For this
reason the specific case is not applicable to
generalizations. It is suggested that the data
of Figs. 3, 4, and 5 be applied in specific
caBes where, at least, the damping and fre-
quencies are kinown. Another possibility is
the usage of classical transmissibility curves
scaled correspondingly to yleid rssponses
per the acoustic forcing functions. These
solutions would be similar to single-degree-
of-freedom solutions and would be based cn
the nurmal assumptions.

The vibrational environment at any point
in a space vehicle is the complex product of
external and internal exciting forces accom-
panied by the transmission of these forces
through the vehicle to the point. During the
launch phase of a missile, the tremendous
noise gern2raled by the rocket motors is
transmitic ¢ through the atmosphere and re-
flecied ™ tie ground plane in a symmetrical
pattern 27 ind the vertical missile, Sinee
the rock:i soise is essentiaily random or
"white”" in nature, it creates resonant

el
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Fig. 2 - Sound-pressure level as a function of fuselage station and frequency.
Missile N-3304, acoustic firing No. 1, external micrephones
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responses of skin panels and structures.
The magnitude of this axcitation depends
upon the {requency spectrum, the amplitude,
the space correlation of the noise, and the
mechanical impedance of the structure. The
resulting vibrational energy is transferred
throughout the missile to substructure and
equipment. Some «f the pancls act as sec-
ondary noise sources and radiate acoustic
energy into the vehicle's compartments. In
turn, some of theie bays become semire-
verbarant chambers to maintuin fairly high
acoustic levels.

The noise generated by & rocket motor
results primarily from turiulsnce in the
subscnic mixing portion of its jet stream.
The amplitude and specirum of this noise
are depandent upon various jet-stream
parameters, distance from the jet siream,
and ':;pon direction relative to the exhgust
stream direction. ‘The gpectra can be
treated mathematically in spectral density
terminology. All data indicate that the
rocket noise reaches a maximum during
lannch; its exect level depending somowhat
on the launch pad configuration. Rocket
noise reflected from the ground plane domi-
nates the environment for the first 1 to 2
seconds of flight until the nozzles reach an
altitude cn the order of 50 nozzle diameters
(7). By this time the miesile fe at an altitude
wherein the rocket exhaust flow is uncb-
structed. Whereupon, at ibis point, the ffect
of forward vehicie motion reduces the noise
environment surrounamg the missile. As ithe

missile veiocity increases, rocket noise for-
ward of the nozzle decreases approximaiely
with the square of the missile's velocity
untii Mach 0.5 is reached, after which it
decreases more rapidly, agproaching zerc at
Mach one. This decrease in noise leval with
incroassd missile motion is shown in Fig. 6
{13}, Some controveray exista aver this re-
Istionship. Modifications of this offect can
be found in Refs. (7) and (14). 1 ie contended
that the display in Fig. 6 provides realistic
values. .

The spectra and levels in the rocist's
near field are dependent on aiditional factors
which include shock-wave formation snd
stability, and the formaton and stability of
siterburning in the jet stream. The noise
ligs, in general, a continuous rancom levsl
spectrum, but may contain some discrete
frequencies. Two different methods for pre-
dicting acoustic power levels are listed be-
low for comparison. (Note — these are in-
cluded in the Appendices.)

OAPWL = 78 + 13.5 log,, ¥

(#)
in db re 10-13 watts, g

where W, = mechanical vower of jetstream
in watts,

¥, = 0.676 tv = 0.676 (t2)/w,

-
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Fig. 6 - Effect of missile motion on exhaust noise.
Mach number based on speed of sound in ambient
atmosphere. From Journal Acoust. Soc. Am., Vol.

30, No. 11, November 1958,

with v = (tg)/w = gas velocity ai nozzle in
{eet per second,

t = thrust in pounds,

g = gravitational constant = 32.2
it/sei: 2,

v = weight flow in 1b/sec,
then P¥. = 78 + 13.5 log , 0.676 (t%g)/v.
2. From Reference (16).

Nv2
PIL = 10 log,on + 10 legy, 7x o013 ®

where 7 = efficiency of convereion of me-
chanical power tn acoustical
power.

L = SPL_ - 20 Jog R + 10 log G?,

where the reference sound pressure icvel
SFL_ 18 given relative to the overall power

level and i3 bazed on Strochal numbers, fD/V.

€PL, = PWL - Strouhal number factor.

In addition to the acoustic.energy gener-
uied by the rocket-motor exhaust, vibratory
forces from the rocket-motor casing are
mechanically tranamitted through the vehicle
structure, This energy includes random
forces resulting from thrust variation, com-
bustion inatability, «ic., together with tran-
sient excitotions during ignition. The intsr-
nal vibratory energy resulting from the
rocket can occur either in space or in the

sensible atmosphere, whenever a rocket is
used for propulsion or steering.

An impcrtant external scurce is the aero-
dynamic noise which results {from turbulence
in the boundary layer. Itz magni‘ude and
spoctra appaar 4o corrglaic with local flow
parameters in 8 manner which allows math-
ematical spectral density treatment and rea-
sonably accurate prediction, depending upon
the serodynamic prediction of flow conai-
tions. Three differont equations for predict-
ing aerodynamic noisz are presented below
for comparison and for genoral interest:

1. Reference (17).
OA SPL = 20 log Q/500 + 130 db . (6)
2. Reference (16).

OA SPL = 20 iog Q + 85db, )
where SPL je the level of the overall pres-
sure fluctuations &t the surface and Q is the
free stream dynamic preasure in lbs/sq ft.

3. Reference (7).

OA SPL = 82 + 20 log Q. {8)

THE HYPOTHETICAL VEHICLE

A research study was conducted to deter-
mine the acoustic environment surrounding
a hypothetical missile powered by a two-
miilion-pound-thrust engine. Acoustic pre-
dictione were made of (1) the noise generated




by the rocket-exhaust stream and {2) the
ncise generated by the boundary layer.

The {rajectory shown in Fig. 7 plue the
following basic design datz were required
for this inveetigation:

. Thrust, 2 million pounds,

. Weight flow, 2500 pounds per second,
. Nogzle diameter, 25 feet,

. Length, 301 feet.

GO B s

The trajectory used in this study is as-
sumed to be typical of & nuclear-powered
rocket which uses liquid hydrogen as a pro-
pellant. The specific inpulse (1,,) associ-
ated with this trajectory 18 800 seconds
which is indicative of a high-performance
rocket,

The trajectory is based on an initial tip-
over at an altitude of 5000 feet with the end
of tip-cver occurring a¢ an angle with the
local horizontal of hetween 80 and '/0 de-
greas. Tha burnwut velocity is approxi-
mately 36,C00 {ps, which is about equal to
the earth's escape velecity. A trajectory
with an initial threot to welght ratio of 1.6
was selected as being representative of a
typical mission. The trajectory graph of
Fig. 7 displays the dynamic pressure, the
altitude, iongitudinal acceleration, and ve-
locity va time for the hypothetical vehicle.

Prior to a detailed exsmirstion of the
estimated acoustic levels for this mission,
it appoars appropriata to review briefly the
major acoustical effects en a chronological
pattern. As stated previously, the rocket-

TRAJECTORY

exhaust noise will manifest itsel! most se-
verely befors the vehicle rises a distance
equivalent to approximately 50 exit nozzle
diameters. The severity of this condition is
caused by the deflection of the exhaust
stream, the awtic condition of the venicle,
and the ground refiection. After the vehicle
leaves the launch pad it begirs to gain veloc-
ity end then the elfect of misaile motion
(showm in Fig. 6) becomes apparent until, on
approaching Mach one, the rocket noise dis-
appeers. -On the other hand, as the vehicle
moves with increased velocity through the
atmonphere arother sound source emarges—
bourdary-layer noise. Originally, the
boundary-iayer noise is masked during the
launch phase by the intcnse rocket noize and
is not propagated in any degree until the
sonic speed range is reached. This propa-
gation of noise in the boundary layer is a
function of dynamic pressure (see Egs. (6),
(1), and (8)).

In line with the above time pattern of de-
scribing the dynamic environment of the
missile, the {irst major consideration be-
comes the rocket-exhaust noige. The two-
miillion-pound-thrust engine produces an
overall sound power level somewhere i the
range from 215 to 320 db overall (re 10-13
watts). For comparative purposes the over -
all sound power level was computed by hoth
Eg. (4) and Eq. (5). The former equation
provided a value of 220 db and the latter
yielded a level of 215.4 db. Meany of the cal-
culetions for this missinn are iisted in the
Appendices. They have been provided for
the convenience and perusal of the design
engineer who degires to become familiar
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Fig. T - Trajectory for two-miilion-pound thrust
misgile study
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with this methodology. The power level
spectra for the rocket noise were computed
also and are presented with the overall value
from Eq. {4) in the graph of Fig. 8. These
octave-band data show clearly that the great-
est concentration of energy for this spectrum
occurs in the low-frequency end. This peak-
ing of energy in the low end of the spectrum
is reasonable {or euch a large sized rociat.
It must he pointed out that these low-
frequency excitations can be injurious to
Gelicale airborne equipment and structare
and, in addition, are not easily dissipated.

Next, calculations were made of the sound-
pressure levels surrounding seven spatial
points on the huge 301-feot missile and these
levels are presented graphicaily in Figs. 9,
10, 11, and 12, For the static firing, the as-
sumption was made that a turning bucket was
loceted 30 feet below the vehicle during the

initial launch phase. Theoretically, this
tends to increase the levels on the miasile
over free-field conditions. Thus, the sound-
pressure levels on the structure are higher
for the static firings than they are in fiight.
For the static firings the turning bucket
geometry was included in the calculations to
actablish source distance for the calcula-
tions. These data are not given in thia paper
or its Appendices. Figure 9 portrays the
ctatic ground-firing noise spectra with the
turning bucket for octave bands and 50-foot
increments forward of the nozzle. The pasi-
tive siope snown by the zero date points in-
dicates thpt the high-frequency excitations
are generated cloae to the exhaust nozzle
while the low-frequency sources can be found
further dewnstream of the nozzle. The three-
dimensional spectrogram of Fig. 10 provides
a viaual view of sound-pressure levels as a
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