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FOREWORD

This report was prepared by the General Electric Company, Re-entry and
Environmental Systems Division, Philadelphia, Pennsylvania, for the

Air Force Flight Dynamics Laboratory, Wright-Patterson Air Force Base,
Ohio, under Contract F33615-71-C-1562. The study on which this report
is based was conducted under Project 1370, '"Dynamic 2roblems in Military
Flight Vehicles'", and Task Number 137005, '"Prediction and Control of
Flight Vehicle Vibration'", sponsored by the Vehicle Dynamics Division,
Aerospace Dynamics Branch, with Captain M, Prola as Project Engineer.

This report concludes the work on Contract F33615-71-C-1562 which
covered a period from April 1971 to October 1972.

The final report is presented in two volumes. The first volume describes
a prediction technique for the vibration response of high beta re-entry
vehicles, discusses correlation of predicted with measured data, describes
techniques for ground simulation of re-entry vibration, and documents
computer programs, availatie through the Air Force Flight Dynamics
Laboratory (FY), for computing re-entry vibrations. The second volume
describes the FATE ITIA prototype vechicle used in the modal survey and
acoustic testing, and presents the modal survey results.

The authors gratefully acknowledge the assistance of L. Mitchell, R. Condran,
and N. Anderson in performing the vehicle mocdal survey at GE-RESD; and
AFFDL/FYA personnel in their conduction of acoustic testing in the Sonic
Fatigue Facility with E. Tolle as Test Director.

The report was submitted by the authors 1 September 1972.
This technical report has been reviewed and is approved.
: R A
PNt RS TIN T P
WALTER J. MY‘I%Y'!"OW
Asst,for Research & Technology
Vehicle Dynamics Division
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ABSTRACT

A technigue is presented for predicting the vibration responses to
reentry acro-acoustic loading of high beta ballistic vehicles (those
having a weight-to-drag ratio greater tha.a 1500). Correiation of
nredicted responses due to ground acoustic loading and measured data

is piven and, based on these results, guidelines on the use of the
vrediction technique for acoustic and aero-acoustic loading are

out lined. Computer programs for calculating vibration responses due to
reverberant and nrogressive wave acoustic environments and to aero-
acoustic excitations are docuwnented and are available through the

\ir Force Flight Dynamics Laboratory (FY). Techniques for ground
simulation of re-entry vibration responsc are discussed, and typical
component design requirements and test specifications are delineated.
The new feature of the technique is the use of finite element methods
in deriving component test specifications. These more accurate test
saecifications will be essential in reducing the number of overdesigned
cemvonents, thereby decreasing the cost of mission completion.
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n — Circumferential wave number
;
N . . . . . .2 £

p(s, t) — Distributed pressure in typical equafion of motion, 1b/ft

. ")
Py — Base static pressure, b/t
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— llomogeneous pressure power spectral density, Subscripis denote
location, psf2/1iz

— Mode shape
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SECTION
INTRODUCTION

The-prediction of vibration résponses induced by random pressure fluctuations during re-
entry-of a high beta vehicle is-a difficult task, (Beta is the ratio of vehicle weighi-to the
product of its drag coefficient times its maximum cross-sectional area,) In general, the
work of industry has been predominantly theoretical with very limited experimental data
available to adequately determine the reliability of these thevrelical methods, As a result-of
low confidence in predictions, it has been necessary to impouse very cunsecvail -e vibration
design-and test criteria in the development of components for high beta re-entry vehicles.
These test specifications are usually obtained by multiplying scanl measured flight-data by
the ratio of the dynamic pressures between the flight vehicle and the design vehicle for which
the specifications are intended. This technique omits many factors which influence the
vibration response and thus results-in excessively high specificalions, Thus much-contract
time and funding is expended:in overdesigning components to-pass laboratury tests-that bear
little-resemblance to-actual re~entry-environments.,

The-objective of this-exploratory and-development program, then, is-fo assess the accuracy
of analytical'methods- used-throughout industry, and io refine and verify 4 selected method-to
enable-the establishment of optimum vibration design and test criteria for buth structure and
equipment. These optimum design and test-criteria- will be much more representative of
actual-flight environments thereby reducing component speeification vror conservatism.

S hm m—————,
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SECTION i
SUMMARY

she prediction-of re~entry vibration response involves the use of aeroacoustic foreing func-
tions in conjunction with vehicle dynamic characteristics, The-description and interaction
of these input parameters with-the prediction technique is illustrated by the flow diagram- in
Figure 1, This flow diagram forms the basis for the organization and logic sequence of
tasks-performed in this study program;in particular, it emphasizes the-need for well-
defined acoustic forcing functions and vehicle dynamic characteristics in order to-achieve
verification of-the response prediction technique.

1. TYPICAL RE-ENTRY ENVIRONMENT

Ut:lizing state~of-art-techniques in defining fluctuating pressure environments on re-entry
vehicles, a-baseline re-entry environment is defined for the prototype vehicle to-be used:-in
later-tasks, There are two aerodynamic induced environments-considered, These are
pressure fluctuations:in the turbulent-boundary layer which act-on the vehicle forebody, and
pressure fluctuations in the wake which-act on-the vehicle base, The homogeneous pressure
spectrum is defined at:each vehicle station as well as cross correlation-coefficients so that
the cross pressure spectrum can be represented, The-aerodynamic parameters-utilized-in
these-expressions included local Mach=numbers, local-convected velocities, local densities,
and boundary layer displacement thickness, These aerodynamic parameters are not
typically generated by a structural dynamicist. Reference (23)-shows how these parameters
are obtained from the-information which is usually available such as trajectory properties.

2. RESPONSE PREDICTION TECHNIQUE

An all-inclusive formulation of vehicle response due to-distributed random pressure environ-
ments is first presented, In this formulation no simplifying assumptions have been made.
Then, utilizing the results of a detailed literature survey, the complex formulation is
simplified to yield a léss complex response prediction technique, with no appreciable loss in
accuracy but significant gains.in economy associated with the computer-implementation. A
detailed examination of the force cross Power Speciral Densily matrix is made-to show how
the analytical-techniques can be applied {to acoustic environments encountered in ground
testing as well as re~eniry aeroacoustic environments. It is shown how further simplifica~
tions-can be made to the formulation of the force cross PSD matrix in cases where the
pressure cross PSD-can be considered congtant over the size of the finite elements in the
dynamic model, In the more general case where this assumption is not valid, individual
terms in the-force cross PSD-malrix are shown as they would be numerically integrated,

3. PROTOTLYPE VEHICLE DYNAMIC CHARACTERISTICS

A mathematical representation of the-dynamic characteristics of the prototype vehicle is
formulated, From available drawings and measurements of component weights and
locations, a finite element idealization of the vehicle is obtained., The shell modeling is
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performed utilizing the MIT - developed SABOR program and the vehicle nose and component

packages are modeled using beam finite elements. Two separate dynamic models-are con-

structed, one-describing the vehicle axial dynamic characteristics and the other describing
the lateral dynamic characteristics.

"to verify and supplement the dynamic inodels, a modal survey is conducted on the-prototype
vehicle, The vehicle natural: frequencies and mode shapes.are determined-in the-20 to

2000 Hz frequency range. This modal data is then used to revise -the analytical model in
areas of obvious deficiency. The modal survey data is also utilized fo obtain the damping
characteristics in each mode.

In addition to-the external probe accelerometer used to define the shell motion, thirteen
internal accelerometers are-also utilized. These accelerometers.are located in both compo-
nent packages, the internal shell structure and the-aft cover. It is-this internal instrumenta-
tion that is used in the acoustic test_to obtain the component responses and verify-the
response prediction-techniques.

4, RE-ENTRY VIBRATION RESPONSE PREDICTIONS

The response prediction technique, -in conjunction with the verified-dynamic model, is used
to predict the-prototype vehicle vibration response-to the baseline re-entry environment.
Acceleration-power spectral:densities are predicted-at each of the=internal accelérometer
locations. The vibration respunse predictions utilized the-simultaneous application-of the
turbulent boundary layer environment and the wake-environment. A discussion is.also
included on the effects of each environment-applied:-separately. These vibration responses
form:the basis for acoustic test requirements in verifying the prediction technique.

5. RESPONSE VERIFICATION TEST

Acoustic tests ave conducted at the AFFDL-Sonic Fatigue Facility-on the prototype vehicle.
The objective-of these tests:is: (1)-to verify the response prediction tuchnique by obtaining.
vehicle response data in a form suitable for correlation with analysis at levels similar to
re-entry, and (2) to-define vehicle simulation techniques by making accuraie meagureinents
of external and internal acoustic levels to define and express experimental forcing functions.

Response predictions were-made on-the prototype vehicle under ideal reverberant and
prugressive wave conditivns, which, when-correlated with-the re-entry vibration-predictions,
defined a minimum sound pressure-level requirement for the acoustic tests to simulate re-
entry as pest as possible.

6. PREDICTION TECIINIQUE VERIFICATION

The measured acoustic environments achieved in the AFFDL Sonic Fatigue Facility are used
in the prediction technique to compute vibration response at the instrumentation lecations.
Correlation of predicted responses with test data shows good comparison. Guidelines are
given in utilization of the prediction technique; in particular, attention is given to dynamic
modeling procedures required as a-function of the type and location of vibration response
desired.
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7. SIMULATION TECHNTQUES, DESIGN AND TEST REQUIREMENTS

Aeroacoustic environments occurring -at various stages-of re-entry are discussed, based on
the current state of art.

In addition, best estimates of resulting vibration levels are deseribed,

Methods of simulating re-entry responses, not necessarily re-entry loadings, are given for
various stages of re-entry. It is shown that acoustic cross-correlation -effects ackieved in
the AFFDL Sonic Fatigue Facility contribute to significant response, even though overali
sound pressure levels in the test facility are less than re-eniry values.

Typical design requirements and- test specifications for skin-mounted and: internal:-shelf-
mounted components are given. These are based on the results of numerous analytical

studies and limited flight data -measured by GE-RESD in-current high beta-re-entry vehicle
programs,
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TYPICAL RE-ENTRY ENVIRONMEN?T

1. AEROACOUSTIC ENVIRONMENTS

During re-entry a high beta vehicle is subjected to pressure fluctuations in the attached tur-
bulent boundury layer, pressure fluctuations in the wake flow, and pressure fluctuations due
to the transition from laminar to furbulent flow. If the vehicle is of the class containing pro-
tuberances or flare sections, local oscillating shocks will also-occur, The prototype vehicle
used in this study did nut contain protuberances and is therefore not expected to experience
shock loadings of any significance during re-entry. At.this time, little is known about the
nature of the-environment during transition and there-are no analylical expressions for
pressure cross PSD-duving transition. The environments presented for this study arethere-
fore {for fully - turbulent and wake flow conditions.

2. TOREBODY PRESSURE CROSS POWER SPECTRAL DENSITY

Houbolt's relations 1.2 arc used to express the pressure cross PSD. There are four flow
parameters tequared to foriaulate the pressure spectrum and-spatial-correlation functions.
These parameters are boundazy layer displacement thickness,. § *, local or edge Mach:
number, Mg, local ur edge velocity, Ve, andlocal or-edge density, ro. Figure 2 shows
how-these four parameters varj with-prototype vehicle -station.

The-pressure cross RSD canzhe wriften as

(brl‘:BL (i: 1, if) = [C (ﬁ: n 1f) + i Q (E: 1, DJ‘b (t) (1)
where
C(t,n,f) = In-phase or co-correlation function.
Q(¢,n,f) = Out of phase or quad correlation function.
¢ (fy = Pressure PSD at a station.
¢ = Separation distance in the meridional direction (along the
flow).
7 = 3eparation distance in the circumferential direction (across

the flow)
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The spatial correlation functions can be written as

el oyl
(e, n,s B=c 5 . 8 * __2_7\1%5__ @)
c
el ol
Q(t, 7, D=e 6*9 o % sin 2$fs @)
e

where

Vc = Convected velocity, equal to 0.7 Ve.

¢, = Decay constant, assumed to be 0.05 for this study (based on data
in-Reference-3).

e, = Another decay constant assumed equal to—l(l) .

Figure 3 shows a graphical description of the above correlation functions.
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Figure 3. Spatial Correlation Functions

Many invesfigators also include -additioaal decay-terms in the correlation functions, which
have the following {orm
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These investigators -are usually concerned with flow conditions -at subsonic or slightly super-
sonic velocities. For the high beta re-entry vehicle where convected velocities are 10 to 14
kft./sec and the boundary layer displacement thickness -arc 0,005 to 0.035 ft., the above

“eulel %l
5% o | &4
total-expression with the added decay terms included would be as follows: C(g,n,f) =

_ 1 onf _ 11 2xf ] 2uf% . ; )
° l¢] ['g'* + -ﬁ:] Czlnl [6* + Vc;—] cos - v, Using slated values of §*
e =

terms become insignificant when compared to

For example, the

and Vc’ the terms in the brackets would be [—L— + 27f

0.035 = 14000
[30 +4.5% 10'4] .

It is seen that for frequencies less than 5-kHz, the term-is negligible. It is for this reason
that-decay terms-which are frequency-dependent need not be considered-for structural-re-
sponses in the 0 to.5 kliz range.

] , or approximately

The-pressure PSD, & (f) has-been formulated by Houbolt-as:

2
4 £\ 9
& “2uf 8 ) ]
[1 + (——-—v 7 “)
- c

o) = ——
where 7, is-the rms-pressure equal to

v

2 2
=0. p 012
o = 0.00011 eVe/(l +0.012°M %) (5)

3. WAKE PRESSURE CROSS POWER SPECTRAL -DENSITY

The analytical expressions-proposed for the pressure cross PSD:over the aft end of the
vehicle are essentially those for fully turbulent flow but with the following modifications:

(1) the boundary layer displacement thickness is assumed equal to the base radius,

(2) the convected velocity is the transverse component of the flow velocity-along the
wake:-boundary, and:

(3) the rms pressure is-expressed with different coefficients to account for strong
viscous shear and lack of -cooling,

With these modifications the-following relations result:

by(Er s 10 = [CCE 1D +1 Q& Ole @ )

e e et T e e i
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C(t, n’f)f

Q(gym,10) =

4 Ro,
p® =V sing*

o lsl

-C
.2 Inl 2uf &
R, R €0 V, sino*
lel %4 sin _ 27L
R , R v, sing*

0.01 M 2P

¢ = b b
by b0.18 sz’
where
R = Base-radius

Vb =  Local-velocity on base
6¥ = Half angle of-wake cone
N{b =  Base Mach number
Pb =  Static base pressure

(7)

(®)

C)

(10)-

The effect of replacing the boundary layer-displacement thickness with-the base radius yields
a-slowly decaying spatial correlation-function, indicative-of highly correlated pressures.

Also the R/Vi, sing * term tends to cause the-base frequency spectrum to decay much faster
‘than thé forebody spectrum.

The methods used to-determine the-base flow parameters-will now be briefly described.

Data required_to determine the flow-parameters on-the base are aerodynamic conditions on

the aft end of the forebody. For this-study these properties are:

v
e

P
e

M
e

20325 ft/sec..
1759,7 1bs/ft.2

6.723

10
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Tables giving properties of compressible flow including Prandtl-Meyer angles, », as a func-
tion of Mach number are regnired. An excellent source of this infurmation is found 1n Ref~
[

erence 4, Tigure 4 shows:the flow parameters on the re-entry vehicle base,

RECIRCULATION REGION
i"b = '/e +A

3 =4Av-a

Figure 4. Tluctuating Aero-Dynamic Properties on Base
-of Re-entry Vehicle

From the tables of Reference 4 at Me = 6.723 we obtain

89.448

14
e
P /P, = 0.0003127
e- 7T
ve/a* = 2.3242
Now using Figure 5, whichis based:upon flight base pressure dala 2 and the difference be-

tween t‘he Prandtl-Meyer angles for isentropic expansion from coune pressure and base pre-
sures'*), we obtain A v as-16° at Mg =6.723. The Prandfl-Meycr-angle, associated withthe

base flow is:
AV

pb—= v
v, =89.448 + 16
=105.448

v, =105.44

and=from Figure 4:

0% = Av-a=97°
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THIS CURVE WAS DERIVED FROM FLIGHT
BASE PRESSURE DATA OF REFERENCE §
U — AND TAKING THE DIFFERENCE BETWEEN

THE PRANDTL-MEYER ANGLES FOR
ISENTROPIC EXPANSION FROM CONE
PRESSURE AND BASE PRESSURES FROM-

S "
v [k
e e ppoin o e e v

Av, TURNING ANGLE IN DEGREES

REFERENCE 4.
ol RENCE
-
10}
0 L 1 1 1 I 1 1 L L [
0 1 2 3 s 5 6 7 8 e 10 1

LOCAL MACH NUMBER

Figure 5. Delta Turning Angle Vs, Mach Number

Uging the:-tables of Reference 4 the Mach number, MB,,'xvhich,ngrresp,qndsktO‘ a .y, of
105.448is obtained. At this My the required —ratios:P,b/ P and Vb/a* are alsofobtained:,

M, =11.3
Pb/PT =.0,00001039
—y—b/a* =2.403

‘We now have all the data required to-obtain the base-flow parameters.

P. /P
p = b T - e
Pb = ST pe 58.5-1b/ft
e T
7 Vb/a*
vy = v /a vV, = 21014 ft/sec
0f01Mb2P
i - ————g- = 3.11b/ft> tms
A 140,18 M

b/

12
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X 4, OCTAVE BAND SOUND PRESSURE LEVELS

Sound pressure levels for both the base pressure-spectrum and the-maximum forebody spec-
trum have been evaluated-in octave bands. Tigure 6 shows the various dB levels associated
with each octave band which are used to estimate ‘the levels required-in the acoustic test.

170

160

150

140

'SOUND: ‘PRESSURE LEVEL, dB

130,

120

31.5 63 125 250 500 1000 © 2000 4000 8000

OCTAVE BAND CENTER FREQUENCIES, Hz

TFigure 6. Octave Band Sound Pressure Levels on Forebody and Base
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RESPONSE PREDICTION TECHNIQUE

T

1. LITERATURE SURVEY

e

The goal of this tosk was to obtain, from previously published work, simplifying assumptions
which con be macde in the vibralion response prediction technique with little loss of accuracy
but significant economic gains. Many reports and papers were thereiore reviewed to satisfy
this goal. Of particular interest in these reports were the generalized-force formulations
and the retention or elimination of cross modal terms in the response formulation. Because
this study made vse of a dynamic model constructed via the finite element technique, only
those reports which also employed finite element dynamic models were-of interest with re-
spect to the gener: lived force. Those reports utilizing closed-form solution dynamic models
were-of interest wili. respect to the response formulation.

T i el et At

&
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supported nanels ard cylinders to turbulent boundary layer pressure fluctuations, jet noise,
and.acoustic fields. All of the reports utilize a closed-form solution-for-the normal modes
of vibration. The response formul-~tions uearly all follow the same forinat. An all-
comprehensive-expression-g initially developed which includes all the cross modal contri-
butions and the himaginary spectra. The formulation is then simplified-to eliminate cross
modal terms, There 2re varying arguments given for this simplification, In the-work of
Bozich and White (7) and Ceckiniin and Jolly (9), space averaging the response exactly elimi-
rates the erose modal response because of orthogonality of the mncde shapes, Crocker(10)
and Bozich(f) merely mention they are neglecting cross modal response terms and formulate-
the regyonse accordingly, Maestvello(11) (12) neglects cross modal terms based on the
assumption that the natural frequencies are well spaced and there is little damping in the panel,

gk References 6 through 15 ava concerned with the:prediction-of vibration response-of simply-
kg

Clarkson(®7 cites an investigation by another investigator as the basis for elimination of
cross modal terms in his work. This other investigator showed only a 5 to 10 percent con-
tribution to the rms response as a result of these terms in typical cases. Szechenyi(14)

: gives as the basis for elimination of cross modal terms the work of Wilby(15), Wilby has

3 shown that the cross modal terms do not change the peak power spectral density response
points at all. Wilby also shows good correlation with test results in his work. Strawderman
: and Brand(13) are the exceptions; they formulated the response retainihg all terms.

It should be pointed out that the response formulation (elimination of cross modal terms) was
A the only item applicable to this study in References 6 through 15. However there is much

more-to be gsained from the above reports if such information as sound radiation from panels
and design charts for fatigue is desired.

References 16 through 19 represent a sevies of reports in which the panel response to turbu-
lent houndary layer pressure fluctuations is obtained utilizing a finite element description of

. the panel to obtain frequencies and modes. References 16, 17, and 18 use the same finite

X element program and response program for vibration solutions. "The response formulation

is developed such thai all ferms are utilized and both real and imaginary response is obtained.

D
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The-generalized force is also.a complex quantity. The-force cross Powex Spectral Density
(PSD) is obtained by integrating the-pressure cro~s PSD over pairs-o° “.ai e'enents, 7
gives an exact formulation of force cross PSD which has no limitations on uppe. cesponse
frequency or f{inite element size. This is impertant in-solving the-class of turbulent bound-
ary layer problems where the pressure is:not constant over the finite element. Oi..m.and
Lindberg(lg) follow the-same format as Jacobs and Lagerquist(le) except ‘hat they obtain
the force cross PSD by -assuming a constant pressure over the {finite ele :nt pairs. Th2
force crouss PSD is obtained by multiplying the pressure cross PSD, evaluated by using the
separation distances-between element c.g.'s, by the consistent forces for a unit psi on-the
elements. This imposes a frequency limit above which neo valid calculations caa be made.
For-the problem they analyzed, the upper limit is 1500 Hz.

(16)(17) ) N .
Jacobs, -et. al., present u strong argument for elimination of c¢ross modal terms in
the response analysis. In Reference 16 they show a variation of only nine=percent on neak
PSD points and six percent on mean square response when the cross modal terms are ex-
cluded. In Reference 17, in which the problem contained modes very close in frequency,
they stated that inclusion of cross modal terms did not increase deflection resprnce.

Schweiker and Davis(zo) are the only im estigators found which treat a class of problems
where the pressure PSD (not-pressure cross PSD) is not a constant over the entire structure.
They solved the-problem of a conicul sheil subjected to pressure fluctuations in-the turbulent
boundary layer. The dynamic model is based on an assumed-closed-form.solution; however
the-structure is:-broken up inlo a series of sub-areas,. much:like finite elements, to formulate
the=response. The normal coordinate of each sub-area is the integral of the assumed -mode
shape over the-areas. The force cross PSD hetween pairs of sub-areas is obtained from the
product of the integration of the spatial correlation function-over ‘he sub-areas, the .ntc- 1=
tion of the mode shape-over the sub-areas and square root of the product of the ho :ogenacu
power spectra on the areas, e.g.

] r J,oedA S edA
~ ko [ kk l11 [C(E o) dAT dA A i Ay 4 11)
“p @=yep dp| | ] CE MM T A A (
Ay Ak
where
kk 1 ]
¢ P , b P - Homogeneous power spectra on sub-areas k and 1.

C(t,n,w) = Spatial correlation function.
¢ = Assumed mode shape.
They have shown the insignificance of cross modal terms in the response formulation. Even

when they had modes within 1 Hz of each other a variation of only 15 percent was observed in
peak PSD and three percent in rms levels by neglecting cross modal terms.

15
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It becomes obvious from these observations that the omission of-*he cross-modal terms from
the response formulation is an acceptable simplification. This assumption greatly reduces
the required computation time and-the computer core storage thereby resulting in substantial
cost savings and, as shown in References 8, 15, 16 and:17, no-appreciable loss in-accuracy.
The elimination of cross modal terms in the response technique also eliminates the imaginary
response. Therefore aco-force cross PSD-need only-be considered.

Another simplification-which canbe made in-the solution of re-entry vehicle response to
re-entry aervdynamic environments is the assumption of a constant pressure eross PSD over-
each finite element?), This assumption-is predicated upon the high (vs. -airplanes)-con~
vected velocities (10 to-20 K ft/sec). The argument of the term, cos —i—;‘,—"-z, in the spatial

c
correlation function does not change significantly over a separation distance equal to-the
length of the element. (It should.also be pointed out that an upper frequency band of 2000 Hz
and-a finite element length of approximately-three inches is assumed.)

tw

—\—/,—c-:- =0.314 rad or 18°

The cosine of 18° is 0.95, so no significant reduction:in pressure cress PSD would occur.

The-last information gained from-the literalure survey was the-way in which Reference 20

‘Landles the-variable homogeneous pressure- PSD over-pairs of finite elements. Their ap-

proach is to-use a pressure PSDbetween element pairs equal to-the square root of the pro-
duct-of the pressure PSD over each element, This technique was implemented in the re-
sponse formulations which follow, :

2. OPTIMIZED TECHNIQUE

Inthe development of the optimized technigue, the simplifying asswimplions discussed in the
literature survey were implemented. These assumptions are:

(1) Cross modal terms can be eliminated,
(2) Pressure cross PSD is a constant-over each-finite element, and
(3) The cross PSD of the response is of little significance and need not be computed.

The starting point in the response formulation is the all-inclusive relationship in which
there are no simplifying assumptions, which is

eate] [ frea) [ fova] [ [rea] (17 oo

16
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where

f["b F(iw):] = Force cross PSD

iw = Complex function of frequency
’['H(iw)]' = Modal transfer function
* = Complex conjugate
[te] = Matrix of the mode shapes

[(I»R(iw):;lf = Quiput cross PSD-

The terms in the modal transfer function matrig, EH(iw)] , -are of the following form

T 13)
W 2 w 2 w \
k Mk 1= <'d>- ) + 3”1(6
k k
where
w, = Natural frequency (rad/sec)
w =-Calculation frequency
r = Modal damping as a ratio of the critical value
Mk = Generalized mass, equal to 1 if {¢]is normalized with respect to the
mass matrix,
The force cross PSD matrix is obtained from
N N
L B 1 T
y ] / / & P(EJ n, iw b g dA, dAp, (14)
n m A A i i
n m n m

17
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(5,1, iw) = Pressure cross PSD, variable cver the shell element and
function of the separation distonces £ and u .
{p} = Veetor of the displacement functions used to obtain the
n generalized forces on the nth clement.
N

= Assemblage smmmation process used in setiing up fivite ¢lement

|1 master matrices over M elements.

The force cross PSD natrix is Hernutian, comprised of the sum of a real or co matrix
vhich-is symmetric and an imaginary or quad mairix which is skew symmet:ic.

Let us examine the force cross PSD in Light of the simplifying assmcpticns. If the pressare
tross PSD is a constant over each finite element the force cross PSD can be expressed as

N N -
) 1 T
[ ] - botgom io) |RL P (16)
J i n m
n
where
£ .0 = Separation distances between, the centers of the two elements
; ; . . . th th
{ P } = Gieneralized force vectors for then™ or m~ element due to a
unit pressure loading

n

The compuier time savings to be gained with this assumption is that the integ: ation uver
the pairs of finite elements car be eliminated. Iven though this assumption 1s usually valid
for re~entry venicles subjected to acrodynamic loading during re-entry, it will aot be valid
for the acoustic chamber tesi environments. Here the cffective convected valocity is the

speed of sound, which, if a three inch finite cle.nent length is assamed, would allow for an
upper bound in calculaticn freyucncy of only 200 Hz., Therefore in order tu currelate with
test environments, the form of force cross PSD as given in Equation (14) must be retained.

18

(15)




Neglecting-cross moudl terms has a significant effece on the responst [oriaalation complexity,
The response formulation is now reduced to the following form:

nimodes T

[“’h (w)—]= , 3‘9% I~Ii ;% [«bFC(w)] §p§ gw;T amn
=1 k

k N k
The quad force cross PSD drops out because-of its skew symmetye,

) T
4 P . (w)] z s’" =0
; § k [ FQ— k

The -above response formulation greatly reduces the computatiou tiv.e ¢nd required com-
puter core storage with, as shown in References 8, 15, 18, awnd 17, no significant logss of
aceuracy,

The:last simplification results when Lhe calculativa of responee 2ross SU iz omitted, In
other words, only the diagonal elements of {_'tb R (w)] are-computed, Ialy in a few circum-
stances would cross PSD respunse be useful., The diagonal tcrms are those used in test
result comparisons to assess structural integrity acd to Jerive componeat test specifications.
The vesponse formulation then becomes

n modes gy

¢ 5i (w) = E ¥ ikz sz {sp } i—ﬂil“c (w)] % 14 % (18).

k =:7l k - IN
where
Soik =1 th coordinate in the k th mode shape.

. . th .
‘!’6 i;(w) = PSD of displacement of the i = ccordiaate.

The-different environments are accommodated through pruper buildup of the force cross
PSD matrix, The following subsections give the details of obtaining the force cross PSD
matrix for the different environments. Prior to proceeding intu that de. elopinent, it would
be first helpful to examine the SABOR finite element upon which the desvclopment is based.

SABOR 15 a computer program developed at MIT Lo perforu: static analyses of shells of rev-
olution via the finite element method. The finite element implemeuted in the program is a
conical frustum. The detailed derivation of the conical frastum elemeut 1> given in Reference
21. There are four generalized cuordinates on euch end of the typical clement. The coordi-
nates and their sign conventions are shown i Tigure 7. In the ciseuraferential Jirection the
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coordinates vary as a Fourier series, e.g. cos nf, sin n0, where n is thc harmonic wave
‘number, The elemental stiffness and mass matrices are consiructed such that each har-
monic is-uncoupled from the other;therefore each harmonic can be analyzed separately and
the results superimposed. In this study we are only dealing with the zeroth harmonic, or
axial model, and:the first harmonic,. oxr lateral model. This is because the beamlike con-
struction of the component-areas are not excited by harmonics higher than one. The
SABOR shell stiffness is derived through the assumption of a pre-described displacement
field, This same displacement field is used in the derivation of the generalized forces
under a distributed loading. This is accomplished by equating the virtual work of-the gen-
eralized-forces-at the element nodes:to the virtual woxk of the-distributed loading-over the
-element. Reference 22 contains the-details of-this formulation. The integrals for the gen~
-eralized-forces under a-unit pressure loading normal to the surface are shown below

27 Q 5
~ 3 s2 2 s 2 .
= — i K -0- [
P3 ) 23> rcos no-d gds
o 2 -3
< 2s S 2 .
p4 = n +22> rcos nodods
(19)-
o~ 9 g3 ) 2
= - 22 0
]?’,7 g3) rcos nédods
en Q
~ ) 2. 3
D o= - S +—S—f rcos—znOdOds
8 y ) g2
o 0
The remainder of the forces are zero for normal pressure loading., These elemental
forces are related to the generalized system forces by the transformation
(2} 1] 15)
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where
cosa O =-sina O 0 0 0 0
0 1 0 0 0 0 0 0
sme 0 cosa O 0 0 0 0
0 0 0 1 0 0 0 0
(6] =i o 0 0 0 cosa 0 =-sinae 0 (21)
0 0 0 0 0 1 0 0
0 0 0 0 sin« 0 cosa 0
0 0 0 0 0 0 0 1

and « = Cone half angle,

It should be obseryed:that the civcumferential integraticn is independent of the meridional
integration. This iy important, as ithe force cross PSD will be evaludled in two steps,.
first-the circumferentiu: integration and secund the meridional, Because the mode slfape
variation in theta is known (cos n9), this integral can be cvaluated in-closed -form and
multiplied by the meridional vesults.

3. RE-ENTRY V:BRATION RESPONSE

In Section I it was shown that the narrowband spatial correlation function for attached
turbulent flow can he represcnted as:

- -c
_*JJ.EJ 2 l’?‘ 29
5 ¥ § * w§ (22)
C(k, 1,w) = e e COS =
Ve
In cylindrical coordinates the above is
C Sy 8| oy ¥alp Ty 0y
¥ 5% w,(sz-sl) (23)
C(hs, AY, w) =¢ e COS v
Ve

where
&+ and V. are now the average boundary layer displacement thickness and
convectlion velocity between locations sy and s,,

Now in exact form the furce cross PSD between the two elements k and m would be

e eeeem T
\/— ¢ m® # O / f C s, A0, 0) ;/)f 3"} da da (24)
Kk $ n

1
A Ay m

22




C L b s db ot ol I

ik

s

Sl

T bk :
EPNSIA SPRu UV

R T e e B CEaacs

T AT i . v Rt el = e S T

whore ; . . . . : :
{ L‘} I = LExpressions in the inlegrals ol dqualions (1¢ giver previoush
A

v I_(f) Homogeneous pressure PSD over element k.
39

A typical term in the above relation would then be

¢ 4 2
2 - 2r  2m 1 2 3812 251 \
""L 2 = sin"aqf¢ (B () r : 1- +
FoOTE 1 2 j g 2 ¢
0 0 0 0 1 1
-cls _+s —sl
2 3 T 1
3s 2s
2, "2 . ¥
(1 o 5 0 3>L1 12 e
2 2 (25)
- - -
2| T2 o 7T 0]
)
e )
.x,;(s,f,"rs9 ~-S.)
0O e 0 d s ds
™ V,, cosnGl cosnozd lcozdldsz

where  Sm is the nmeridioral distance fyom the beginning of element 1 to-the beginning

of element . The term sin o comes from the transformation matvix,
Equation (21), on both elements.
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The integration with respact {0 ¢ can he performed separately as

j

Since thc above eapression is independent of the driving frequency, it can be evaluated for
each pair of elements and multiplied by the resulls of the mericional integration, which
does change with driving fiequency., In performing the integration, care must be taken to
integrate over the pruper areas tu account for the absolute sign.. For the zeroth harmonic
or n =0 the-infcgration yields the circumferential joint acceplance:

- 2.” "'02 l‘rz 02—1:‘1 (l)l ;
C

6* ) Q -0
/ ¢ cos n 01 coonozdold (26)

D

2

G on e i
B Gpcmie et o e e - Srea—— e o i e
;

c o ~27e T - -2 ~r
. 2’2 2m oY, 2mey(rgor)
0 § x4 § % % * o -
T Thes YT e w0
.—2’ ’:‘ 2 “r o .
1 2 02 111r @1

It is observed that for-1urbulent boundary-layer-pressure fluctuations in which x/s * is

greater than one and ¢y = 1, thal only the fixst term is significant, J 00 therefore is
approximated as 1-2
’*4 T
o : @9
272

For highcr hurmonics in which n is 1 or greater a considerably -more complex expression
for ’3 _ results.
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The remainder of the integration of Equation. (25) is assuvciated with the mevidivnal direction
and-varics depending upon the assumption that the pressure PSD is constant or not. If the
pressure PSD is considered constant over the individual elements, thc spatial correlation

function is removed from the iutegrals and evuluated based on the separation distance
hetween the clement centers, e.g,
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3,52 2s37—
r {(1- 2 . 2 ds
2 'K 73] e
2 2

The-integral expressions can be evaluated:initially for each of the generalized forces on-an
element and:stored:at the beginning of the:-canputations for use thereafter,

If the constant PSD-assumption is not valid (as in acousiic chambers), the meridional
integration -must be carried out fur-each pa.r of-elements.at each.new driving frequency and
the spatial correlation function must of course be-included-in the-integration. The form of
the-equation: thus hecomes

5 4

_ n o : ) 3 S12' 2513
¢ =40 ¢ () T 55 sina - r (- T -
c1p2 “YA0 4, 06 : ' 2 3
¥y Fy ! — 1 Y L

1-2 0 1 1
(31)
» - .{.‘\ -
2 3. CpfspTsemsy
3:52 252 A - -——'-—-6—>!-<-—,-—-—- W
- 4 - = S [adii - ’
r, \L 7 = j 5] © cos [V (sT+sz sl)] ds1 Js2
2 9’ ¢

The-force-cross PSD expressed as Equation (31) is numerically evaluatcd using the
trapezoidal rule of integrativn, TFoxr each-pair of clements, sixteen separate integrations
are-involved, The-{ransformation matrix of Equation (21) is uscd to expand the 4 x <&
matrix to the required 8 x 8 matrix for each element pair..

Thus far only the force cross PSD-for SABOR finite elements has been discussed, Yor'the
beam-column type finite elements-used to model the nuse-sectivng a reduced nunber of
coordinatus per element is-used, In the axial model (zeroth harmonic) only two couvrdinates
per elen:ent are regudircd, For the iateral model (first harmonic) four coordinutes per
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element are required. If a generalized force sel were derived for these axial and lateral
coordinates, it would be based on 4 linear displacement funcilion in the axial model and a.
cubic displacement function in the lateral model. It develops that the generalizec force
expressions for SABOR radial and rutational cuordinales are identical to those for a beam
with an assumed cubic displacement function. The SABOR axial generalized force ex-
pressions are sufficiently accurate to use for axial nuse forces, therefore the same
expressiuns used for SABOR genexralized forces can be applied in the nose sectivns, elim-
inating the need for separate theory and checks in the computer codes,

4, REVERBERANT CHAMBER RESPONSE

Development for the force cross-PSD matrix as applied to an acoustic chumber operating
in the reverberant mode will now he discussed, The spatial correlation function can be
described as:

. W . w
sin £ sin &
o e

C(E, T, w) = @ w (32)
c ; c
where
¢ = Sonic velocity
£, n = Separation distances
w = Frequency
In the cylindrical cooxrdinate svsiem the above expression would bes
sin [(s -s)-ﬂ] sin |-(r . -1r 9.) _“’_]
C (as, 20, w) = 2 1 ¢ L'’2 2 171 ¢ (33)
og ) @ . - w
(=5 < o 5771 0) 3

The above expressicn then replaces the nariowband spatial correladon function for turbu-
lent flow in Equation (25) to obtain the terms required in the force cross PSD malrix for
reverberant chambers, Nunierical integration will be used meridionally, as in

Eguation (31).

Circumferentially, the reverberant spatial correlation funclicn results in the fullowing ex--
pression for the joint ncceptance:

w

9 {
27 27 sm[ @ 6. -r g )]
n . c 272 L1
Jdgg = f / =
1-2 2 A

w a2
= Lty

; : 8 3
PR cosn()2c,osnald 2(102 (34)
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The closed-form integration of the above yields sine and cosine integrals

which must be evalualed in series cxpressions, rational fraction approximations or
asymptotic expansivns depending upon z, Therefore the computer implementation was
again accomplished via numerical integration,

The basic response_formulation of Equation (18) then holds with [(DF (w)] developed as
just described, ¢

5. PROGRESSIVE WAVE CHAMBER RESPONSE

The narrowband spatial correlaticu funclion representative of an acoustic chamber opera-
ting in the progressive mode can be described as:

C(t, 1,w) = cos [.‘i’_éicos;'/] (35)

where
¥ = Incident angle,
It is assumed that the vehicle is placed in the chamber such that the sound waves pass over

the vehicle in the direction of its axis, Therefore in the cylindrical coordinate system the
above expression is

w(so-s )
C (As, w) = cos —-—-"-é——— cos ¥ (36)

It is observed thal circumferentially there is perfect correlation, This means that the
Jgg integration of Equation (34) is simply

27 27

n - . _ 2 .
J g9 —/ cosnalcosn02d01d92 47 n=10 (37)

=0 n>0
0 (6}

Thus under ideal progressive conditions oniy ihe axial or zeroth harmonic modes of
vibration can be excited,
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The force cross PSD development for the mevridional direction is the san.e as Equation (31},
except that Equation (36) is substituted in placc of the furbulent boundary laye- coireiuli »
functions.

6. COMPUTER PROGRAMS

The response formulations developed in this Section have been implernic.aited into computer
programs, A separate program has been written 10 compute the re-entry vehicle vibration
response to each of the environments discussed, These programs and associated users
manuals are available through the Air Force Flight Dynamics Laboratory/T -

The program which computes the response of a re-enfry vehicle to re-entry environments
is named REVIB, This program is developed to accept vehicle dynamic characteristics of
a model based on SABCR shell finite elements and beam finite elements., If is assumed that
the dynamic model frequencies and mode shapes are computed using existing in-house
programs for-this purpose and the results stored on tape in formats compatible with the
REVIB computer program. In addition {o the dynamic model input, parameters required to
describe the aero~acoustic environment must be input. These parametexrs which are
described versus vehicle station include boundary lajer displacenient thickness, convection
velocity and overall mean square dynamic pressure. In addition the decay constants in the
spatial correlation functions must be input, Finally, vehicle and finite element geometry,
which are utilized for the internal generation of discrete force cross PSD's from the dis
tributed pressures, must be input,

The input is required for both the forebody and the aft cover if both forebody transitional
or turbulent flow and wake flow is considered. The input can be restricted to merely the
forebody parameters if wake flow excitations are omitted from the forcing function. In
addition capability exists to input discrete force I'SDs representative of shock loadings,
This is an option which is exercised only if shock loads are anticipated on the vehicle,

The response formulalion of equation (18) is compuierized. In order to keep REVIB as
general as possible the force cross PSD formulation described by equation (14) is pro-
grammed, Output from REVIB consists of responsc power spectral density values at all
degrees of freedom fur either or both acceleration and displacement at all of the
irequencies selected by the user for calculations, In addition, overall root mean square
values for each coordinate power spectral density are prinled. Similar response output is
also provided for the quantities computed by matrices transforming acceleration or
displacement.

PROG and REVERB are the programs which compute re~entry vehicle vibration response
to the ground test acouslic environments associatled with ideul progressive wave chambers
and reverberant chambers. Inpui to these programs consists, in addition to the finite
element geometry, of sound pressure levels at the calculation frequencies for the vehicle
forebody and its base, Output is identical to the REVIB program.
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In addition a fourth programm was written which computes the re-entry vehicle vibration
response to acoustic environments representative of the Flight Dynamics Laboratory Sonic
Tatigue Iacility. This program is named SOFAFA, nput is identical to PROG and
REVERB and output the same as REVIB, This acoustic-environment is described fully

in Section VI of the report,




SECTION V

PROTOTYPE VEHICLE DYMAMIC CHARACTERISTICS

1. DEFINITION OF PROTOTYPE VEHICLE °

The prototype vehicle supplied for this study was a Fuzing and Arming Test and Evaluation
Program (FATE) re-entry vehicle. If is a conical vehicle with ¢ 4.5 deg~ze half cone ang's
approximately 85 inches long. The substrucciure is alu.iinum and the heat shield is .aru.
phenolic. 'fhere are three scctions to the vehicle »tructure and two component package. .
The nose sectivn is screwed to the midsection and the mid anu aft sections ace joi.aed through
a bolted flange. One component package is essentially . shelf traversing almost the entire
internal midsection. The secund component package vccupies aporoatmately half o” the aft
section. More details and a schematic of the vehicle are given in the following subsection
(Figure 8).

2. DYNAMIC MODEL

The prototype vehicle was modeled using beam and shell (SABOR) finite elements. Node
identitication and typical coordinate definition for asxial and lateral dynamic models are
given in Figure 8. Coordinate identification is given in Table I. The axial dynamic 1rod:!
has 86 degrees of freedom whereas the lateral dynamic model required 127 degrees of
freedom for its description. An item-by-item weight breakdown is contained in Table II.

A nose fixture was used for testing rather than the prime nuse; therefore the nuse .xture
was modeled using beam finite elements. The furward frustum is either completely s>lid
(heavy ballast) or a very thick shell. This portion of the prototype vehicle was also model. .
using beam finite elements.

As seen 1n the dynamic model of Figure 8, the mid and aft frusta and aft cover are modeled
using SABOR shell finite elements. The first nude of the mid frustum was transformed
from shell coordinates to beam coordinates to connect with the beam-modeled forw.rd
frustum. Two complex joints exist at the mid-to-aft frustum interface and aft frustum-
to-aft cover interface., Delails of modeling in these two areas are shown in Figure 9. Local
discontinuties of these types usually provide high flexibility, which considerably affects
gross vehicle bending and axial modes. The joints at the nose-tu-forward frustum interface
and forward-to-mid frustum interface are guod threaded joints and should not exhibit high
local flexibility.

The experiment package, because of its length and continuous support structure, was
modeled using beam finite elements. The weight of the attached components is distributed
along the support structure. The bulkhead attaching the support structure to the mid-aft
frustum joint (node 20) was modeled using SABOR shell clements, as shown in Figure 10,
The shell coordinates at the inner nude are teansformed tu beam coordinates to attach tou the
beam modeled experiment package ode 39). A light spring was used in the lateral model
only, between the forwa.-" end of the experiment package and the furward-to-mid {rustum
joint to replace the 0.010 inch air gap. This connection slips axially.
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TABLE I. COORDINATES AT NODES
Node Station Coordinate Number
Number Number
Axial Model Lateral Model

u W 8 il v Y B
1 17.9 1 - - - - 1 2
2 21. 2 - - - - 3 4
3 24.1 3 - - - -— 5 6
4 27.2 4 -- - - - i 8
5 30.3 5 - - - - 9 10
6 33.4 6 - - - - 11 12
7 36.5 7 - - - e 13 14
8 39.6 8 - - - - 15 16
9 42.6 9 - - - - 17 18
10 45.6 10 11 12 19 20 21 22
11 48,6 13 14 15 23 24 25 26
12 51.6 16 17 18 27 28 29 30
13 54.6 19 20 21 31 32 33 34

14 57.6 22 23 24 35 36 37 3
15 60.6 25 26 27 39 45 41 42
16 63.6 28 29 30 43 44 45 46
17 66.6 31 32 33 47 48 49 50
18 69.6 34 35 36 51 52 53 54
19 72.6 37 38 39 55 56 57 58
20 75.5 40 41 42 59 60 61 62
21 78.2 43 44 45 63 64 65 66
22 80.9 46 47 48 67 68 69 70
23 83.6 49 50 51 71 72 73 74
24 86.2 52 53 54 75 76 77 78
25 88.9 55 56 57 79 89 81 82
26 91.5 58 59 60 83 4 85 86
27 94.2 61 62 63 87 58 89 90
28 96.8 G4 65 66 g1 92 93 94
29 99.4 67 68 69 95 96 a7 98
30 99.4 70 71 72 99 100 101 102
31 99.4 73 74 75 103 104 105 108
32 99.4 76 77 78 107 168 109 110
33 42.6 79 - - ——— -——— 111 112
34 50.0 80 - - - _— 113 114
35 54,7 81 - - -— —— 115 116
36 60.0 82 - - — - 117 118
37 66.3 83 —— - ~— —— 119 120
38 72.1 84 - - ——— - 121 122
39 75.5 84 - - _— —— 123 124
4.0 82.0 - - - - -—- 125 126
41 82.0 86 - —— ——— -—— 127 ——

NOTE - v coordinate in axial model not used since this defines tursion motion only.
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TABLE II. WEIGHT BREAKDOWN

Item Weight (Lbs.)

Nose, prime 4,07
Nose fixture, axial 4.23
Nose fixture, lateral 3.69
Forward frustum 45.64
Mid frustum 34.50
Aft frustum 37.16
Aft Cover 1.65
Experiment Package 36.98
TM Package 24.48

TOTAL (PRIME) 184.48

The telemetry (TM) package is described with two mass points in the lateral model. Inter-
nal components are mounted on two connected webs., These components are treated as one
(node 41) and the web bending stiffness is used to connect them to the package outer structure
(node 40). Components mounted on the support bulkhead are also modeled at nude 40. Axi-
ally, all support structure is stiff enough that the total TM package is {reated as one mass
point (node 41). The bulkhead attaching the support structure to the aft frustum (node 24) is
modeled using SABOR shell elements, as shown in Figure 10, The shell cuordinates at the
inner mode are transformed to beam coordinates to pick up the TM package degrees of free-
dom. An O-ring exists between the forward end of the TM package and the aft end of the

experiment package. This was modeled as a linear spring for the lateral model and as a
slip joint axially.

3. MODAL SURVEY SUMMARY

The dynamic model verification test program included axial and lateral modal surveys that
established vehicle shell and internal component modal {requencies in the 20 tv 2000 iz fre-
quency range. The mode shapes associated with resonant frequencies were ascertained in
the vehicle meridional and circumferential directions. The meridional stativns, in particu-
lar, were consistent with the nodes chosen in the dynamic model construction tv facilitate
ease of correlation. Stations at either side of significant structural or load transfer discon-
tinuities were of particular concern because experience has shown that these areas can be
large contributors to poor dynamic model correlation,
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The modal surveys provided quadrature and in-phase response versus frequency data from
which resonant frecuencies and structural damping coefficients, respectively, were deter-
mined. The modal surveys also provided quadrature responses versus vehicle station
(meridional and circumferential) which are the mode shapes. These resonant frequencies,
mode shapes, and damping coelficients were used to:

(1) Verify the dynamic model, thereby providing a firm basis for evaluating acoustic
effects on vehicle response;

(2) Indicate areas, if any, where the modeling techniques can be improved to more
closely simulate vehicle characteristics; and

(8) Provide structural damping data for use in acoustic response predictions.

The nosetip was not used during the modal surveys. Upon inspection of the nosetip, it was
concluded that possible damage or degradation could occur because of the manner in which
the nosetip is attached to the vibration fixture. Hence, the nosetip was replaced by a GE~
designed nosetip adapter with similar mass and stiffness properties and allowing simple
attachment to vibration fixture.

The test was designed so that a lightweight shaker armature could be used. This weight
was necessarily small with respect-to the test specimen, since the modal frequencies and
mode shepes are functions of the entire spring mass system, which includes the shaker
armature.

In keeping with low weight fixtures, the suspension system for both axial and lateral vibra-
tion consisted of bungee shock cord. Included in the lines were turnbuckles for height ad-
justment. The natural frequency of the suspended system was less than 5 Hz. This suspen-
sion system supported the vehicle in a vertical position, nose down, creating a free-free
condition corresponding to free flight. Figure 11 shows the modal survey test setup.

During the axial and latcral modal testing, the location of one shell response accelerometer
was changed to accommodate the various phases of testing, i.e., for meridional and cir-
cumferential mode shape definition.

Twelve accelerometers were affixed to the test vehicle for shell and internal component
monitoring during both the modal survey and acoustic test. Six were located on the com-
ponent shelf in the midsection and four were placed in the telemetry package in the aft
section. Also, one each was atlached internally to the midsection and aft section liners.
TFigure 12 shows a schematic of the instrumented vehicle.

In addition to the twelve accelerometers to monitor component response, four strain gages
and two microphones were also included in the internal instrumentation, The strain gages
were mounted in e vehicle substructure (Figure 12) and the microphones in the two compo-

nent packages. Neither the strain gages nor microphones were utilized during the modal sur-

vey; however they were used in the acoustic test (SECTION VII), Table III gives the internal
sensor descriptions.

36

= rRETT g e DT R R Y s w8y e e

N Rl Wi
- v mm«d%,a

W oy




g
PRpvENRg

o ki el
PR -V

"
st

sl e e

A

R

e e

i g

LRy T Tt T T
YR o -~

LLLLLLLLLLLL LS
— Qﬁ__ BUMGEE CORD

ATTACHED TO VEHICLE
TEST
VEHICLE
- VIBRATION EXCITER
LATERAL VIBRATION

- | i
ATAPT \ -
ER T TY—' ot

IMPEDANCE HEAD
ADAPTER

EXCITER ADAPTER

AXJAL VIBRATION

Figure 11. Modal Survey Test Setup

37




i U013ESOT PUT UOIIPOIJIIUSP] JOSUSS JO OTeWayos 2T sandid ,

,s~ ;
s IVYNOIQIHIW — W .
| dOOH — H .
t“ TYWHON — N 3NOHJOHOIN — d ;
1 3SYAASNVHL — L 3IOVO NIVHIS — S
| TVYNIGNLIONOT — 1 “ ¥313W0Y3I300V — V _
: NOILO3HIC : 3dAL :
,‘ | $3000 NOLLV.ANIWAYLSNI

bt e o

i
- 4 .
4 — .
; 4 rlﬂ, H
o v - -— 0 :
, ]

—] - o - - o -
-
v oL VS e VOB vy LVE . o wWie :
WS V9 jleve e ——_— “
] :
2 wse :
Ws 6 HS 8 ”
|

HS 6 NV 8
NV &

Lo,
o




B

I

,‘ ]
i ,w
7
€] 1
.w , €133 ODATANI *Buoy 1eoey IVOT _
K 0GT-IN,70¢3-81-VH SFIBUIBINSE AN -0 TOTIN *PIIDIN | ure:Is NS6 ;
R 03T-1N5082-81-VH SIUAWBINSESIN ~OIOTIN dooy arexs HS8
| x I-8-909 THO . TRWIoON @00y NV6 K
“ 0ZT-WIC o-S1-VA SJUOWISINSBOI -OIOTIH] *PLIOI RIS WSy «
4 0ZT-INI08Z-ET-V A SIUSUISXNSEI--OIOTI docl wexg HSS )
«w 1~£-909 THO TPWION 1000y NV6
~ SET¥ Pk *Buog suoyd TdL m
& £12% OOATANT ‘Sueay, 1eo0y LV ;
% €125 ODATANI " 8uoy 900y IV o :
B €122 ODATANH “sueay, 1900y Ive ° “,
£ €133 ODATANT *§uoy 1000y Tv¢ 5
m £132 OOATANI “SuRIL 1920y IV w
;1 132 OOATANI *fuog 1000y v o
g €158 ODATANT ‘sueL] 129y LYE
5 _ 122 OOAIANH "SUBAL 1900Y Ive “,
M £LTH poki "Suoy ouoyg &S -
M €123 OOATANA "sUBaY, ooy IV :
M £123 OCATANT - Buog 1909y TV
s -

w M 19pOIN JOpUBA ucMMWMMMME 2d41 Judp]
h NCILJI¥OSIA YOSNES I HIEVd, :

)i,t43i;§§£.l\){)tbl$a't.i1))
v, 1 1 il N

i Sl e et R

e et L

Y Vi e
ki P

IS i B e




AR

¥
PR,

;

F:
4

o e B

-2
g
2

S5

.
A o

4 T e g - T p - -
s T b N R A R S SR e T S e R

AR DI RS 2+ A n ad R
T e o S R T ekl Wiee e ePnenn S S A e e PN 2 Ll

4. TREQUENCIES, MODE SHAPES AND DAMPING

The modal survey pointed out the need for modifying the dynamic modele. The calculated
stiffness coefficients for the telemetry package bulkhead-ring combinration, aft field joint
and aft cover were modified in order to minimize differences between analytical and ex-
perimental dynamic characteristics of the vehicle. In the-axial model the most sencitive
area, i.e., the area in which change in stiffness had the most affect on the mode shape,
was in the telemetry package bulkhead-ring combination, 1In the lateral dynamic model,
the-stiffness coefficient representing a linear spring that couples the forward end of the
experiment package to the forward section of the vehicle was increased to obtain frequency
similitude between analysis and test.

Comparisons of the analytically and experimentally obtained frequencies for the axial and
lateral models are presented in Tables IV and V, respectively, aleng with mode desecrip-
tions and the experimentally determined structural damping.

Figures 13 through L7 ave comparisons of the mode shapes obtained from the analyses and
the modal surveys. The modes chosen for presentation are based on the magnitude of the
modal responses computed by the response prediction analyses, i.e., those modes portray-
ing the highest wodal forces and most significant modal responses at the internal acceler-
ometer locations were chosen,

The ordinate variable defines relative motion-along the vehicle within any particular mode.

Thus tne mode saapu:s must be normalized in some manner. The normalization technique
used on the mode shapes, in ihe figure is such that each modal mass is unity, that is

14 f Me=1
where

% =The matrix of mode shape values
M =The system mass matnix
T = The unity matrix

The following legend is provided for interpretation of the plotting symbols appearing in the
figures.

(2 = Quadraturc response versus vehicle station taken during dwelling at
resonant frequency
A = Quadiatere response of experiment package measurements taken during

sine sweeps

v

8.

Quadrature rosponse of telemetry package measurements taken during
sine sweeps
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TABLE IV. COMPARISON O AXTAL EXPERIMENT..L: AND
ANALYTICAL FREQUENCIES

i ; Structural
Dxpe)i;;r;ental Anagr:;c al Mode Description Damping
( ( Coefficient
319.4 339.0 First EP Mode 0.04
368.0 346.0 Tirst Shell klastic; TM and EP 0.047
442.0 -- Very Little Motion 6.63
478.0 - Very Little Motion 0.03
535.0 525.0 Aft Cover 0.03
639.0 649.0 'TM Mode; Shell Elastic and EP 0.032
(See Figure 13)
1335.0 1133.0 Shell Elastic and EP 0.03
1380.0 1306.0 Second Shell Elastic 0.037
(See Figure 14)

Note: EP - Experiment Package

TM ~ Telemetry Package

The unlabeled solid line represents relative displacement associated with the main shell
structure of the vehicle. The solid lines labeled EP and TM represent the experiment
package and telemetry package displacements relative to themselves and to the main struc-
ture. The dotted lines are shown to locate the vehicle station from which the component
packages are attached. Physically, the length of the dotted line represents the relative
displacement between the vehicle and the component shelf attachment. This displacement,
of cowrrse, defines the amount >f bulkhead distortion.

Since the mode shapes represent the numkers used in the response analysis to describe
coordinate displacements, etc,, those modes vhich exhibit the largest shell deviations from
the origin of the ordinate axis would be expected to show the greatest response. This is
especial’ true [~r the last 30 inches of the vehicle as the greatest surface area is present,
thus res. iag in larger forces,
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TABLE V. COMPARISON OF LATERAL EXPERIMENTAL AND
ANALYTICAL FREQUENCIES

Experimental Analytical s St):ucu’lral
- 0 Mode Description Damping
(Hz) ({iz) Coeflicient

T4 75 EP Rocking 0.068
- 98 T™M Motion -
135 134 Vehicle First Elastic 0.059

(See Figure 15)
240 232 Vehicle Second Elastic 0.029
260 268 EP Motion; Vehicle Elastic 0.03
326 353 ET First Elastic 0.045
(See Figure 16)
460 - TM and Vehicle Elastic 0.04
534 580 Vehicle Third Elastic 0.026
{See Figure 17)
730 731 EP Second Flastic; TM and 0.074
Vehicle Elastic
926 1034 Vehicle Fourth Efastic 0.058
- 1118 Aft Cover (Not Surveyed) --
1207 1228 Vehicle Fifth Blastic, EP 0.038
1425 1447 Vehicle Elastic, EP 0.053

Note: EP - Experiment Package
TM - Telemetry Package
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In Table IV, it is seen that axial experimental frequencies 442 Hz and 478 Hz have 1.0 cor-
responding analytical frequencies, and that their mode shapes portray very litile motion. It
was not fully understood why the above frequencies were not predicted, since there was ex-
cellent frequency similitude in the other six modes. However, contribution from the 442 and
478 Hz modes will be negligible. TLis was verified in the acoustic test. That is, since
there is very little motion in the modes, modal forces and modal displacements will be
diminutive.

In Table V, there is no corresponding lateral experimental frequency for the 98 Hz analytical
prediction. The analytical mode shape showed very little motivn of the vehicle nosc. Ilence,
the shaker located at the vehicle nose during modal survey testing would not produce large
telemetry package (TM) motion. The only way to duplicate this mode experimentally would
be to physically attach the shaker to the TM. Also, in Table V, the experimental frequency
of 460 Hz does not have a corresponding analytical frequency.

The structural damping alues shown in Tables IV and V are obtained from the in-phase or
cu response peaks just before and just after resonance. The co response is zero at resonace.
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Volume II of this veport contains the in-phase response plots from which the structural
damping coefficients in the tables were obtained.
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SECTION VI

RE-ENTRY VIBRATION RESPONSE PREDICTIONS

1. COMBINED FOREBODY AND WAKE ENVIRONMENTS

The protutype vehicle dynamic model was subjected to the combined turbulent boundary layer
and wake environments of Section III, The respunse formulation of Section IV utilizing the
constant pressure cross PSD assumption was followed. Figures 18 through 30 show the
resulting predicted accelerativn power spectral densities for each internal accelerumeter
location, Shown on the figures in addition to the PSD's are the rms accelerations. The
predicted strain PSD's were not plotted, because they were too small, less than 10-16
(in/in)2/11z.

In order to discuss the predicted responses, it would first be helpful to present the trans-
formations utilized in obtaining them. The dynamic model does not, in all instances, have
coordinates which directly correspond to accelerometer locations. For this reason,
geometric transformations have been used to predict the response at the exact accelero-
meter locations. Table VI presents the transformations used, where the g; coordinates
represent degrees of freedom in the dynamic models.
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TABLE VI. TRANSFORMATIONS FOR ACCELEROMETER
RESPONSE PREDICTIONS

Accelerometer Axial Model Lateral Model
Coordinates Coordinates
1AL Ay 2.0,
1AT - 0.47q,,. +0.53q
SAL Ugq 0.625 4 o
3AT - 0.38 41 +0.62 9
+AL dgs 0.625q,,,
4AT . 049, +0.51q,,
5AL Gy )
o ) 9197
AL Age 3.0q 5
SAT - dyps = 6.128 0 o
8AN q35 q53
9AN s iy
10AL » ”

Table VI shows, for example, that accelerometer 1AL represents the sum of the accelera-
tions at coordinate 79 in the axial model and a 2 inch radius times the rotation of coordinate
112 in the lateral model. Accelerometer 1AT receives no contributions from the axial model
but is physically located between coordinates 111 and 113, so that the transformation repre-
sents an averaging of the accelerations at these coordinates. The rvest of the accelerometer
locations are similarly obtained, It is observed that accelerometers 5AL, and 6AL are
functions of axial model accelerations only and 1AT, 3AT, 4AT, 5AT and 6AT are functions
of the lateral model accelerations only. These results are r=flected in the response pre-
dictions shown in Figures 19 through 30, where it is seen that PSD pcaks of Figures 24 and
26 are due to only axial model natural frequencies, whereas Figures 19, 21, 23, 25, and 27
reflect lateral model frequencies at the peaks of the PSD's. TFigures 18, 20, 21, 28, and 29
contain peaks associated with both axial and lateral natural frequencies, since these loca~
tions are coupled in the axial and lateral directions. I'igure 30, which represents the
accelerometer located on the aft cover. only exhibits one dominant frequency, which is the
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aft cover frequency. This is expected, since the aft cover mode at 524 Hz in the axial mode!
responds so significantly that it masks the contvibutions of other modes at their natural fre-
quencies. If there were no aft cover loading, Figure 30 would exhibit peaks at other modes
in addition to the one at 524 Hz.

2. SEPARATYL FOREBODY, WAKE ENVIRONMENTS

The responses shown in the figures are for a simultaneo.s application of the re~entry en-
vironments in Section III; that is, the turbulent houndary layer environment was applied at
the same time as the wake environment. The effects of each environment independently ap-
plied will now be discussed,

Basically little difference would be expected in the resuils for Figures 18 through 29 if only
the forebody environment were applied. The aft cover environment, as shown in Section III,
is significantly lower than the forebody environment. The force cross PSD matrix for the
combined enviruonments would have smaller terms for the part of the matrix associated with
the aft cover coordinates versus the terms associated with the forehody. Also, except for
analytical modes identified as aft cover modes, little aft cover motion exists in the other
predicted modes. Thus when the modal force is obtained through the pre- and post-
multiplication of the force cross PSD matrix by the individual mode shapes, there would be
little contribution from the wake environment. The responses predicted for the combined
environments are therefore essentially the same as would be expected for the aitached tur-
bulent flow alone for tne internal component accelerometers.

This is obviously not the case for the aft cover accelerometer. Under the turbutent bound-
ary layer environment alone, the response predictions for the aft cover would not show the
dominance of the aft cover mode. The response levels would be greatly reduced over that
shown in Figure 30, and the PSv would be characterized by peaks at each natural frequency
whose mode shape has cven slight aft cover motion.

Under the reverse situation, where the environment is only applied to fie base of the re-
entry vehicle, the opposite trends would result, Figure 30 would be unchanged, but Fig-
ures 18 through 29 would be reduced by orders of magnitude and reflect modes which contain
a slight amount of aft cover motion.
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SECTION Vi
RESPONSE VERIFICATION TEST

1. OBJECTIVES

The response verification test was an acoustic test utilizing the AFFDL Sonic Fatigue
Facility,

The objectives were to:

(1) Verify the optimized response prediclion technique by obtaining vehicle response
data plus internal vibration response in a form suitable for correlation with
analyses; and to

(2) Define vehicle simulation techniques by making accurate measurements of external
and internal acoustic levels and spectra in order to define and express in sufficient

detail the experimental forcing function,

2, TIEST REQUIREMENTS

a, Acoustic Test -~ AFTFDL Sonic Fatigue Facility

The vehicle was subjected to two separale test environments of reverberant and
progressive wave sound fields in the Large Test Chamber at the AFFDL Sonic Fatigue
TFacility. The support system cousisted of three lengths of bungee cord and three turn-
buckles. One bungee cord was uttached to the nose tip and the two remaining to the aft end,
TFigure 31 shows the support system. The vehicle was positioned in the chamber with its
nose approximately 10 feet from the siren bank, Iis roll axis was coincident with the geo-
metric center of the sirens.

In addition to the internally installed instrumentation to monitor vehicle response,
a1rays of microphones were utilized at the external vehicle surface to obtain the acoustic
environment description. Figure 32 shows the external instrumentation, Based on sound
pressure data froin the test facility and response predictions for the acoustic environments,
a minimum sound pressure level spectrum was defined for the verification test, This is
shown in Figure 33, It was also shown in the pretest predictions that if the same sound
pressure levels were applied to the base of the re~entry vehicle as the forebody, the aft
cever regponse would be in excess of the re-entry vibration predictions for wake, A baffle
was therefore constructed to reduce the incident sound pressure levels on the aft cover in
the acoustic test by 15 to 18 dB over that on the forebody,

b, Chamber Environments — Reverberant, Progressive Wave

In order to achieve a diffuse sound field, the AFFDL Large Test Chamber curiains
were raised and the floor uncuvered. In the progressive test the curtains were down and the
floor was covered. The same sound pressure specira were required for each test; they are
given in Figure 33.
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The data processing requirements for each test environment were as fotlows: All
raw acoustic analog data were analyzed to obtain Sound Pressure Level (SPL) on a 1/3~octave
band basis for post test quick~look evaluation, Power spectral density (PSD) analyses wevre
later pexrformed on all acoustic sensor data, Figure 34 shows quick-~lock acoustic data
processing requirements. In addition, detailed data processing of the acoustic sensors
comprising the L-shaped patch arrays were performed, The intent was to determine spatial
correlation functions and cross~-PSDs in order to express the experimental forcing function
in a form suitable for use with the FATE III A dynamic model, 7This was the primary
reason for recording the L-shaped array microphones on specific tape recorder chanuels,
Figure 35 shows detailed acoustic data processing requirements,

ACOUSTIC
SENSORS
NOTE: DATA ANALYZED FROM 50 Hz TO 5 kHz
OASPL
. PSD
ANALYEIE
1/3 - OCTAVE

BAND ANALYSIS

Figure 34, Quick-Look Acoustic Data Procegsiag
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Figure 35, Detailed Acoustic Data Processing

Since acoustic sensors L1 and L8 were the pivot sensors in the L-shaped patch
arrays, the following combinations were analyzed:

NO, 1 PATCH ARRAY
Mevridional Circumferential
Ll~L2 L1-L6
L1~ L3 Ll - L7
Ll-L4
Ll-~15
NO, 2 PATCH ARRAY
Meridional Circumferential
L8 - L9 L8 - L13
L8 - L10 L8 - L14
L8 -~ L11
L8 - L12
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c. Vibration Response

The prolotype vehivle response to the acoustic enviromments was monitored via the
internally mounted accelerometers and strain gages., The acceleration and strain data, after
initial RMS determination, were analyzed for frequency content by obtaining power spectral
densities, Tigure 36 shows the data processing requirements for the acceleration and strain
data,

3, TESYT RESULTS

a, Acoustic Environment

Upon completion of the data evaluation from the two acoustic tests, it became cleax
that there was little difference in the environment between the two tests, The specimen was
mounted too close to the siren bank fo achieve a truly diffuse sound field, The two test
environments can be best described as modified progressive, The detailed acoustic data
evaluation is given in Section VIII, Volume II of this report contains the entire data obtained
during the acoustic testing,

TFigures 37 and 38 represent typical one~third octave band sound pressure level
spectra obtained during each test from a forebody microphone, Tigures 39 and 40 represent
sound pressure spectra obtained on the aft cover during each test, It is seen that the baffle
performed as designed,

Attention will now be turned to the internal acoustic environments, The purpose of
microphones 2PL and 7PL, mounted in the component packages, was to ascertain the amount
of the acoustic environment that passes through the shell structure, This environment could

ACCELEROMETERS AND
STRAIN GAGES

RMS

PSD
ANALYSIS

NOTES: (1) DATA ANALYZED FROM 20 Hz to 2 kHz
(2) FILTER REQUIREMENTS

20 TO 200 Hz WITH 5 Hz FILTER
200 Hz TO 2 kHz WITH 20 Hz FILTER

Figure 36, Vibration Data Processing
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be of high enough magnitude to directly excite the component packages, Figures 41 and 42
show the onc~third octave band sound pressure levels for the Lwo internal microphones
during the progressive acoustic test, It is seen that there is significant reduction in the
levels over the external environment of Figures 37 and 38, The Overal)l Sound Pressure
Level is reduced by 36 dB, with a corresponding 29 to 32 dB reduction in the one-third
octave bands,

h, Vibration Resnonse

As would be expected when the environments are essentially the same, the vehicle
rosponse was nearly identical for both tests, Acceleration power spectral densities were
obtained for each accelerometer location. The figures in Section VII contain these PSDs,
As anticipated, the strain gage response was negligible, So nc attempt was made to utilize
this data,
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SECTION VI

& PREDICTION TECHNIQUE VERIFICATION

1. TEST ACOUSTIC ENVIRONMENT DESCRIPTION

The acoustic test environment has been defined in a form suitable for response predictions.
The two bits of data required to make response predictions are the pressure power spectral
densities and the narrow band spatial correlation functions. The pressure PSDs are of
course available directly from the processed data., Figure 43 shuws a typical pressure PSD
obtained using a narrow band filter for both the progressive and reverberant acoustic tests.
It is observed that neither PSD represents a smooth curve, Each of the peaks and valleys
must be accounted for in order to obtain accurate correlations. It is also seen that liitle
difference exists between the progressive and reverberant tests.

Attention will now be turned tu the derivation of the narrow band space correlation functions.
The narrow band space-time correlation data was used for this purpose. Under ideal pro-
gressive wave conditicns the narrow band space -time correlativn functions should be of the
following form in the meridional direction:

7

;
E 1
Bt
1
4
!
1

Sm[ZWff (7_5/8)] cos 2mf, (1-£/8)

®(Erws7) 2ﬂff(7"5/3) (39)
where

fe = Filter bandwidth used in the data processing

fo = Center frequency

£ = Separation distance between the two microphones

¢ = Sonic velocity.

The above expression peaks at 1.0 when 7 = £/¢’. Figure 44 shows the test space-time
correlation functions at 1000 Hz for microphones L1 and L3, and for L1 and L5. Also shown
are points represcating the above expression. The filter bandwidth used in the evaluation
was 1/3 octave. It is seen on Figure 44 that the test points very closeiy coincide with the
theoretically perfect progressive points. The only difference is that the test data does nut
peak at 1.0 at values of 7= £/¢, but is somewhat decayed. This suggests a narrow band
spacc corrclation function of the ideal prosvessive form  hut with o damning term ineludad
This damping term can be obtained from the values of the space-time correlation data at
T=¢t/3. Aplotof the values of the space-time correlation data at 7 = ¢ /¢’ versus tw, ¢
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is constructed. A curve is then fit through these points. This yields a narrow band space
correlation function ofgghe following form in the meridional direction:

-.0364|¢|w
Cityw) =€ ¢ cos E‘t’—‘—"- (40)

A check on the above expression is obtained from the space-time correlation data at 7= 0.
The narrow band space correlation function is the space time correlation at 7 =0, Tigure
45 shows the final meridional space correlation functiun with the test data at 7 = 0 super-
imposed, Also shown are the points used to arrive at the damping term. It is seen that
nearly all of the test points fall on the analytical curve.

Under perfect progressive conditions the circumferential space-time correlation data should
be of the following form:

sin [Zﬂff T]

B(w,r) = YTV cos 2uf, 7 (41)
f
NETTRTRR
% to
~0.0364 =~
C Fw
e Cos =— ;((
O O
- *
3
2 o \
Q
O SPACE-TIME CORRELATION
TEST POINTSAT 7= 0
S X SPACE-TIME CORRELATEION
TESTPOINTSAT 7™ &
X
, | | | | | |
2 4 6 1n 12 14 6

Figure 45. Meridional Spatial Correlation Function
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Notice the absence of any dependence on the microphone separation distance. The above
expression is simply the auto correlation function. It is seen that this expression also
peaks at 1.0, bul at 7=0., TFigure 46 shows circumferential space-time correlation data
at 1000 Hz., 1t is seen that the peak does indeed occur at 7= 0 but it is not 1.0. ‘This again
suggests damped circumferential space correlation function. Figure 47 shows the decay
envelope for the circumferential direction and the test points used to obtain it. The analyt-
ical expression is

-0.0705_@lnl
C(mw)=e (42)

‘The total narrow band spatial correlation function for the progressive acoustic test there~
fore is

-0.0364 wltl -0.0705_wln]
[o] C

cos 50“’ (“3)

n

C(Er"? ,w) =e

It is this expression which will be used in the correlation analvsis,

The reverherant test data is very similar to the progressive data. As shown in Figure 43
the pressure PSD's are nearly the same. TFigures 48 and 49 show a comparison beiween
meridional and circumferential space-time correlation functions for the progressive and
reverberant tests. The only significant difference between the two sets of test data is the
larger amount of decay ir the peaks that the reverberant test exhibits. This suggests that
the reverberant test was in reality a more decayed progressive test. This result is ex-
pected, due to the close proximity of the re-entry vehicle to the siren bank. Another fact
which verifies that the reverberant test is actually a progressive test is the peak of the cir-
cumferential space-time corvelation data at 7 = 0. If the environment were reverberant,
peaks at values of r greater than zero would be expected. This ig because in a reverberant
environment the microphone separation distance influences the space-time correlation peaks
in all directions, not just the meridional as in the progressive test.

The reverberant space-time correlation data was similarly analyzed as the progressive to
vield a narrow band spatial correlation function of the following form:

-’\.0495.'5&0 -0.126 2]
C ]

C(e,n,w)y=e e cos_‘%_f’_

The only difference between the above expression and the progressive expression is the
decay constants.,
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2. TEST VIBRATION RESPONSE PREDICTION

Several modifications had to be made to the existing response prediction techniques in order
to have the capability to predict the test response. These modifications were made to the
existing progressive wave response formulation and were associated with the incorporation
of the acoustic test spatial correlation functions.

The difference between the acoustic test environment and the perfect progressive wave
environment is the exponential decay term in both the meridional direction and circumferen-
tial direction. The prediction technique revision in the meridional direction was easily im-
plemented, as it just entailed the addition of this term to the correlation function. In the
circumferential dirvection, the change was more significant, Fortunately the turbulent
boundary layer (TBL) environment also contains an exponential decay term so the closed
form solutions of the circumferential contributions to the force cross PSD for turbulent
boundary layer are applicable for the acoustic test with small alterations, The turbulent
boundary layer expression for the circumferential spatial correlation function is

~Ca|n|

C(n,w)=e § *

whereas for the acoustic test
—c 1
C(nyw) =e 22 I1lw

It is seen that if 02/5 * is replaced by czlw/ ¢, the closed form expressions for turbulent
boundary layer presented in Section IV are applicable, These expressions have been
incorporated into the computer-implemented progressive response formulation to result in
a program with the capability of predicting the acoustic test response.

This program, coupled with an average of the pressure PSD of all the microphones from the
progressive test, was used to predict the test response.

3. TEST-ANALYSIS CORRELATION

The acoustic test predictions were done only for the progressive test. Generally, good
correlation was obtained between test data and the analytical predictions. There are a few
instances where the correlation was poor, but these are readily explainable. Figures 50
throughout 62 show the test results and analytical predictions, The analytical results were
obtained using the techniques of the previous subsection. In some cases the analytical mode
shapes were altered to coincide with the test modes from the modal survey. Each of the
figures will now be discussed.
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Figures 50 and 51 show analytical predictions for accelerometers 1AL and 1AT along with
the test data. It is seen that good correlation between test peaks and analytical peaks exists
below 1000 Hz. There are some test peaks which do not have a corresponding analytical
prediction. One such frequency is 460 Ilz. This test mode was obtained in the modal survey
but no corresponding mode was obtained in the dynamic model. At the time of dynamic
model correlation, it was believed that the 460 Hz mode would not exhibit large respunses

in the acoustic test. The test has proved this to be incorrect. On 1AL a test peak at 850 Hz
is noted. This frequency did not show up in the modal survey, and is likely a frequency
associated with the other orthogounal laleral direction. Belween 1000 and 2000 Iiz more
discrepancy is noted between predictions and test data. This is to be expected, because the
analytical modes were not as well correlated with modal survey test modes. In fact, above
1500 Hz no test modes were found in the modal survey, but there are modes evident in the
acoustic test. These modes could possibly be higher order component modes which were
not excited by the re-entry vehicle nose input used in the modal survey. The trend of analyt-
ical predictions being less than test data above 1500 Iz is present on almost all figures, and
is attributed to these modes.

Figures 52 and 53 show analytical and test data for accel: coineters 3AL and 3AT. Again
good corrzlation is noted at frequencies below 1500 Hz. On these two figures the 460 Iz
mode is more evident. The dropoff above 1500 Hz is also noted.
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Figures 51 and 55 show comparisons for accelerometers 4AL and 4AT., Poor correlation
is noted for 4AL, Itis also observed that the test peaks for 4AL occur primarily at lateral
frequencies: 268, 579, 750, 950, and 1050 1Iz. The lateral contribution in this axial ac-
celerometer is realized analytically by multiplying the rotational coordinate in the lateral
model at this accelerometer location by a moment arm (0.625 inches) to account for the off-
set from the EP axis (see Section VI). In order to significanily raise the response at these
lateral frequencies, the analytical rotational coordinate would have to be increased in each
mode or the value of 4AL due to lateral motion known. There is no way to know exactly how
much to alter this rotational coordinate based on the modal survey, since it is difficult to
measure *ais quantity, and only lateral motion at the three EP stations were defined in the
lateral modal survey. This was one of the shortcomings of the moudal survey, and will be
discussed more fully in Section XI.

Figures 56, 57, 58, and 59 show the correlation for accelerometers 5§AL, 5AT, 6AL, and
6AT, respectivelv, These accelerometers are located in the TM package. It is on these
plots that, in some cases, the test mode shape values were substituted into the analytical
mode shape description to give better correlation. with the modal survey data, It is seen
that good correlation exists on Figures 58 and 59 and poor correlation on Figure 56 and 57.
On all of the figures the peak at 460 Hz is noted, which again is not analytically predicted.
It is also noted that the axial accelerometers exhibit peaks at lateral frequencies. There
is a rotational coordinate in the dynamic model which corresponds to the 6AL and 6AT ac-
celerometer locations. This coordinate was therciore used in conjunction with the proper
moment arm to include in the 6 AL response the lateral frequencies. Unforiunately, no such
coordinate in the dynamic modal was included for the SAL, and 5 AT accelerometers; there-
fore 5AL does not analytically exhibit lateral frequency response and so does not correlate
well with the test data.

Tigure 63 shows a comparison between the analytical mode shape and experimental one at
650 Hz. It is observed that the analytical mode shape predicts the same response for 5AL
and 6AL which is between the two test values, These two test values were substituted within
the analytical mode to improve the correlation, This was one example of substituting test
values, It was in the TM area where the substitution of the test values was regquired. This
was due to the inherent complexity associated with modeling the TM package. An interesting
observation can be made by comparing 5AT test response at 730 Hz with the test mode shape
at that frequency in Volume II of this report. It is seen that 5AT exhibits no response in the
modal survey at 730 Hz, yet responds significantly in the acoustic test. No doubt the dif-
ference in the iwo environments accounts for this phenomena. It is also seen that neither
GAL or 6AT exhibit any response at all at 2000 Hz in the modal survey, yet have large peaks
in the acoustic test. This problem in achieving good correlation in the TM package .oints
out the need for modal surveys of the package itself, to make sure the dynamic model is of
sufficient detail to accurately describe the dynamic characteristics, or to point out the need
for use of test modal data exclusively.

Figures 60 and 61 show axial and lateral model predictions for accelerometers 8AN and 9AN.

1t is obvious that the correlation is terrible, so it was decided to investii;ate higher harmonic
dynamic models. (Remember that the axial and lateral model are the oth ang 15t harmonics,
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and higher harmonics are two and abceve. This means that the circumferential shell dis-
placement varies as cos n 9, where n s the harmonic number). !n order to do this a one
inch strip of the shell at 8AN was treated as a ring in lieu of using a higher harmonic SABOR
model which would take more time. The freque:cy associated with the second harmonic, or
ovaling mode, was compuicd at 520 Hz. The response was then determined and found to
correspond to the point shown on Figure 60. It is then concluded that the significant re-
sponse peaks on Figures 60 and 61 are associated with higher harmonic modes rather than
the fundamental axial and lateral models. This indicates that for skin or shell mounted
components higher harmonic models must be utilized in addition to the fundamental modes

to get accurate response predictions and res.Iting skin-mounted component environmenty.

Figure 62 shows the predictions and test data for accelerometer 10AL. This figure shows
that the response prediction technique is indeed accurate. The aft cover is a simple struc-
ture, with the 520 Hz mode being accurately described by the dynamic modal, It 1s seen
that the peak response exactly coincides with the tesl response at this frequency.

Based on Figures 50 through 62, it is concluded that the response prediction technigue is
accurate and verified. There are several suggestions which must be made to ensure the
techniques accuracy, A modal survey (three axes) is . definite aid in establishing a repre-
sentative dynamir model with requirements for recording all acceleromelers in each axis of
excitation. In fact, without the modal survey it is unlikely that the prediction technique
could be verified because the initial dynamic models had to be significantly reworked to
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ubtuin the accuracy required. The acvustic test pointed out the need for including higher
harmonic shell responses fur skin components. Dynamic niodels and subsequent response
predictions are required for both lateral axes, not just one lateral axis. ’

4. DISCUSSION

There are several areas which should be elaborated upon as a result of the test-analysis
correlations. As puinted out in the previous subsecticn, the developed prediction technique
from Section IV is indeed an accurate and powerful tool. However, it is based on finite
clement dynamic models. The previous oubsection clearly demouustrates that dynamic model
accuracy is of prime cunsideration if accurate predictions are tu be made., The correlation
analy sis shuwed several shortcomings of the modal survey in ensuring an accurate dynamic
model. Perhaps the biggest deficiency was the failure to monitor the lateral accelerometers,
whuse seasitive axes were other than the test directiun. The acoustic test clearly showed
axial accelerometers responding at lateral frequencies, which was not unexpected. Iow-
ever, because of the failure to monitor the axial accelerometers during the lateral mod«l
survey, there was no means to guarantee that the dynamic model accurately predicted lhis
response,

Another problem, which was reflected by the poor correlation above 1000 Hz, is that the
nose force input tu excite the vehicle resvnances did not excite the higher-order component
modes. This is because the mode shapes associaled with these modes have little nose mo-
tion, thereby resulting in insufficient modal force in the survey to excite them. A way
around this would be to excite the vehicle at the locations where the component packages tie
into the shell structure. A better solution would be to run detailed modal surveys of the
component packages themselves, This would guarantee that the dynamic model is of suf-
ficient detail in the component areas to describe their dynamic characteristics.

The correlation analysis of the previous subsection clearly demonstrated that if shell ac-
celeration response predictions arve desired, then the dynamic models must include higher
harmonics. The inclusion of higher harmonic models is only required in the event that a
simall component is mounted to the velicle shell and the component's vibration environment
is desired. Both the acoustic test and the re-entry predictions demonstrated that the strains
induced nto the sheil structure are of litlle cunsequence with respect to shell ultimate
strength capability.

v swnmarize, the prediction technique does an excellent job of describing re-entry vehicle
vibration respunse. Iowever, care must be taken tu insure the vehicle dynamic character-
istics are accurately portrayed.
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SECTION IX
VEHICLE RE-ENTRY SIMULATION TECHNIQUES

1, CURRENT AEROACOUSTIC ENVIRONMENT DESCRIPTION

The most current description of aeroacoustic environments during re~entry of high-beta
vehicles is contained in Reference 23, This reference documents the results of a study con-
tract conducted at GE~RESD concurrently with this study program, but which focused on
improving the description of aeroacoustic loadings,

The acoustic description of Turbulent Boundary Layer (TBL) flow in terms of Overall Sound
Pressure Level (OASPL), Power Spectral Density (PSD) and spatial corr elation is essentmlly
the same as that given in Section III, Significant asymmetric OASPL distributions about the
vehicle roll axis do, however, occur for angles or attack in excess of the vehicle cone half
angle because of separated flow,

Transitional flow acoustic environment has an OASPL of approximately 10 dB greater than
the TBL flow environment, but retains similar characteristics as TBL in PSD and spatial
correlation, The length of vehicle affected by transitional flow is approximately equal to the
local vehicle radius,

Wake flow OASPL is approximately equal to TBL flow, not 15 dB legs than TTL as defined
in Section III, Its PSD is higher than TBL in the frequency region less than 5000 Iz, Spatial
correlation is assumed to behave as previously described,

Data obtained from recent flights with severe trajectories indicates that aerodynamic oscil-
lating shocks can be set up on the vehicle nose if tip~ablated shapes create separated flow,
Puhlished data (24), (25) indicates that these oscillating shocks produce very severe OASPL,
30 dB higher than TBL, with very low frequency content, less than 100 Hz, The shock
acoustic pressures are fully correlated along the flow direction (vehicle roll axis), but fully
correlated over only one quadrant across the flow or around the vehicle circumference,

The combinations of the various aeroacoustic environments are depicted in the schematics
of Figure 64 for three signiticant flow conditions that occur during re-entry, During carly
re~entry, the vehicle forebody is completely immersed in laminar flow, An altitude is scon
reached where transitional flow occurs at the rear of the vehicle, As the vehicle further
penetrates the atmosphere, the transitional flow zone moves forward on the vehicle, with
turbulent flow occurring aft of the transitional flow zone, Finally, transition reaches the
nosetip and the vehicle is completely immersed in turbulent flow, In addition, at this point
in the trajectory, transition causes increased heating and subsequent ablation of the nosetip.
Depending on the shape that the ablated nosetip assumes, separated flow and oscillating
shocks can occur at the nose, both phenomena causing very high overall sound pressure
levels,
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2, CURRENT RE-ENTRY VIBRATION ENVIRONMENT DESCRIPTION

Vibration environments at internal shelf-mounted components measured during nominal re~
entry flights are mild, Figures 65 and 66 show these typically mild vibralion environments
measured during period of {ransitional flow and fully turbulent flow respectively, The high
levels on these figures at very low frequencies are due to vehicle rigid~body aerodynamic
pitching response,

No data from vehicle forebody shell and aft cover (base) are available for nominal flights,
Data recently obtained, however, during very severe re-entry trajectories show extremely
high (4000 g's) intermittent acceleration pulses of short duration (0, 1 millisecond) occurring
on the vehicle forebody shell structure, These levels were estimated by using triggering
characteristics of high~g switches and saturavion characteristics of vibration sensors. The
cause of this phenomena is presently atwributed, cither directly (linear response) or indirectly
(nonlinear response), to oscillating aerodynamic shocks on the vehicle ablated nosetip, The
vibration environment occurring during transition on these severe trajectories and prior to
nosetip ablatica was mild, and that occurring in conjunction with the intermittent acceleration.
pulses could not be defined because of sensor saturation,

3. SIMULATION TECHNIQUES

The two areas which must be investigated in order to insure that a ground test of a vehicle
will simulate the re-entry response are the vehicle dynamic characteristics and the
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Figure 65. PSD Envelope For Internal Components~Transition
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aeroacoustic loading, During re-entry, the heat shield will be ablating, the re-entry g
loads will alier conditions of preload at the joint locations, aund the increased temperature
will reduce stiffness of the shell, These effects all combire to change the ve:i~le dynamic
characteristics compared to those of a ground test vehicle, It is extremely difficult and
costly to medify an unaltered prime vehicle to the point where it has the exact dynamic
characteristics ac a re~entry vehicle, Some things can be done, however, tc approach the
ideal conditivn, 1If the effect of the re~entry g loading is to loosen fi2ld joints through reduc-
ing the assembly preload, this could easily be represented by lower assembly preload,
Although costly, it is possible to design and fabricate a heat shield which describes the
predicted re~entry ablated condition of reduced thickness and modulus,

Techniques for simulaling the aeroacoustic environments are shown schematically in
Figure 67 for the three flow condilions previously described in Figure 64, It is seen that
simulation of the moverent of transition down the vehicle entails the use of baffles; this
skould present o problem, since it was done in the testing performed in the AFFDL Sonic
Fatigue Tacility. ~imulation of the oscillating aerodynamic shocks and separated {flow on
the vehicle *« - requires local random force input uiilizing a shaker, If the intermittent
high acceleration pulses described previously are due Lo a nonlinesr vehicle response sich
as ficld joint or equipment shelf impacting, then the shaker input through snug~fitting
connectors should suffice, If, however, the intermittent acceleration puises are due to a
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simmlaxly described acrodynamic shock loading on the vehicle nosetip, then an impacting |
device, such as loosely fitting comncctors at the nose, must be used in conjunction with the
shaker,

v

Finally, adequate simulation may demand that the test vehicle be mounted on springs such
that a rigid body pitch and yaw frequency (=20 to 40 llz) similar to re~ent1y is realized,
since some components may he susceptible to low-frequency environments,
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4, AFTDIL SONIC YATIGUE FACILITY CAPABILITIES

This facility has several test chambers, The large tesi chamber has the average physical
dimensions of 42 x 56 x 70 {feet, and can be operated in either the reverberant mcde or pro~
gressive wave mode, The high intensity sound in the test chamber is generated by 35 dis-
crete frequency sirens with a range of 50 to 10,000 Hz. The sirens can be modulated to
prodiice a narrow band random noise, A maximum acoustic power of one million watls can
be radiated from the main bank within a limited frequen~y range. A maximum overall sound
pressure level of 174 dB can be attained near the sirens, Full scale specimens can be
tested in sound fields up to 162 dB (re 0, 0002 dynes/cmZ), Seventy-two channels of data
can be recorded simulianeously by the facility instrumentation system, with the capability
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; of recording 342 transducer cutputs by commutating a number of data channels, There is
also a smaller test chamber scaled to one-fourth the physical dimensious of the large cham~
q ber, This facility is powered by a 12 kilowait wide-band siren capable of producing a con-

tinuous spectrum over a frequency range of 50 to 12,000 1z, A maximum overasd sound
pressure level of 160 dB can be attained at the siren horn mouth,

e

T

3
s As mentioned previously in various sections of this report, the acoustic test performed with
the prototype vehicle in the AFFDL Sonic Fatigue Facility did an excellent job of simulating
. responses to the baseline re-entry environment, even though the overall sound pressure

- levels were lower than predicted for re~entry, This remark can be made since the compo-
e nent responses in the acoustic test, as measured by the accelerometers, exceeded the
responses predicted for the haseline re~entry acroacoustic environment., In summary, it

1 can be stated that the AFFDL Sonic Fatigue Facility adequately simulates re~entry, since

P the correlation effects of the test chamber's semi-progressive environment vields vibration
b responses cquivalent to re~entry, at overall sound pressure levels much lower than re-entry
H aeroacoustics,
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SECTION X

DESIGN REQUIREMENTS, TEST SPECIFICATIONS

1. SPECIFICATION DERIVATION GUIMELINES

The basis for design requireuments and test specifications are vibration predictions for all
signific.ant re~eutry flow conditions at all compunent locations, utilizing the analysis and
test procedures previously discussed., The initial task in specification derivation is to
overlay the three axes of response for each compunent, as one specification for all axes of
testing is desired. If a compounent is used at more than one location in the vehicle, then
the responses at all locations and all axes musl be overlayed, A test specification is then
derived by enveluping the peaks of the response overlays. Notching of the specification is
appropriate only if the response overlay peaks occur in groups at widely separated
frequency bands as shown in Figure 68, However, notching is rarcly possible in defining
re-entry vibration specifications because of the wide band nature of the aeroacoustic
environment. Rolloffs .{ the test specification about the response peaks sbould not exceed
12 dB/octave to he compatible with test machine control limitations.

Experience has shown that eaveloping procedures just described, results in test overall
levels that are approximately twice the response overall levels, thus providing sufficient
conservalism, Additional safety margin is provided by the test duratien, which should be
approximately ten seconds per axis or thirty seconds total west time, Re-entry flight time
frons onset of transiticen to impact is on the order of ten seconds, with duration of highest
level vibration even less than that, The short duration of test time will require the use of
a near prime component simulator to be used in shaping the test specification during
initial testing,

SPEC
NOTCH
v
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Figure 88, Test Specification Notchine
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2. TYPICAL COMPONENT TEST SPECIFICATIONS

e Ulilizing the numcrous re-cniry response analyses conducted on GE-RESD high-bety re-

5 entry vchicle prograns and available flight data, typical component test specifications were
’ Jdeveluped using procedures discussed above, Figures 69 and 70 display the results of this
cflortwith test specification for internal shelf-mounted components and shell-mounted
(fuceboudy, aft cover) components respectively, The figures provide the ability to define
1ealistic conmponent re~entry vibration specifications for proposal or preliminary design
purposes, bul obviously more representutive curves should be derived for a specific
vehicle, utilizing the analysis and test procedures outlined in this report.

An attempt is made in Figure 71 o give a best estimate of acceleration shuck pulse environ-
ments experienced n the vehicle shell structure if nose ablation causes nosctip scparauted

flow and oscillating shock waves.

3. INTERNAL ACOUSTIC ENVIRONMENTS

Previously, in Section VII, it was noted that vehicle internal acoustic environments meas-
ured in the testing at ATFDL Sonic Fatigue Facility had overall levels 36 dB lower than the
external acoustic environment, This neans the external excitation is fifty times greater
than the internul eavirunment, and therefore acoustic excitation of compunents in conjunc-
tion with vibration testing is not necessary.
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SECTION XI

CONCLUSIONS AND RECOMMENDATIONS

1. VIBRATION RESPONSE PREDICTIONS

The main objective of this study contract in develuping a verified vibration response pre-
diction technique has Leen achieved. IHowever, the results uf the test/analysis correlati .
have illuminated certiin areas previovusly not addressed or little understood, Primarily,
it is now evident that aercacoustic environments cause significant re. onses in all three
axes of the vehicle, Prior {o this study, il was thought that axial response was dominant
and the n.odal survey and acoustic tests were planned accordingly,

A very significant item learned from the acoustic test is that the acoustic environment also
exuites vehicle shell modes, which become the largesi contributor to shell response,
Finally, test results reveal that internal component shelves are excited at their higher
resonant {requencies as well as the expected lower modes.

Buased on the results of this study, the following is recornmended in predicting vibration
response to acoustic environments:

(1) All vehicle 1xes should be considered simultaneously in analylical predictions,
{2) Shell response should be modeled.

(3) Modal surveys for dynamic model verification should be conducted in each vehicle
axis, monitoring all axes of internal rcsponses.,

() Hish frequency modeling of internal equipment shelves must be included.
(5) Modal surveys of internal equipment shelves alone should be done, or at least

provision for excitation at shelf attachmeni, structure during vehicle modal
surveys should be made,

2. ACOUSTIC TESTING

The utilization of a nuse/fixture combination was un excellent approach for providing nuse
excitation and vehicle suspension during acoustic tests,

It is certainly evideni from the acuustic lesi results that either type of chamber configur-
alion (teverberant, ur progressive) is sufficient, This is because the proximity of the
vehicle tu the siren bank precludes good reverberation; hence the environment tended to be
progressive, The acoustic environment provided envugh spatial correlition decay around
the vehicle circumference to causc sufficiznt lateral response. The use of baffles io alter
acoustic environments has been proven o be an effective testing lechnique,
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In future acoustic testing il is recommended that: J
¥ (1) more microphones be placed to record rircumferential variations in acoustic

b environmen.;

3

‘ (2) use of strain gage instrumentation be eliminated because of extremely low levels;
¥ and

’ (3) high and low frequency portable sirens should be employc 1 to raise sound pressure

-t levels in those frequency bands.

% 3. SIMUTATION TECHNIQUES

;:1 The fairly well-defined types of aeroacoustic environments (turbulent houndary layer,

trausition, wake) are at best difficult to simulate . ground tests. Simulation of cscillating

3 shocks and separated {low will require a better definition of these environments. In sum-
nmary, cxact simulation of aeroacoustic environments in ground tests is virtually impos-
'5 sible, and therefore simulation of 1¢ sponses is most expedient,

3 The primary recommendation of this . ludy program is that, now that feasibility has been
= demonstraied, further tests and analyses should be pexrformed to thoroughly evaluate the

E: response simulation techniques proposed in this report. This effort should also include

E tasks to determine if nonlinear responses in a vebicle structure could result in high inter-
R mittent acceleration pulses.
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