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ABSTRACT

Results are presented from a three year study of the vibra-
tion transmitted to a shroud-enclosed spacecraft from an external
acoustic field. The study included both a theoretical prediction
of the vibration transmission and an experimental study of a l/2-
scale model of a typical spacecraft assembly. The theoretical
predictions were obtained using a statistical energy analysis.
Data from the experiments are compared with the predictions fto
establish the validity and accuracy of the prediction technique.
Experiments were also conducted to determine the effect of changes
in the model configuration on the vibration transmission. The
results of the study indicate that the vibrations transmitted via
the internal acoustic space and those transmitted via the mount-
ing trusses are comparible.
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‘A THEORETICAL AND EXPERIMENTAL MODEL-STUDY OF THE
SOUND-INDUCED VIBRATION TRANSMITTED TO A SHROUD-
ENCLOSED SPACECRAFT

1. INTRODUCTION
1.1 Program Review

During the past three years, Bolt Beranek and Newman Inc. (BBN)
has conducted a theoretical! and experimental? model-study of the
sound-induced vibrations Transmitted to a shroud-enclosed space-
craft. The spacecraft-shroud assembly used for the study is
shown schematically in Fig. 1. The major structural and acouasti-

cal elements of this assembly are identified in Fig. 2.

In the study, the source of vibration was taken to be a diffuse
field of acoustic noise; the frequencies of excitation of the
full-scale assembly were taken to be in the range of 200 Hz to
6,000 Hz. Frequencies of excitation for the experimental study
were doubled since a one-half scale model was used. Vibrations
transmitted from the boost vehicle to the spacecrait were not
considered, since the freguency content of these vibrations is
typically below 200 Hz.

Two paths of vibration transmission exlist from the external acous-
tic field to the spacecraft: (1) an acoustic path -involving the
external acoustic space, the shroud and the internal acoustic
space; and (2) a mechanical path involving the external acoustic
space, the shroud, the ring frame and tThe mounting trusses. One
purpose of our ‘study was to develop a technique to predict the
vibrations transmitted to the spacecraft by these two paths.

The second purpose of our study was to determine the effect of

structural parameter changes on the amount of vibration transmitted
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to the spacecraft. Theoretical predictions of this vibration
transmission were obtained using statistiéal'energy analysis.?®
This type of analysis has been used in the péét to study the
interaction of an acoustic field with a structure and to study
the vibration transmitted between two structures; however, the
study described in this report represents the first attempt to
use statistical energy analysis to predict the interaction of a
large number of structural elements. The theoretical predictions
for this study are derlved in Ref. 1. However, the derivation of
these predictions is reviewed in Section 3 below.

Experiments were conducted on a one-half scale model of a typical
_spacecraft-shroud assembly to provide -data which could then be
compared with the theoretical response predictions. The OGO
spacecraft assembly was chosen as the basis for this model, and
simple structural elements were chosen to represent approximately
the actuval elements in the 0G0 assembly. The medel for the

shroud is a ribbed cylindrical shell; the model for the spacecraft
is an array of four honeycomb panels. The model shroud is con-
nected to the model spacecraft by four channel trusses and a ring
frame. A detailed description of the entire model is presented

in Section 2.

Structural properties of the one-half scale model only approxi-
mate the properties of the OGO assembl& elements. We do not in-
tend that the vibration levels measured for this model be indi-
cative of vibration levels in the actual assembly; but, data

from our model should serve to establish the validity of the
theoretical prediction technique for a spacecraft-shroud assembly.
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Two kinds of experiments were conducted with the one-half scale
model. PFirst, expéeriments were conducted to measure the flow of
vibratory energy in individual structural elements of the model
and in combinations of the elements coupled together. Second,
experiments were conducted to measure the vibratory response of
the individual assembly elements when the model $hroud is excited
by an external acoustic field of noise. Ref. 2 describes many of
Lhe experiments that were conducted in this study. Unfortunately,
some of the data presented in Ref. 2 are inaccurate.® Therefore,

all of the experimental data are presented in this report.
1.2 Summary of Results

Spectra of the vibration transmitted to elements of the spacecraft-
shroud assembly are shown in Figs. 24 -~ 35. Data from the experi-
ments are in reasonable agreement with the theoretical predictions;
although, agreement between the predicticns and the measurements

for acoustic path transmission is somewhat better than for mechanical
path transmission. The mesgsured vibration transmission to the
spacecraft by .the mechanical path is as much as 5 to 10 dB from

the theoretical predictions for many frequency bands.

The spectra of vibration transmitted to the spacecraft by the
mechanical path and by the acoustic path are comparable in ampli-
tude. This result is, of course, limited to our particular model;
but, clearly, both paths of vibration transmission must be con-
sidered in designing or analyzing the environment of an actual
spacecraft. The spectrum of vibration transmitted to the mounting
trusses by the mechanical path far eXxceeds that transmitted by the
acoustic path.

¥See Appendix 1.
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In addition 'to the above results, the effects of changing the
model configuration have been investigated: Changes that were
investigated include:

1. Excitation of the shroud by a directive acoustic field;
. Removal of the absorptive liner from the shroud:
Addition of covers to the top and bottom of the spacecraft;
Addition of an adaptor to the spacecraft assembly;
Excitation of the spacecraft by a simulated acoustic field

Ul = WM

and a multi-modal fixture.

Techniques to measure the damping of a structure were thoroughly
investigated using the decay-rate technigue deseribed in Seec. 4.1.
However, in measuring the damping of the model spacecraft, certain
inconsistencies were noted and, therefore, the technique of di-
rectly measuring the power input from a.point-drive shaker and

the resulting response of the structure was investigated. It was
found that this technique is more reliable and should be used

whenever possible.
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2. DESCRIPTION OF THE MODEL

2.1 General Description

A typical spacecraft assembly consists of six structural and
acoustical elements:

1. 'External‘acoustic space;

2. Shroud;
. Internal ascoustic space;
Spacecraft;
Ring frame which connects to the boost vehicle; and
Mounting trusses (or a mounting shell) to connect the
spacecraft to the ring frame,

[SARRNS ) I = 04

We have chosen rather simple structural elements to represent the
six actual components. The model shroud (shown in Figs. 3 and 4)
is taken to be a thin-walled ribbed cylindrical shell. We have
not included the conical section of an actual shroud with our
model, since we do not feel that it has a great effect on the
vibration transmission characteristics of the shroud, and since
theoretical predictions of vibration transmission by a cone have
not been worked out at this time. The model consists of an
0.087-inch-thick NEMA grade G-11 fiberglass-epoxy laminate shell.
Ribs of aluminum channel have been epoxied in position at the
locations shown. The ends of the shell are sealed with 0.75-inch
plywood baffles that are mechanically isclated from the shell.

The shroud of an actual spacecraft assembly is often lined with
a thermal blanket which contrcols the absorption in The internal
acoustic space. For our medel, we selected a one-inch-thick
porous fiberglass blanket to line the shroud.
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Although an actual spacecraft is a very complicated structure,
for our study we selected a simple rectilinear box composed of
four honeycomb panels (shown in Figs. 5, 6 and 9).. In modeling
the spacecraft, we have not included instruments or other com-
ponents that are connected to the main structure. However, the
addition of a large number of components to the spacecraft wbuld,
no doubt, change its vibrational characteristics.

The model chosen to represent the ring frame (shown in'Figs. 7
and 9) consists of an aluminum channel ring with two aluminum
angles connected to it by a rigid epoxy and a number of small

SCIrews.

In our model, the spacecraft is supported on the ring frame by
the four mounting trusses. These trusses (shown in PFigs. 5, 7,
8 and 9) are simple aluminum channel beams stiffened by gussets

at each end and in the middle of the truss.
2,2 Structural Parameters of the Model

A l1list of structural parameter values for the elements of the
one-half scale model is given in Table 1. The test frequencies
for the one-half scale model are twice those for the actual
assembly.
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3. THEORY
3.1 Use.of Statistical Energy Analysis

Statistical Energy Analysis holds, as its basic hypothesis, that
the time-average power flow between two groups of resonant modes
is proportional to the difference in their average modal energy,

Hij P (ei — ej) , (1)

where Hij is the time-average power flow between group‘i and group
J and ai is the average energy per mode in group i. Thils basic
hypothegig can be proven when each group has one mode excited by
an independent white-noise source;* and the hypothesis -can be
shown to be a good approximation when the coupling 1s small and
when there is modal overlap in the frequency domain, i.e., when
the separation between resonance frequencies is less than the
resonance bandwidth of each mode.® We will assume that the basic
power-iflow relation is a satisfactory approximation for aff cases,
supporting our assumption by the agreement between Statistical

Energy Analysis predictions and experiments.®

When the modes of each group have resonance frequencies in a
narrow band, the power-flow relation (1) can be written as¥®

= wn, .n, Aw I — (2)

* i . ‘ =1
Note, since Hij Hji’ that Ng sN4=T
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where w is the center freguency of the band, ny is by definition

J
the coupling loss factor, n, is the modal density of group 1, Aw
is the frequency bandwidth, and Ei is the time-average total

energy of all modes in group 1i.

To obtain power-balance equafions, we must equate the power flow
to and from each mode group, with the power dissipated in the
group and the power supplied by external sources. The time-
average power dissipated is given by

E,

_ i
jq = wnjghsle n;hG | ° (3)

where Nig is the dissipation loss factor for group i. The dis-
sipation loss factor is defined by Eq. 3.%

Consider now a set of inner-connected mode groups (Fig. 10). Power

balance for group i can be written as

I

- oin
iq ¥ § T, ., = 0. (4)

ij i ?
where H;n is the power supplied to group i from external sources.

Equation 4 can be written in terms of the loss factors as

E,

E. 5. .
i i -3l L gin
wny ghy Ao ;AW + ? wny 474 AW [piAw njAw] 3 (5)

It will be convenient to rewrite'Eq. 5 as

E. J#i E
‘1 j 1 i
—_. —_ 4 J = _ L -

#Note that the definition of coupling loss factor, Eq. 2, has
been made to conform to the classical definition of dissipation
loss factor, Eg. 3.
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Where M tot is the total loss factor defined as

j#i
Nitot = MNig ¥ ? Ny5 - (1)

Power balances for other mode groups give a set of simultaneous
algebraic equations that can be solved for the total energies Ei

in terms of the loss factors and modal densities. The powér
balance equations can be written in matrix form as®*

in
Ej 1 Hi 8
BEUEEE 1 E70 BT I ’ (8)
3 i
where
Nig = = Nitop ° (9)

The expressions for mode-group energy found by solving Eqs. 8 are
in terms of coupling loss factors, dissipationh loss factors, and
modal densities. To obtain these parameters, it is important that
the modes of each‘group have the same energy. Modes within a
group will have the same energy if they have similar dissipation
loss factors and similar coupling loss factors to modes in other

groups, or if they are closely coupled together.?

Applications of the power-balance equations will be given in the
following sections.

*For the special case in which the energy of one mode group is
maintained at a set level by external sources, the power supplied
to the mode groups can be set to zZero and Egs. 8 can be solved
for the unknown energies of the mode groups in terms of the
specified mode-group energy.
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Acoustic Space-Plate

Consider the problem of a plate immersed in a closed acoustic
space. The energy in the acoustic space in each 1/3-oct band is
maintained at a set level. We will find the resulting ensrgy in
the plate in 1/3-oct bands.

For this problem, Egs. 8 become

“p
n-T'I

=0 , (10)
D :

rlptot
where nptot is the total loss facto%_pf che plate at frequency

W, is the coupling loss factor between the plate and the

n
acougiic space at w, n, is the modal density of the acoustic
space at o, np 1s the modal density of the plate at w, Ep is the
energy of the plate in the 1/3-occ¢t band centered around w, and
Ea is the specified energy in the acoustic space in the 1/3-oct

band centered around w. Equation 10 can be solved to give

E E n '
L= 2 (P2 ) (11)
np Mg Tlptot

Acoustic Space - Cylindrical Shell - Acoustic Space

Consider the problem of a cylindrical shell, baffled on each end,
immersed in an acoustic space. The energy in the acoustic space
in each 1/3-oct band is maintained at a set level. We will find
the resulting 1/3-oct-band energy in the shell and in the interior

acoustic space.

Resonant modes of the c¢ylindrical shell should be divided into
two groups - acoustically fast (AF) modes that are well-coupled

10
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to the acoustic spaces and acoustically slow (AS) modes that are
not well coupled to the acoustic space. Equations 8 become

- 1 [ . 17T )
“MaFtot aFAS N _AF n
nA AFe
F
E : E
AS ] _ 3
~ | Masaw “Mastot  NASi A *|Mage | 7> (12)
AS e
E.
. n -n —= n
iAR iAS itot ni ie
L. - L - e -

where Ee is assumed to be known and ATI', AS, e, and 1 signify the
A¥ mode group, the AS mode group, the external-acoustic-space mode
group, and the internal-acoustic-space mode grouﬁ, respectively.
Eguations 12 can be solved exactly. However, in many practical

cases, simplifications are wvalid.

In our analysis we take the modes of the undamped cylindrical
shell to be those of a simply-supported undamped shell in
vacuum. For such an idealized case the modes of the shell are
uncoupled. A more realistic model of an actual sftructure would
require complex boundary conditions, some form of damping, and
many types of discontinuities in the shell such as ribs, string-
ers, equipment mounting fixtures, etc. The vibrations of this
complex model can be studied in terms of the modes of the simply-
supported undamped shell in vacuum if we allow the modes to be
coupled in fthe describing equations of motion. Unfortunately,
an understanding of modal coupling has not advanced to the point
where we can quantitatively evaluate the coupling loss factor

between AF and AS modes, in Equation 12. For a cylindri-

n
AFAS?
cal shell in which no longitudinal disceontinuities (stringers)

11
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are present, we can assume that the idintermodal coupling is very
small so that ’ )

(13)

Fod
P

Napas ©|
f
For a shell with longitudinal discontinuities the intermodal
coupling will be large. For this case we can assume that the
coupling 105; factor nAFAS is larger than the total loss factors
of the AF and AS modes so that the AF and AS modes will have
equal modal energy. The validity of these assumptions cannoct

be supported, however, until further studies of modal coupling

are undertaken.

The one-half scale model shroud used for our study has no longi-
tudinal discontinuities, Therefore, we will assume 1n the re-
maining sections of this report that Equation 13 holds true.
The case of strong modal coupling is discussed in Avpendix 2.

When the internal-spaée modal energy is much less than the external-
space modal energy,

Ey E, .
noSSE o (1%
1 e
then Egs. 12 give
Eyp _ Mape B Mapr By Mare B (15)
Mr  "avtot Be  MaFtot 3 MaBtot De
and, similarly,
Eps . Mase Pe  Masi Pi. Tase e (16)
n n n !

Nps  TMastot Pe  "aStot "1  Mastot

12
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AT and EAS' When

Egs. 13 and lﬁ hold, the energy in the internal space is

The total energy in the shell is the sum of E

E. 1. E

®1_ Me fe . Miar Eap | Mias Fas
n

i Mtot "e  Mitot PaF  Nitot ag

E

"ie , _ Miarave , _ "iasase |Pe (17)
Mitot Nitot'aFtot Titot"aStot |Pe

2

In Eq. 17, the coupling loss factor Ny e represents coupling
between the interior space and the exterior space thfough non-
resonant shell modes. This loss factor is related to the mass-

law transmission coefficient’:
Co fg —
e “Tu T, * (18)

where o is the speed of sound in the acoustic space, AS is the
surface area of the shell, Vi is the volume of the interlor acous-

tic space, and T is the mass-law transmission coefficient.

The second and third terms of Eg. 17 represent response and

subsequent radiation of resonant modes of the shell.

Spacecraft Assembly

We now consider the complex problem of a spacecraft supported by
mounting trusses inside a shroud which is exposed to an acoustic
field, as shown in Fig. 1. This problem was previously studied
by the author in Ref. 1. The results in Ref. 1 agree with those
presented here; however, the formalism of this section is more

complete. The structural elements for the spacecraft assembly

13
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are shown 1in Fig. 2. Appropriate groups -of resonant modes are

shown in Figs. 11 and 12. In theory, each mode gréup is coupled

to every other mode group; resonant modes of adjacent structures are
coupled throﬁgh boundaries; resonant mbdes of nonadjacent struc-
tures. are coupled through nonresonant modes of intermediate struc-

tures., Equations 8 for this assembly are

{5 E,
=1 M43 o, = "] w, e (19)

where i and j = 2AF, 24S, 3, 4, 5tors, Shflex, 5vflex, btors,

6hflex, 6vflex, and Ny = by convention. The notations -

—_n.
5tors, 5hflex, etc., refer tétggrsional motions and bending mo-
tions about the two principle axes of the ring frames and the
mounting trusses as shown in Flg. 13. We have assumed that the
external acoustic field is contained in a test chamber. The modal

energy in the chamber is related to the average mean-square pres-
2

sure, <p >X £ by

>

1 2
E 2 Vi<p >X,t

1 PoCo Co 1
2
o = - A <pT> £ (20)
5 o2 - Po hyp? X5
c? . .

Since the volume of the chamber does not enter in the modal energy
and since the acoustic field is diffuse in a large chamber, we can
also use Egs. 19 and 20 when the external acoustic field is a dif-

fuse field of travelling waves in an infinite space.
As in the previous example, Eqs. 19 can be solved exactly. How-

ever, we choose to simplify the equations by making certain approx-
imations following the approach of Ref. 1.
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3.2 Separation into Acoustic¢ and Mechanical Paths

The first set of approximations allows the acoustic and mechanical
patha to be treated separately (Fig. 2)}. We assume that

a. power flow from the shroud to the ring frame is small in
comparison to power dissipated in the shroud;

b. the internal acoustic space is not coupled to the ring frame
or the mounting trusses; and

¢. the modal energy in the spacecraft is less than that in other
mode groups, l.e., the spacecraft does not act as a source of
excitation for the trusses (this assumption was verified
experimentally, see Section 5).

In this case, the acoustic and mechanical transmission paths can
be treated separately provided we use the exact Mytot in both
calculations. The modal energy of the spacecraft is the sum of
the modal energy from acoustic—path transmigsion and from mechan-

ical path transmission.
3.3 OQther Simplifications

Acoustic-Path Transmission

Eguations 8 for the acoustic-path mode groups are

i N
AF "
“Nartot NaFAS MAR3 aph nn AF1
~ n M “as n
NagaF Mastot AS3 ASk s ASl| &
i
= - L (21)
E3 1
N3aF M348 “N3tor  Maw n, May
EL}
| Myap N4as Mys “Mitot | |, Mo

15
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In solving Egs. 21, we assume that

"Mapas = Mamy = Masy = Nw = 0 _ (22)

and n,*n,, >> n, .+n so that ny, . = n,n,,. These assumptions

6
are valid for our m;del spacecraft assembly; howevef, ﬁhey are not
generally valid for all assemblies. The coupling between AF modes
and AS modes is zero only when there are no vertical stringers;
otherwise this coupling loss factor is quite large so:-that AF and
AS modes have equal energies. The coupling loss factors Napl and
Nagy represent coupling between resonant modes of the shroud and
resonant modes of the spacecraft through nonresonant modes of the
acoustic space. These coupling loss fgcfors cannot be set to zero
if the spacecraft panels are close to the shroud wall — closer
than approximately 1/6 of an acoustic wavelength. The coupling
loss factor LI represents coup}ing between resonant modes of the
_ external space to resonant modes of the spacecraft through non-
resonant modes of both the shroud and the internal acoustic space.
This loss factor is very small and can be set to zero.

In dealing with coupling loss factors involving nonresonant modes
of intervening structures some cautlion must be used. It is pos-
gible for the nonresonant modes for two adjacent structures to
form a new resonant set of modes that were not initially consid-
ered. For example, when the spacecraft is very close to the
shroud wall it is possible for the nonresonant mass-law modes of
the spacecraft and shroud and the nonresonant spfing—iaw modes of
the acoustic space to form new rescnant modes corresponding to a

mass-spring-mass system,

With the assumptions given by Egs. 22, Egs. 21 can be solved to

give

16



Report No., 1891 Bolt Beranek and Newman Inc.

E n E T E
B
AF — = (23)

AF  MaFtot ™1 MaFtot s

n

where MaFtot = MARd + Napy + nAFB' Similarly, the solution for

Eyg/Myg i

Fps  Masa B Mhs3 s
Tyl EE ol (21)
A4S Mastot ™1 Mastot Ds

Equations 23 and 28 agree with Egs. 92 and 93 of Ref. 1. In most
practical cases, the second terms of these equations are negligible.
Equations 21 can be solved for E, /n, to give

E1+ n1+3 ES
171— = 'ﬁmn—~ . (25)
4 Utot 3

This equation agrees with Egqs. 100 and 101 of Ref. 1.¥ Finally,
Eqs. 21 can be solved for Ea/na:

E n E n E M E n E
Hi 31 + 3AF “AF 3A5 “AS 34 Hi ] (26)
3

1
M3tot ™1 "3t0t “aF "3tot 248 "3tot M

Combining Eqs. 23 - 26, we get the final solution

Bs _{ M M3amfap1 , _ "3asMasi
n, N3tot  "3tot"AStet  3tot"AStot
-1
L. Marar3 o M3a8Mas3 o DssTus By o
N3totMaFtot  M3totAStot  "3totMtot 1y

¥Note: AF and AS modes of the spacecraft do not both occur in
the same frequency band. They do in the shroud.

17
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Equation 27 can be algebraically manipulated into a form similar
to Ea. 75 in Ref. 1 by making use of Egs. 7 and 9, and by assum-
ing that )

Mapr = Map3

and (28)

Mag1 = Mag3 .

Using these assumptions in Eq. 27 gives#¥

By 0y MagiPag Y Mapafar T M3egts (29)
E3 n, n%..n n2__n 3
non 4 _Asias | Tap1"ap
s s "astot Martot
where
n, n.n
8 'k k3
= + TR AN 3. LA 0

Equations 29 and 30 are identical to HEgs. 75 and 76 of Ref. 1 if

= ¥¥
n31 0.

Mechanical-Path Transmission

Eguations 8 can now be used to study vibration transmission by
elements of the mechanical path. According to assumptions a, b
and ¢ of page 15, we can assume the modal energy of the shroud

¥The Noise Reduction is given by NR=10 1og10[(El/nl)/(E3/n3)].

¥%¥Note: In Ref. 1, transmission by nonresonant shell modes was
calculated separately so that Eqs. 75 and 76 of Ref. 1 include
only transmission by resonant shell modes, i.e., N, =0.

18
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has been determined from an analysis of the acoustic path trans-

mission. In addition we will assume that#®

a. the spacecraft, being an open box of four panels, responds
only to moments about an axis parallel to the axis of revclu-
tion of the cylindrical shell. - ’

b. the bending modes of the mounting trusses are not well coupled

to the spacecraft and, therefore, can be neglected.

Assumption (a) allows us to neglect bending modes of the mounting
trusses and the ring frame that have motion in a verticsl plane
and torsional modes of the ring frame. Assumption (b) allows us
to consider only torsional modes of the mounting trusses. Using
these assumptions, Eqs. 8 become

- e p-E — — 1 - =
- 5
“Motot s Tso |l n, | |"5aF 1548
E E E
- _ Zs |2 AF AS
Mo s N6tot M n, NEAR Nyp + Ngas Rpg (31)
Eu
Nys L il o n n;
i 56 lltot_‘l'.nu_I __’-EAF_J _MAS_

where 5 represents bending modes of the ring frame with motion

in horizontal plane,

By = Egpplex @ (32)

6 represents torsional modes of the mounting trusses,

*The validity of these assumptions has been studied experimentally,
see Sections U4 and 5.
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E (33)

6 E6tors 2
No distinction was made in Ref. 1 between AF and AS shell modes
in the treatment of mechanical-path transmission. The formalism
in Ref. 1 is in error since the AF and AS modes have .different
energies. This error will be limited to frequencies below the
ring frequency since this is the only frequency range in which
both AF and AS modes occur.

The solution of Egs. 31 for the modal energy of the ring frame is

E n E n E

AS 56 6 5y 4
+ o + ot (34)

s "stot AP M5t0t As "Stot Be 5t0t D

Bs _ Msar Bap | Toag
n

We assume In the freguency range below the ring frequency that
Nsap 7> M5a * Mops * Mse + M5y (35)
and in the Treguency range above the ring frequency that
N5ag >> N5g Mg t Mg, - (36)

With these assumptions, Eg. 34 becomes

Es _ Eap
T = o for f < fR or f > fC s (37)
5 AF
where fR is the ring frequency, and
E E
5 _ AS
ﬁ; = HKE for_ f >.fR and £ < ?C . (38)
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To solve Egs. 31 for the modal energies of the mounting trusses
and the spacecraft, we assume that

Ngarp = O !
Mypp = 0
(39)
Ngag = 0
Nypas = O

The general validity of fthese assumptions has not been studied.

However, they should be valid for our model as long as the ring

frame has resonant modes in the frequency band being considered.
If we make the assumptions of Egs. 39, Egs. 31 can be solved to

give

EE - MhtotNes * EPRLI ?i (40)
e Mgtothtot ™ Tewlus s
where E./n_ is given by Egs. 37 and 38. The solution for the
modal energy of the spacecraft is
E, N6totMes T NesNus Es ;
= = — (41)

4 NototMtot ~ Meulus s

This equation can be compared with those of Ref. 1. However, in
Ref. 1, transmissions by resonant and nonresonant mounting truss
modes are treated separately. If we set n,. = 0 in Eq. 41, it ‘
agrees exactly with Eq. 153 in Ref. 1. If we set n , = 0 in Eq.
41, it agrees exactly with Eq. 160 in Ref. 1. The separate treat-
ment of resonant mode transmission and nonresonant mode trans-

mission is not generally valid. However, for the particular
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problem of Ref. 1,

N, +n, > N, e + Ny,s (42)
so that separate treatment is a valid approximation. This con-
cludes our calculation of energy distribution in a spacecraft

assembly.

The great number of approximations were necessary to keep the
level-of-effort of the study within bounds. Additional research

is required to eliminate the need for these approximations.
3.4 Summary of Theoretical Results

Solution of the power balance equations requires knowledge of the
modal densities, coupling loss factors, and dissipation loss
factors of the different resonant mode groups. A complete dis-
cussion of the derivation of these parameters is given in Ref. 1.
We will present only a summary of results.

3.4.1 Modal Densities

The modal density, n(f), gives the average number of resonant
modes per unit frequency. It is analogous to the mass density of
a material, where the microscopic variations from molecule to
molecule are averaged out. The average number of modes in a fre-
gquency band, N(£), is given by

f2

N(f) = [df n(f) . (43)

Ly
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N(f) will be a close approximation to the exact number of modes
in the band for a particular structure if N(f) >> 1.

The modal densities for the elements of the model spacecraft as-
sembly are listed in Table 2, and plotted in Fig. 14.

3.4.2 Coupling Loss Factors

The coupling loss factor relates the time-average power flowing
between two groups of modes with resonant frequencies in a given
band to the difference in their time-average total energies,

E Eb

L a
Top = Wngph a.{_g'_ ﬁg} : (H4)

Hab is the time-average power, w 1s the band-center-frequency,

n
ab
a, and Ea is the time-average total energy of &all modes in group

is the coupling loss factor, na is the modal density for group

a. Equation 44 is valid only if the modes in each group "look
alike", i.e., if they have the same time-average energy. The
resonant modes of the elements of the model spacecraft assembly
can be divided intoc groups of similar modes, as shown in Figs. 11
and 12. The coupling loss factors between these groups of modes
are calculated in Ref. 1. The theoretical values of these coupl-
ing loss factors are given in Tabkle 3 and are plotted in Fig. 15.

3.4,3 Dissipation and Total Loss Factors

The dissipation loss factor relates the time~average power dissi-
pated by a group of modes with resonant frequencies in a given

band to their time-average energy,
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E . (45)

I = mna,diss a

a,diss

Ha diss is the time-average power dissipated, w is the band-center
2

frequency, n is the dissipation loss factor, and Ea is 'the

a,diss .
time-average energy of all modes in the group. The dissipation’
loss factor is simply related to the critical damping ratio,

n = 2¢ (46)

a,diss a °?

where Ea is the critical damping ratio,.

The dissipation loss factor of a structural element must be estima-
ted empirically. In built-up structures, the material damping is
insignificant compared to the damping at joints. Therefore, the
best empirical estimate of the dissipatién loss factor of a built-
up structure is_ ’ '

Ng1ss = 0.01 . : (47)
This value will be used for each group of modes in the spacecraft
assembly.

The total loss factor relates the time-average power dissipated
and transmissed to all other groups of modes to the time-average
energy of tThe group being considered. Thus,

I, . . (48)
i

na,total = T]a,diss a,i

where 7 i1s the total loss factor, is the dissipa-

a,total na,dis‘s

tion loss factor, na 5 is a coupling loss factor, and the summation
3
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is over all other groups of modes. In many cases the dissipation
loss factor i1s sufficiently large that the summation of coupling
loss factors in Eg. 49 can be neglected. Howe[ver, this is not
always the case, and all terms in Eq. 49 must be considered.
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4,. MEASUREMENT OF THE COUPLING AND TOTAL LOSS FACTORS
4.1 Measurement Techniques

The coupling loss factor for two coupled groups of modes with
resonant frequencies in a given band relates the time-average
power flowing between the groups to the difference in their time-
average total energy,

I = wn —a_-—— (ug)

where Hab is the time-average power, w is the band center
frequency, P is the coupling loss factor, n, and n, are the
modal densities of group a and group b, and Ea and Eb are the
time-average total energies of groups a and b.

The time-average total energles of mode groups a and b are twice
the time-average kinetic energies of the groups since each mode
is responding ati resonance:. Therefore, if all resonant modes of
a given structure are similar and c¢an be placed in one group, we
can measure the time-average total energy of the mode group by
measuring the time-average kinetic energy of the structure. When
the modes of a structure must be separated into two or more groups,
it is difficult to measure the time-average kinetic energy of
just one group. Special correlation techniques could be used for
this purpose but, at this tTime, they have not been developed to
the extent where they could be used for this study.

The modal densities in Eg. 19 can be measured by slowly sweeping a

sinusoidal excitation and counting the number of resonances. The
technique can be used only when the separation between the modes
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exceeds the modal bandwidth due to damping. For typical struc-
tures this reguirement 1limits the fechnique to low frequencies
and does not allow measurement over much of the frequency range
of interest. Usually, one relies on theoretical estimates of the
modal density.

Techniques to measure directly the power flowlng between two
groups of modes have not been developed. Therefore, the coupling
loss factor must be inferred from experiments in which the total
energies can be measured and all other parameters are known or

can be measured.

The best technique to measure coupling loss factors is to isolate
the two groups of modes being considered, excite one group with
an external source and measure the time-average toftal energy in
the two groups. The coupling loss factor can then be related to
the total loss factor of the non-excited group by the equatlon

T (50)
a a M,total

where a refers to the excited group, b refers to the nonexcited
group and nb,total is the total loss factor of group b. TFor this
special case in which we have isolated two groups of modes, the
total loss factor of one group is simply the dissipation loss
factor of that group plus the coupling loss factor between that
group and the other. Thus, Eq. 50 can be rewritfen as

"o _ Mo "ba
E n

= (51)
a a nb,diss * Npa
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When the coupling loss factor is much "larger than the dissipation
loss factor, a small error in the measurement of the total loss
factor or in the measurement of the total energies of the mode
groups results in very large errors in the experimental deter-
mination of the coupling loss factor. Cases in which the
coupling loss factor is greater than the dissipation loss factor
should be avoided if possible. This can usually be done by the
addition of damping to the nonexcited group of modes.

We were able to use the-above technique of isolating the two
groups of modes being studled to measure the coupling loss -Tactor
between the model shroud and an acoustic space for frequencies

at which only AF or AS modes are present, and that between the
model spacecraft and an acoustic space. We could not measure
other coupling loss factors by this technique because it was not
possible to isolate the different groups of modes.- We attempfed
to measure the coupling loss factors between the different groups
of modes in the mounting trusses and the modes of the model
spacecraft without isclating the different groups being studied.
"But unfortunately, the results of this attempt, which is described
in Section 4.3, are questionable.

Measurement of the coupling loss factor requires that we first
measure the total loss factor of each group of modes. The total
loss factor of a group of modes relates the power dissipated in
the group plus all poﬁer transmitted to other groups  to the time-
average total energy of the group. Thus,

+ i U (52)

Na,total = Ma,diss
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where na,total is The total loss faector of mode group a, na,diss
is the dissipation 1lcss factor, ﬁai is the coupling loss factor
for group a to group i, and the summation is over all other groups
of modes.

To measure the total loss factor, we excite one group of modes
wlth an external source., The time-average power input from the
source is related to the time-average total energies in the
different mode groups by the equation,

=

I E - w

- _a
in - “Ma,total "a n, Nai T (53)

ar 1
1

e

where a is the group being excited, and the summation is over all
other coupled groups of modes. If the damping in the nonexcited
modes is suificiently high, the modal energies of the nonexecited
groups will be small and we can ignore the summation term ;n‘Eq. 53.

Two technigues exist for measuring the total loss factor when the
summation term in Eg. 53 can be neglected. First, we can use the
decay rate technique. Using this technique, the source of vibra-
tion is suddenly stopped and the rate of decay of energy in the
mode group is measuvred. The decay rate is related to the total
loss factor by the equation

.2

2
Na,total = F T
rev

(54)

where f is the band center frequency and Trev is the reverbera-
tion time - the time, in seconds, for the vibration level to

decay 60 dB. This technique has proven to be reliable in the past.
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However, we found that it cannot be used to measure the total loss
factor of the model spacecraft panels. An explanation is given.
in Section 4,2,

The second technigue is to measure the power input and energy of
the excited mode group directly. The power input is measured by
using a mechanical shaker and an Impedance head. The time-average
product of force applied by the shaker and velocity at the drive
point is found by using a digital correlator. The time-average
total energy is found by measuring the time-average kinetic
energy. Then, we can find the total loss factor from Eq. 53,
since the summation term is negligible.

We found that the second technique was very reliable and could be
used to find the total loss factor of the model spacécraft. We

conclude, as a result jof this study, that a direct measurement of
the power input is preferable to use of the decay rate technique.

4.2 Evaluation of the Coupiting Loss Factors
4.2.1 Shroud to Acoustic Space

We have measured the coupling between the model shroud AF and AS
modes and the external acoustic space modes. We assume that this -
coupling is equal to that between the shroud modes and the
internal acoustic space modes. For our experiments, the external
acoustic space was a 2900 cubiec foot reverberant room. To measure
the loss factor between the model §hroud modes and the modes of
this room, we excited the shroud in one-third octave bands with a
point drive shaker, and measured the mean—squaré acceleration at
many points on the structure and the mean~square sound pressure

at many points 1in the room. The average power input To the AF
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modes 1s the same as that to the AS modes. Thus, the average

response of the AF modes is given by

It,
in

“Noar, tot

where 92AF is the average energy of an AF mode,,?[in is the average
power input to the mcde, w is the band center freguency, and
n2AF,tot is the AF mode total loss factor. The average response
of the AS modes is given by a similar equation,
IEin
9 = (56)
2AS  WNoae tot

The acoustical power radiated by the AF and AS modes is given by

1 n

rad = “Moap1 Poar Copr T “Mopsa Poas Boas o (57)

where we have assumed that 61 and 63 << GZAF and 6

GZAS' This power must equal the power dissipated in the rever-

1 and 83 <<

berant chamber, given by

Taiss = “M1tot B (58)

where Hdiss is the dissipated power, Niot +5 the total loss fac-

tor of the chamber, and E, 1s the energy in the chamber, Eq. 57,
with Egs. 55 and 56, can be rewritten as

Hrad - wnEeql E2 2 (59)

where E2 is the energy of all shroud modes and

31



Report No. .1891 Bolt Beranek and Newman Inc.

N Do AT A Bops
_ PAFL Moamrot - 2851 Mupgiot
Neeqr ~ n n (60)
4 2 AF 2A8

+ .
M2a¥tot  "248S8tot

Equating Egs. 58 and 59 gives

E,

Maeqr = Mtot E, (61)
The chamber energy is related to the space-average mean-square
pressure while the shroud energy is related to its space-average
mean-square acceleration, see Eqs. 75 and 78. Thus, Egq. 61 can

be written as

1010G, 4N, o, = 20L0G, 4n,¢ o + 20L0G, ,f (62)
Vl
* 000G, o 3 - 161+ SPL..0.0002ubar ~ Alreig

where V, is the chamber volume in ft®, M, is the shroud mass in
pounds and '

= <p?> 2
SPlye0.0002pbar = 010G, (6700057 (479) (63)

where <p?> is the spatial average mean-square pressure in
(1bs/ft2)% and

AL = 10L0G,, <a®> (64)

reig

where <a®> is the spatial average mean-square acceleration in g2's,
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The total loss factor of the reverberant chamber was measured by
exciting the chamber in frequency bands with an electromagnetic
speaker and measuring the decay rate of the mean~square sound
pressure at many points in the chamber after the input to the
speaker was removed. The total loss factor is given by

2.2

Nitot = 7T (65)
rew

where Trev is the average reverberation time - the time for
60 dB of decay¥, and £ is the band center frequency.

Measured values for Nagq1 @Te plotted in Fig. 16 where they can
be compared with the theoretical prediction using the expressions
given in Table 3. Note that our theoretical results predict a
sharp drop in the loss factor just above the ring freguency. This
sharp drop is not usually observed in experimental results, 'so
that we have smoothed the prediction over one cctave of frequency.
The agreement between theory and measured values is gquite good.

We feel that the deviations at 630 and 800 Hz may be due to a lack
of AF modes in these bands. The deviations at 10,000 and 12,500
occur because the absorption in the chamber 1s s0 high that the
acoustic field is not reverberant.

We were not able to measure the radiation loss factors of the AR

and AS modes separately because we could not excite the modes
separately.

¥Usually the reverberation time is inferred by extrapolating from
the first 10 to 30 dB of decay.
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4.2.2 Spacecraft-acoustic space

We have measured the coupling between the spacecraft modes and the
modes ‘of the reverberant test chamber. We assume that this
coupling is equal to that between the. spacecraft and.the internal
acoustie space. This assumption is valid for our model spacecrafi-
shroud assembly since the internal acoustic space contains many

resonant modes in each frequency band of interest.

The procedure for measurement of the spacecraft-acoustic space
coupling loss factor is the same as that’used for the shroud-
acoustic space coupling loss factor. However, in this case each
frequency band contains only one type of modes so that the
spacecraft-acoustic space coupling loss factor‘is directly'given
by Eq. 62.

Measured values for the spacecraft-acoqstic space'coupling loss
factor are plotted in Fig. 17 where they can be compared with the
theoretical prediction. The agreement between theory and measured
values is good. The cause of the deviations that do occur are not
known.

4.2.3 Truss-spacecraft

Measurement of the truss-spacecraft coupling is difficult because
the three types of truss modes cannot be excited separately. We
attempted to measure the three coupling loss factors between one
truss and the spacecraft by conducting three experiments in which
the truss was excited differently. TFor these experiments the
trusses and spacecraft were removed from the assembly. In the
first experiment one truss was excited at its end by a point
drive shaker. The shaker was aligned so that the applied force
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was 1ln a direction corresponding to bending in the vertical plane.
In the second experiment the truss was excited in a direction
corresponding to bending in the horigontal plane. And, finally,
in the third experiment the truss was excited off center to induce
mostly ftorsion and bending in the vertical plane. 1In each experi-
ment we measured the bending vibration in the two difections and
the torsional vibration in the middle of the truss where it is
supported by a gusset. Measurements at other points were not
meaningful since there were no other gussets to inhibit deforma-
tions of the truss cross-section. The measured values for the
modal energies showed that the modes were not strongly coupled

and equal partition of energy between the different modes groups
did not occur. Thus, separate treatment of the different groups
of fruss modes is justified. The measurements also showed,
however, that it was not possible to excite only one type of mode.

Measurements of the mean-square acceleration at many points on the
spacecraft were also taken. For each experiment the power flow
between the truss and the spacecraft is given by

qu = WNge, Doy [Bst - 64} + WNeony Derp [esfh - 84]
(66)

+ UM rvy Pory [esfv - ek]

where Hsu is the total power flow, 6% refers to truss torsion, 6fh
refers to bending (flexure) in the horizontal plane and 6fv refers
to bending in the vertical plane.® The power flow must equal the

power dissipated plus that radiated by the spacecraft. This power

is given by

¥See Fig. 13,
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Hﬂtot = WMoty By (67)

where, in this case,

+ N . (68)

n4tot = nhdiss srad

The measurement of Ttot is described in Section 4.3.3.

Combining Egs. 66 and 67 gives

Metu Bst T Norhy Bern ¥ Nopys Bory =
n. n n
6t s fh 6fv
Mygot T n, Moty T n, Merhy T n, Noryu | Ba (69)

By conducting three independent experiments and measuring Egyeos

Esfh, Esfv, and E, we obtain a set of.simultaneous equations which

can be solved for the coupling loss factors n and

6tk2. Nefhu?

Ne Py Following this procedure gives values of Moty which are

negative for every band.

Negative loss factors are not allowed within the context of
Statistical Energy Analysis. Therefore, we interpreted this

result as meaning that Nt should be zero. We set n equal

stu
to zero in Eq. 66, disregarded the third experiment, and solved

for n and 7 The results are presented in Fig. 18 where

6fhu efve’
they can be compared with theoretical predictions for Moty and

Remember that we have assumed 10 is zero. The large

Torhu sfvu
deviations between measured results and theory indicate that the
theory is invalid. Our assumption that the spacecraft responds
only to moments about the vertical axis is apparently incorrect.
It should be pointed out, however, that the experimental tech-

nique described above is questionable.
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4.3 Evaluation of the Total Loss Factors

4,3,1 Shroud

The shroud total loss factor ﬁés measured in the reverberant cham-
ber using the decay-rate technique. We excited the shroud'with a
point drive shaker in one-third octave bands until a steady vibra-
tion level was reached. Then the shaker input was removed and the
decay of the mean-square acceleration was measured at many points
on the shroud. We did not attempt to measure the decay of AF or
AS modes separately. For our experiment all modes were excited
equally. Howgver, since there are many AS modes and since they
are not as highly damped by radiation to the acoustic space as

AF modes, the measured decay rate should be attributed to the AS
mode decay. Thus,

2.2

N = =te ‘ (70)
288,tot ~ TT__

where £ is the band center freguency and T igs the average re-

rev
verberation time.¥® Measured values for the total loss factor are

plotted in Fig. 19.
The theoretical prediction for the AF mode total loss factor is

Moap,tot ~ N24AF,diss T Noar,1 ' Moar,3 (71

where n2AF,diss is again taken to be 0.0l based on empirical evi-

dence. In this case, however, the prediction is dominated by the

sum nQAF,l + HEAF,B' The prediction for HEAF,tot is also plotted

in Fig. 19 where it can be compared with the prediction for

| and with measured values. Note that the measured wvalues
245 ,tot

¥See note on page 33.
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£all in between the predictions for nEAF,tot and‘nzAS,tot. As
explained earlier, we expect that the decay-rate measurements To
give a value for n2AS,tot' Thus, we interpret the_deviation be-
tween the measured values and the prediction for n2AS,tot to mean
that n2AS,diss for the model shroud is higher than 0.0l. Predic-
tion of this result would be guite difficult, which points out a
great problem in any prediction scheme — the estimation of damping.

4,3.2 Internal acoustic space

The total loss factor of the internal acoustlce space was also
measured by the decay-rate technigue. We excited the internal
space with a small electromagnetic loudspeaker 1n one-third

octave bands. The space was excited to its steady state sound
pressure level, Then the exclitation was stopped and the decay-
rate of the mean-square sound pressure at many points in the space
was measured. The total loss factor is given by Eq. 72,

2.2

N3, tot = T (72)

Measured values for n are plotted in Fig. 20. We did not

3,tot
try to predict this loss factor and, therefore, we present only
a "best" fit to the data which will be used in response predic-

tions.

The total loss factor of the internal space is, no doubt, domi-
nated by dissipation at the absorptive liner,

4.3.3 Spacecraft

The spacecraft total loss factor proved to be very difficult to
measure. We first used the decay-rate technique. Since the

38



Report No. 1891 Bolt Beranek and Newman Inc.

spacecraft-acoustic space coupling loss factor is large, it was
necessary to conduét our measurements in an anechoic chamber so
that excitation of the spacecraft by the acoustic field would not
interfere with the measurements. The total loss factor measured
by the decay-rate technique is plotted in Fig. 21. Lack of
agreement between our empirical prediction using Nygiss ~ 0.01

and the measured values is clear. But even more significantly,
the total loss factors in many bands are less than the spacecraft-
acoustic space loss factors plotted in Fig. 17 - a result which

is inceonsistent with the basic ideas of Statistical Energy Analysis.
In order to gain an understanding of this inconsistency, we
remeasured the total loss factors by directly measuring the power
input from the shaker and the energy of the spacecraft. The

total loss factor is given by

IL.
_ 1in
where Hin is the power 1nput to the structure and is given by
O, = <fv>y (74)

where <fv>t is the time-average of the force applied by the shaker
times the velocity of the drive point. This product can be
measured using a multiplier or a correlator. We used a digitsal
polarity coincidence correlator which provided reliable results
even at high frequencies where the force and velocity correlgtion
coefficient is small. The instrument can measure correlation co-
efficient as low as 0.01.

The total loss factors measured by the power input technique are
plotted in Fig. 21. These loss factors agree well with the
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empirical prediction and satisfy-.the requirement that they be.
larger than the spacecraft-acoustic space coupling loss factors.
Deviations between measured values using the decay-rate ftechnique
and the power-input technique are quite large.

To investigate the cause of these deviations we measured the total
loss factor of a single panel from the spacecraft using both
technliques. The panel was mounted in a rigid frame in a large
baffle. The boundary condition can be best described as a simple-
support. The total loss factors for the single panel are plotted

in Fig. 22. Values measured using the two techniques are in
agreement and the total loss factors are larger than the spacecraft-
acoustic-space coupling loss factors. Thus, for the simply-
supported single panel, either measurement technique 1is valid.

We continued our investigaticon by measuring the total loss factor
of a single panel mounted on the light frame used for the model
spacecraft. The boundary condition for this configuration 1s
close to unsupported since the edges of the honeycomb panels are
much stiffer than the frame. For this configuration the measured
values from the two technigues do not agree, as shown in Fig. 23.

We conclude, therefore, that the decay-rate technique is not valid
for the panels as they are mounted in the model spacecraft.

The edges of the spacecraft panel are reinforced with 5/16" x 3/4"
s0lid bars. These bars vibrate and, apparently, the rate of
vibration decay on the panels is governed by the rate at which
these bars provide energy to the panels. Thus, the decay-rate
technique gives the coupling loss factor between the bars and the
panels, not the total loss factor of the panels. When the panel
edges are restrained the bar vibration and this effect are greatly
reduced.
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5. RESPONSE MEASUREMENTS

5,1 Measurement Techniques

Techniques to measure the response of a structure or of an acoustic
space are well developed and offer no problems. Acceleration at
one point on a structure is measured using a light weight accelero-
meter, a preamplifier, and a vibration analyzer which filters the
signal into a band of frequencles and takes the mean-square
response. A4 spatial average is found by measuring the mean-sguare

response at many pcints on the structure and averaging.

When the frequency band of the measurement is narrow, the mean-
square velpcity can be simply related to the mean-square accelera-

tion so that

E > (75)

where E is the total energy of the struecture, M is its mass, w is
the band-center frequency and <a’> is the spatial-average mean-
square acceleration.

To provide an accurate estimate of the acceleration at high
frequencies the accelerometer mass must be sufficiently small that
it does not inhibit the motion of the structure. The accelero-
meter loading frequency - above which loading is a problem - 1is
given by
8p ke
Tp = ‘E%Emg (76)

The accelerometer mass must be small enough that fﬂ is above
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the highest frequency of interest. We used a-2 gram accelerometer.
However, even with this light-weight unit, the loading frequency
was 5500 Hz so that data above this freguency had to be corrected
for the loading effect according to the equation

@ g4 (f—-)2 (77)

<a?> fﬂ
m

where <a?> is the actual mean-square acceleration which we are
trying to measure, <a;> is the acceleration read by the accelero-
meter, and £ is the center frequency of the band in which the
measurement is being taken. The correction given by Eq. 77 should
be applied with caution and should not be used for f > 2f£.

Sound pressure is measured with the same instrumentation using a
microphone instead of an accelerometer. The total energy in an
acoustic space is given by

V <p?>

E = (78)

2
c
pOO

where E is the total energy, Po is the acoustic density, c, is
the speed of sound, V is the volume of the space, and <p?> is the
spatial average mean-square -pressure.

Technigues to measure the response of a group of modes when there
are two or more groups with different modal energles in a given
narrow band of frequencies are not well developed. Perhaps
correlation techniques could be used for this purpose if there are
not too many modes. We made no attempt to use these techniques

in this program.
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Excitation for a structure or an acoustic space can be provided

by a point drive shaker or a small electiromagnetic speaker. These
sources excite all modes in approximately the same way. When two
or more groups of modes with different properties are resonant in
a giveﬂ band. of frequencies it would be desirable to excite the

different grbups independently. This could possible be done using
phased multiple sources. However, at the present time, this tech-

nique is not well developed and was not used for this program.

Qur approach was to place the entire spacecraft-shroud assembly

in a reverberant chamber, to excite the chamber with a sound source,
and measure the spatial average response of each structural element
in the assembly. By following this approach we were sure that each
group of modes in the assembly would be properly excited.

The sound field established in the reverberant chamber is approxi-
mately diffuse. Correlation measurements in the chamber were not
taken to establish the diffusivity of the field. However, the
variations in sound pressure level from point to point in the field
were less than + 1.5 dB which indicates that the field was diffuse.

5.2 Shroucd Response to Acoustic Excitation

We measured the shroud response to acoustie excitation by placing
the shroud in the reverberant chamber and exciting the chamber in
one-third octave bands to a gpatiasl-average sound pressure level
of 90 dB. The acceleration level at 12 points on the shroud were
measured for each one-third octave band. The variations of the
levels from point to point were within % 2% dB at high freguencies.
The measured response for frequencies above 5500 Hz was affected
by accelerometer loading. Therefore, we corrected these measured

values to account for the loading.
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The spatial-average acceleration levels of the shroud relative
to the exciting sound pressure levels are plotted in Fig. 24.
The theoretical prediction given by the sum of Egs. 23 and 24 is

also plotted in Fig. 24. Below the ring frequency, T and above

L)
the critical frequency, fc, the thecretical predictioi is dominated
by AF mode response. Just above fR there are no AF modes, so that
the theoretical prediction of the response drops significantly
from one band to the next. This rapid drop 1s usually not observed
so that we modified the theoretical prediction by smoothly connect-

ing the response levels below f_ with those above f_ - see Fig. 24,

R R
The agreement between the theoretical predictions and the measured
values is very good except at low frequencies. The deviation at
these freguencies is due to errors in our empirical estimate for

the shroud total loss factor - see Fig. 19.

5.3 Shroud Noise Reduction

The shroud Noise Reduction was measured at the same time that the
shroud response was measured. Air-tight baffles were connected fto
each end of the shroud so that no acoustic transmission through
the ends could take place. Sound pressure levels were measured at
six points within the infernal acoustic space. Variations in the
levels ranged from I 8 dB in the low frequency bands to * 3 dB in
the high frequency bands. Measured values for Noise Reduction are

plotted in Pig. 25.

The theoretical prediction, given by Eq. 29, 1s also plotted in
Fig. 25. The "mass law" Noise Reduction is the Noise Reduction
obtained by considering only the acoustic energy transmitted by

"the "mass law" nonresonant shnroud modes. The complete expression
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for the Noise Reduction is dominated by the "mass law" noise
reduction in the frequency range 1950 Hz to 6300 Hz. In this
frequency range the level of the shroud response - which is
governed by resonant modes - will not control the amount of
acoustic energy transmitted to the interior ,space. This conclusion
is verified in Section 6.1.

The theoretical expression for Noise Reduction is directly depen-
dent on the absorption in the interior acoustic space. For our
particular set-up the absofption at high frequencies 1s very large
so that the Noise Reduction is also large. As we will see in
Section 6.3, the Noise Reduction is sagnificantly less when the

absorptive liner is removed.

The comparison between theory and experiment is not as good as we
expected. At low frequencies the prediction is high, in part,
because our empirical predicticn of shroud total loss factor is
low, see Fig. 19. The cause of the remaining deviation at low
frequenciles 1s probably due to a lack of AF and "mass law" modes.

The deviations at high fregquencies are not understood.
5.4 Spacecraft Reponse to Acoustic Excitation

The spacecraft response to acoustic excitation was measured for

two different acoustic fields. First, the spacecraft was suspended
in the reverberant chamber. The chamber was excited in one-third
octave bands to & spatial-average sound pressure level of 90 dB,
and the response at 12 points on the spacecraft was measured.

The average response level relative to the exciting sound pressure
level 1s plotted in Fig. 26. The second measurement of spacecraft

response was taken with the spacecraft ftrusses disconnected and the
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spacecraft suspended by string inside the shroud. The shroud was
placed in the reverberant chamber and excited acoustically. The
average acceleration levels of the spacecraft relative to the
average sound pressure levels of the inferior acoustic space are
plotted in Fig. 26. The response levels to the two different
fields are somewhat different. However, the average difference
between the two response levels for all bands is small.

The theoretical prediction for spacecraft response to diffuse
field excitation, given by Eq. 25, is plotted in Fig. 26. At high
frequencies the modal density of the honeycomb panels of the
spacecraft increases above the prediction for a thin panel because
of shear deformations and rotary inertia of the panel. To esti-
mate this effect we measured the driving point impedance of one of
the panels. The average impedance in a band of frequencies is
inversely proportional to the modal density. Therefore, we
increased the level of our theoretical prediction by the amount
fthe measured impedance was below that predicted for‘a thin panel,

The measured values for spacecraft response are consistently above
the prediction. To determine the cause of this deviation we
measured the response of a panel mounted in a baffle with two
different boundary conditions. The response of the simply-
supported panel agrees closely with the prediction. However, the
response of the unsupported panel is consistently 3 dB above that
of the supported panel in the frequency range 3200 to 10,000 Hz.
We have concluded that this difference accounts for the deviations
between prediction and measured values in Fig., 26. However, we

do not have an explanation as to why the unsupported-panel
response should be greater than the supported panel response at

high frequencies.
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5.5 ‘Spacekraft Response to|Vibration Transmitted

by thk Acoustic Path

To conclud? our study of the response of elements in the acoustic
path, we suspended the spacecraft inside the shroud using string.
The mounting trusses were disconnected so that no mechanical path
transmission was présent. Then we placed the shroud in-the
reverberant chamber, excited the chamber in one-third octave bands
and measured the spatial-average vibration level of the spacecraft.
The measured values are plotted in Fig. 27 where they can be
compared with the theoretical prediction from Section 3. _The
Theoretical predictions are high at both low and high frequencies.
Most of the deviation at these frequenciles occur because our
prediction of Noise Reduction is well below the measured values,
see.Fig. 25. The measured level in :the band centered at 630 Hz

dis 15 -dB below our prediction.' In this band the spacecraft does
not have many- -modes and apparently the few modes that are resonant
in this band are not well excited by the scund field in the internal
acoustic space, -

5.6- Ring. Frame Response

The ring frame response was measured while the shroud was excited
by an acoustic field in the reverberant chamber. Two sets of
measurements were taken. The first set was taken with the trusses
and spacecraft connected to the ring frame. The second set was
taken with the ftrusses disconnected. The vibration levels for the
two sets of measurements were the same within 1% dB.

Vibration measurements were taken at 10, locations around the

ring frame. At each location, three measurements were taken corres-

ponding to points A, B and C.as shown in Fig. 28. The ten measure-
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ment locations were selecfed so that none of the locations were
near a truss-ring frame attachment point. We expect that the
vibration levels at such an attachment point is very sensitive

to details of the connection point. The spatial-average vibration
levels at points A, B and C relative to the spatial-average vibra-
tion level of the shroud are plotted in Fig. 28. The levels at
point A are much higher than those at points B and C for frequen-
cies above 2000 Hz. These differences in level are a result of
¢ross-sectional deformations of the ring-frame. We feel that

the levels at points B and C are indicative of ‘the ring frame
bending motions. The levels at point B correspond to bending with
motions in the horizontal plane, while tThose at point C correspond
fo bending with motions in the vertical plane.

Theoretical predictions for the three types of ring-frame motion,
from Egs. 37 and 38, are plotted in Fig. 28. The predictions for
vertical and horizontal bending are equal since the modal densi-
ties for these two types of modes are equal. The prediction for
forsional motion is somewhat higher since the modal density for
torsional modes is higher. The agreement between theoreftical
prediction and measured values for horizontal and for vertical
bending is quite good considering the approximations made in the
theory. Measurements of ring frame torsion were not taken and,

therefore, a comparison with theory cannot be made.
5.7 Truss Response

We measured the fesponse of the mounting trusses to vibrations
fransmitted by the ring frame and to vibrations transmitted through
the internal acoustic space and spacecraft. To measure the truss
response to vibrations transmitted by the ring frame we placed the
entire assembly in the reverberant chamber and excited the shroud
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acoustically. The spacecraft was enclosed in a sound-proof box
so that vibrations transmitted through the internal-acoustic space

were negligible.
t

The ftruss response in torsion, bending in the vertical plane, and
bending in the horizontal plane were measured at the center point
of each truss. Vibration measurements at other points on the

truss were not made because deformations of the truss cross-section
would dominate the measured levels. The center point of each truss
is reinforced by a gusset so that cross-section deformations are
not pfesent. The measured reéponse for different mode groups of
the truss are plotted in Fig. 29. Vibration levels for the
different mode groups are approximately equal.

To measure the response fto vibrations transmitted throﬁgh the
infernal acoustlc space and spacecraft, we used the setup described
above except that we éxcited the spacecraft acoustically rather _
than the shroud. A small speaker was placed inside the sound-proof
box and the levels in this box were increased until the spacecraft
levels were the same as. those measured for acoustic path trans-
mission. The measured truss response levels relative to the shroud
levels measured for acoustic path transmission are plotted in Fig.
29. The truss response due to vibration transmitted by the ring
frame 1s larger than the response due to vibration transmitted by
the acoustic path elements. This result supports the assumption
made in the theoretical study on page 15.

The theoretical prediction for truss torsion, from Eq. 40, is
plotted in Fig. 29. A‘comparison of this prediction with the
measured values for torsion are in reasonable agreement except

in the 8000 Hz band. For this frequency band the assumption that

49



Report No. 1891 Bolt Beranek and Newman Inc.

truss damping is zero is probably not valid. The effect of truss
damping would be to lower the'theoretical prediction. Predictions
for bending motions of the truss were not made because our theo-
retical calculations indicated that the vibration transmitted to
the spacecraft by truss bending is negligible.

5.8 Spacecraft Response to Vibration Transmitted
by the Mechanical Path

The vibration transmitted to the spacecraft by the mechanical path
was separated from that transmitted by the acoustic path by enclos-
ing the spacecraft in a sound-proof box and exciting the shroud
acoustically. The measured spatial-average response of the space-
craft relative to the spatial-average shroud response is plotted

in Figs. 30 and 31. The measured response relative to the exter-

nal mean-square sound pressure is plotted in Fig. 32.

In Fig. 30 we present two different predictions of the spacecraft
response. The first prediction was obtained using the measured
values for the energies of the mode groups in the truss, the mea-
sured coupling loss factors between truss modes and the spacecraft
and the predicted total loss factbr of the spacecraft. The agree-
ment between this prediction and the measured values is cuite good
except at B000 Hz, which supports the validity of our measured
values of the truss to spacecraft coupling loss factors for most
of the frequency range. The cause of the deviation between pre-
diction and the measured value at 8000 Hz is probably inaccuracies
in our measured value of coupling loss factor at this frequency.

The second predictlon of the spacecraft response was obtained us-

ing the measured values for the energies of the truss mode groups,

the theoretical coupling loss factor between the truss modes and
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the spacecraft, and the predicted total loss factor of the space-
craft. This prediction doces not agree with the measured values
for spacecraft response. We conclude that the assumption made in
studying the mechanical path that fthe spacecraft responds only to
moments about the vertical axis, is not valid. However, this
assumption. does allow us to obtain a rdugh estimate of the vibra-
tion transmission by the mechanical path. Extension of our cal-
culations to include tTransmission by other forces and moments
acting on the spacecraft would require a great deal of additional
theoretical work.

The theoretical prediction for the spatial-average spacecraft re-
sponse to mechanical path transmission relative to the spatial-
average shroud response is plotted in Fig. 31. The agreement be-
tween measured values and prediction is fair. The prediction is
more than 10 dB high at low frequencies and approximately 5 dB
low in the range 2000 £to 6300 Hz. The major cause of these devi-
ations is inaccuracy in the prediction of the truss-spacecraflt
vibration transmission. Finally, the prediction and measured
values for spacecraft response relative to the external SPL "is
pleotted in Fig. 32. At low frequencies the predicted values are
more than 15 dB too high. This inaccuracy is due both to errors
in predicting the shroud response and in predlcting the trans-
mission from the shroud to the spacecraft.

5.9 Spacecraft Response to Vibration Transmitted by Both Paths

Measurements of the spacecraff response $to vibration transmitted
by the acoustic and mechanical paths are presented in Figs. 27
and 31. To complete our experiments we measured the spacecraft
response to vibration transmitted by both paths. The spacecraft
was supported inside the shroud by the mounting trusses, and the
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entire'spacecraftmshroud assembly was excifted acoustically in the
reverberant chamber. The measured values for spatial-average
spacecraft response levels relative to the exciting sound pressure
levels in the chamber are plotted in Fig. 33. The measured values
for mean-square response to transmission by both paths is on the
average 1-1/2 dB greater than the sum of the mean-square response
to acoustic path transmission and the mean-square response to
mechanical path transmission. We do not feel that this result
occurs because the vibration transmitted by the two paths is cor-
related. Rather we feel that it occurs because of slight changes
in experimental setup for the different measurements, i.e., the'
trusses were disconnected for the acoustic path measurement while
a sound-proof enclosure was added for the mechanical path measure-

ment.

The Theoretlcal prediction for spacecraft response to vibration
transmitted by the two paths is plotted in Figs. 34 and 35. 1In
Fig. 3% the theoretical predictions for vibration transmitted by
the acoustic path and the mechanical path are compared. Note
that the theoretical predictions are comparable throughout the
entire frequency range; whereas, the‘measured values show a clear
dominance of one path over the other. However, no real signifi-
cance 1s attached to this result. In Fig. 35 the prediction and
measured values for transmission by both paths is presented.
Comparison of this prediction with the measured values shows rea-
sonable agreement. Deviatlons between prediction and measured
values at low frequencies result because of inaccuracies in pre-
dicting the acoustic path transmission. Deviations at high fre-
quencies result because of inaccuracies in predicting the mechan-
ical path transmission. The inaccuracy in predicting mechanical

path transmission at low frequencies does not enter into this
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final result because the acoustic path ftransmission is dominant

at these frequencies.

5.10 Simulation of the Spacecraft Excitation

The experiments described so far have been to study the vibration
transmission in the entire spacecraft-shroud assembly. We are

equally interested in techniques to simulate the acoustic and me-
chanical excitation of the spacecraft so that vibration tests can

be conducted more simply.

To simulate the excitation of the spacecraft by the internal acous-
tic field, we selected a diffuse field of noise. There was no
physical reason for seiecting this field except that it is rela-
tively easy to obtain. To conduect our measurements we placed the
spacecraft in the reverberant chamber and excited the chamber to
the soﬁnd pressure levels that would exist in the internal space
when the external sound pressure levels are 100 dB. The measured
spacecraft response levels relative to this hypothetical external
field level are plotted in Fig. 36. The measured levels from Fig.
27 are also plotted in’Fig. 36. A comparison of theée levels in-
dicates that the acoustic excitation of the shroud—enclosed space-
craft can be simulated by a diffuse field. Unfortunately, this
result may only be valid for our particular assembly. Further

study of this method of simulation is warranted.

The mechanical excitatlon of the spacecraft was simulated by using
a 2 ft section of the shroud as a multimodal fixture. The ring
frame connected to the bottom of this section. The top of the
section was just above the, first ring in the shroud, see Fig. 3.
To simulate the mechanical’ path excitation we excited the multi-

modal fixture with a point’ drive shaker at the upper ring and
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measured the spatial-average spacecraft response and the spatial-
average {ixture response. The measured values are plotted in Fig.
37, where they can be compared with the response levels for me-
chanical path excitation from Fig. 31. The comparison shows good
agreement below 5000 Hz. Above this frequency the vibration trans-
mission from the fixture is much larger than from the acoustically

execited shroud.

In an attempt to find the cause of this deviation we repeated the
measurements while exciting the fixture shell midway between the
two ends. For this excitation the vibration transmission from
the fixture was equal to that transmitted from the acoustically
excited shroud at 8000 Hz but was 5 to 10 dB less at lower fre-
quencies. As a final experiment we excited the fixture acousti-
cally and measured the spacecraft response.® For this type of
excitation the wvibration transmitted from the fixture was egqual
to that transmitted from the acoustically excited shroud within
+1 dB. These results are shown in Fig. 38. We conclude that the
ftechnique of using a multimodal fixture is valld but that the way
in which it is excited is important in obtaining a true simula-
tion of the mechanical path vibration transmission.

#The spacecraft was enclosed in a sound-proof box for this experi-
ment.
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6. EXPERIMENTAL STUDY OF CONFIGURATION CHANGES

The configurations of many actual spacecraft assemblies differ
slightly from those of the model assembly described in Section 2.
Ffor this reason, a number of experiments were conducted to deter-
mine the effect of small configuration changes on the vibration
transmitted to the model spacecraft. Four such changes were made:
a directive acoustic field was used to excite the shroud and the
spacecraft; covers were added to the model spécecraft; the absorp-
tive 1ineriwas removed from the shroud; and a model spacecraft
adaptor was added to the assembly. Data from the above experiments
Was‘analyzed in octave bands rather than 1/3 octave bands, since
we were interested only in the gross effects of the configuration
changes. '

6.1 Response to a Directive Acoustic Field

In our theoretical and experimental study of the model spacecraft-
shroud assembly, we defined the external acoustic field as a
diffuse field of noise. However, a grazing field of noise would
probably be a better representation of the actual environment.

The shroud response and noise reduction to a grazing field can be
calculated with no difficulty using the basic techniques described
in Ref. 9. Buf we have not performed the calculations in this
study and have procéeded-directly to an experimental evaluation

oi The shroud responserand noise reduction.

In calculating the spacecraft response, we assumed that the acous-
tic field inside the shroud is diffuse. This assumption is sup~-
ported for our particular model by the experimental data which
showed that the response of the model spacecraft to diffuse field

excitation is the same as its response to the acoustic excitation
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inside the shroud. It is possible that the internal acoustic
field for other spacecraflt configurations is not diffuse. There-~
fore, we conducted an experiment in which the response of the

model spacecraft to a grazing sound field was measured.

In setting up the experiments, we placed the test object in a

large semi-reverberant space. The walls of this space were covered
with absorptive curtains, the floor with a one-inch thick absorp-
tive materigl, and the ceiling with acoustically absorbant tile.
Two sound sources were placed twenty feet from the test object and
directed at it. For both experiments, the sound pressure levels

on the surface of the test object were surveyed and found to be
uniform within plus or minus 1.5 dB.

To measure the response of the model spacecraft to a grazing
acoustic field, we suspended the model in the semi-reverberant

. 8pace s0 that fThe vertical axis of the spacecraft and the sound
source were aligned. Sound pressure levels over the outside of

the model were measured and found to be uniform. However, the
levels 4nside the model varied and indicated a reverberant response
of the inside cavity. To eliminate this reverberant response, we
placed absorptive fiberglass in the cavity and over the openings

so that the sound pressure level inside the model was at least

5 dB below the outside levels. The model was then excited with
octave bands of noise with center frequencies from 500 Hz to 8,000
Hz. The resulting space-average mean-square response of the space-
craft is plotted 1in Fig. 39, where it can be compared with the
spacecralft response to a diffuse fleld.

The response to the grazing field is significantly less than the

response to a diffuse field in the high frequency bands. We expect
the response to the grazing field to be at least 3 dB less because
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of the particular experimental setup, where the panels for the
grazing field experiment were excited on only one side, while the
panels for the @iffuse field experiment were excited on both

sides. We alsd expect the model spacecraft to respond less to

the grazing field than to the diffuse -field at frequencies much
higher than the critical frequency because, at these frequencies,
the bending wavelength in the panels matches the trace acoustic
wavelength on the panels only for sound waves which are near normal
incidence. At such hipgh fregquencies, no matching occurs between
grazing acoustic waves and bending waves, so that the excitation

of the panels by the grazing field is well below the excitation by
the diffuse field. Since the radiation damping for the two fields
is the same, the response to the grazing field is below that to a
diffuse field. At frequencies near the critical frequency, match-
ing between the bending waves and the grazing acoustic waves occurs.
There, the vegponse to the grazing field should be approximately
equal to the response to the diffuse field.

A similar experimental setup was used to measure the response and
noise reduction of the model shroud to a grazing fleld of nolse.
For this experiment., baffles were placed on each end of the shroud
in order to close the internal acoustic space. The space-average
mean-square response of the model shroud (shown in Fig. 40) is
approximately equal to the response of the shroud to a diffuse
field. This result is unlike that .found for the model spacecraft,
because the frequency bands of excitation are below the criltlcal
frequency of the shroud. In such a case, the bending wavelength
is less than the acoustic wavelength and matching between the
acoustic waves and the bending waves cannot occur. Thus, the_
shroud.is fairly insensitive to the directivity of the exciting
acoustic field.
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The noise reduction by the model shroud for a grazing field of
noise is plotted in Fig. 41. Above 1,000 Hz, the noise reduction
for the grazing field is well below that for a diffuse field.

This result is expected since the noise reduction over most of

the frequency range is governed by transmission by nonresonant

mass law modes. Mass law transmission is greatest for grazing
incident sound waves (which explains the decrease in noise reduc-
tion for the grazing field). Note, however, that the noise
reduction-is less for the grazing field than for the diffuse field,
while the response is unchanged. This result - that the noise’
reduction does- not depend on the response -~ was predicted theoreti-
cally in Ref. 1 and indicates that the transmission is, in fact,

due to nonresonant modes.
6.2 Addition of Covers to the Model Spacecraft

The model spacecraft used for our theoretical study consists of
an open box cof four honeycomb panels. With this configuration,
the acoustic field excites. both the outside of the panels and the
inside. An experiment was conducted to determine the effect of
covers on the responsiveness‘of the model spacecraft to acocustic
excitation. The spacecraft covers were constructed from 1/4-inch
aluminum plates. Acoustically absorptive fiberglass was placed
inside the model - but was not allowed to touch the honeycomb
panels. Each cover was connected to the spacecralft frame by 20
screws. The covered spacecraft was then supported in a reverberant
chamber and excited with octave bands of diffuse noise. The
spatial-average mean-square response of the panels (plotted in
Fig. 42) can be compared with the response of the uncovered space-
craft. The response of the covered spacecralft is approximately

3 dB below that of the uncovered spacecraft. This result is
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explained by the fact that the covered spacecraft is excited on
only one side of each panel,

The addition of covers to tThe spacecraft would probably also

change its responsiveness to excltation by the mounting trusses.
Although experiments to determine this effect were not conducted,
in one experiment a change in the spacecraft configuration was

made and the resulting effect on vibration transmission via the
mechanical path was determined. In this experiment, the triangular
support plates on the corners of the model spacecraft (see Fig. 8)
were replaced with small 1" x 1" plates. No effect on the vibra-
tion transmitted via the mechanical path was found. )

6.3 Removal of the Absorptive Liner from the Shroud

Most spacecraft shrouds are lined with a thermal blanket that
provides acoustic absorption for the internal acoustic space.

Since this blanket is not included with every shroud, we conducted
three experiments without the liner to determine the change in the
vibration transmitted via the acoustic path, the mechanical path,
and both paths combined. In each eXperiment, we measured the noise

reduction by the shroud and the spacecralt response.

To measure the noise reduction of the shroud, we suspended it in
a reverberant chamber and excited it with octave bands of diffuse
sound. The measured noise reduction is plotted in Fig. 43 (where
it can be compared with the noise reduction when the liner is in
place),

The noise reduction without the 1liner is significantly less. This
result is expected from the theoretical study, since the noise
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reduction was directly dependent on the amount of absorption
within the shroud. We conclude from this experiment that the use
of a thermal blanket in an actual spacecraft configuration has a
large effect on the level of vibration transmitted to the enclosed

spacecraft.

The level of vibration transmitted to the spacecraft by the acoustic
path and the mechanical path is plotted in Figs. 44 and 45. Note
that the vibration transmitted by the acoustic path dominates the
overall vibration transmitted to the spacecraft. We could expect
this result since removal of the liner greatly increases the inter-
nal sound pressure levels and, thereby, the vibration transmitted
via the acoustic path, but does not increase the vibration trans-
mitted by the mechanical path.

6.4 Addition of a Model Adaptor to the Spacecraft Assembly

In an actual spacecraft assembly, the ring frame connects to an
adaptor which, in fturn, connects to the booster vehicle., Experi-
ments conducted by the Jet Propulsion Laboratory (see Appendix 3)
indicate that this adapter may have a significant effect on the
vibration transmitted to an enclosed spacecraft. To determine
this effect, we constructed a model adaptor. This model consisted
of a cylindrical.shell 30 inches in diameter and two feeft long.
The walls of the shell were aluminum, 0.060 inch thick. Details
of the model adaptor are shown in Fig. 46. We connected one ring
of the adaptor to the ring frame by 50 small bolts. A baffle was
placed over the end of the adaptor to enclose the internal acous-
tic space. Experiments were conducted to determine vibration
transmitted by the acoustic path, the mechanical path, and both
paths combined. In these experiments, the spacecraft-shroud-
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adaptor assewmbly was placed in a reverberant chamber and excited
with octave bands of diffuse sound.

The space-average mean-square response of the adaptor, shown in
FPig. 47, is higher than the response of the shroud because of the
small amount of damping in the model adaptor. The levels of the
sound field in the internal acoustic space were found to be non-
uniform and were higher in the section surrounded by the adaptor
since no liner was Included with the adaptor. The average noise
reduction of the shroud-adaptor combination is plotted in Fig. 48.
It is less than the noise reduction of the lined-shroud alone’
because of the high sound pressure levels measured in the space
surrounded by the adaptor.

The spatial-average mean-square response of the model spacecraft

to vibration transmission (by both the acoustic and mechanical
pathsf is plbtted in Fig. 49. The vibration transmitted to the
spacecraft with the adaptor connected is somewhat higher than that
measured for the original model spacecraft-shroud assembly. In
order to find the cause of this increase, we measured the vibration
transmitted by the acoustic and the mechanical paths. The pro-
cedure was the same as that described in Section 5; resulis are
shown 1n Fig. 49. Note that the mechanical path vibration trans-
mission is increased by approximately 3 dB. This is due, no

doubt, to the high level of excitation of the ring frame by the
adaptor. However, vibration transmitted by the acoustic path is
not significantly changed. We expected This result, since the
sound pressure levels near the spacecraft with the adaptor connected

are approximately equal to those without the adaptor.
We cohclude, as a result of this experiment, that the addition of

an adaptor to a spacecraft-shroud assembly can have a significant

effect on the vibration transmitted to the enclosed spacecraft.
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7. CONCLUSTIONS

The study described in this report has been conducted over the
past three years and has involved a substantial expenditure of
effort. Most of this effort, however, went into the experimental
phase of the study. Effort expended on the theoretical phase was
far less than would have been expended if we had used the classi-
cal normal mode appﬁoach; Thus, the theoretical solution to the
problem using Statistical Energy Analysis represents an attrac-
tive compromise between the simple, empirical techniques and the
tedious, classical techniques. Of course, in using a statistical
technique we must be content to ask only Tor statistics of the

response.

The statistical solutions obtained by SEA gre for an ensemble of
structures which are identical in gross characteristics — modal
density, characteristic impedance, dissipation loss factor, etc.
but varied in detail — boundary conditions, damping mechanisms,
panel aspect ratio, ete. For the calculations of coupling loss
factors presented in this report we have assumed that the reso-
nances frequencies of the modes of each element are random vari-
ables with a uniform probability distribution in frequency space
and an. average density given by the modal density for the element.
This assumption allows us to use the wave (impedance) approach to

calculate the coupling loss factors.!?

The deviations between the theoretical predictions presented in
this report and the experimental model study results are a result
of two factors. PFirst, the predictions are for the ensemble
average vibration and sound pressure levels, where the average is
over an ensemble of structures. The experimental results are for

one membher of the ensemble., Therefore, deviations between the
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ensemble average and the data from one member of the ensemble are
expected. The extent of these expected variations 1s governed by
the distrlbution of results across the ensemble. Unfortunately,
we cannot calculate this distribution-within the present state-
of-the-art of SEA, although progress is being made toward this
goal. !

The second cause of the deviations between theory and experimental
results is errors in the mathematical model which we have selected
to represent the structure used for the experiments. The most
significant of these errors is discussed in Sec. 5.8. In study-
ing a complex structure it is difficult to aveld such modelling
errors.

There are no set rules for modelling and often a compromise is
dictated by our limited ability to analyze the model selected.
The use of SEA does not solve the modelling problem. But it helps
by allowing the analyst to focus his attention on those param-
eters which have the greatest effect on the vibratory response

and transmission.
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APPENDIX 1

REVIEW OF DATA IN BBN REPORT NO. 1592

Some of the data presented in Report No. 1592 are incorrect be-
cause of errors in calculating the accelerometer loading correc-
tion for the shroud, errors in measuring the damping by the
decay-rate technique, and errors in the basic structural param-
eters of the shroud. Correct data are presented in Figs. 14, 15,
16, 19, 23, 24, 25, 27, 30, 31, 32, 34, and 46. Data in Figs. 20,
21, 26, 28, 29, 35, 38, and 42 are incorrect because the loading
correction is wrong. Data presented in Figs. 18, 22, 33, and 36
are incorrect because of uncertainties in using the decay-rate
technique. And finally, data presented in Figs. 17, 33, 35, 37,
38, 39, 40, 41, 43, 44 and 45 are incorrect because of errors in
the basic structural parameters used in the calculations.
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APPENDIX 2

STRONG MODAL CQUPLING

In the case of strong modal coupling between AF and AS modes we

assume that

"asarF ~ "aStot

and

Mapas ~ "aAFtot

with- these conditions Egs. 12 can be solved to give

If in addition we assume that

E. B
S HE .
Ny e
Equations 12 give
Par . Eas . "arMare™asase Fe

Nap  Pas ParlapetMasTast Te

where

Mare = MaFtot ~ NaFas

and
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Tast = Mastot ~ "asar ° (A.7)

For strong coupling the internal modal energy levels are given by

B Mias™iap Eap . Me Be
H— = n o + a r"l—-"' . (A.8)
i itot AW itot e

Since the AF modes and AS modes are strongly coupled they will
have the same modal energy and can be treated as one modal group
if we use the eguivalent coupling loss factor

Haw fas

nce = n, nAFe + n, MaSe (A.9)

where Moo is an equivalent coupling loss factor between the

cylindrical shell and the acoustic space, and n, is the density
of AF agnd AS modes of the cylinder.
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APPENDIX 3
RANGER ACOUSTIC TEST ANOMALIES

In the JPL Ranger acoustic tTests, several unexplained anomalies

were encountered. Three tests were performed:

1. Agena adaptor and shroud hard-mounted,.
2. Adapter isolated from Agena section,
3. Adapter isolated -from Agena section and ‘shroud.

In all three tests the acceleration power spectral density (PSD)
at the Ranger spacecrafft were found tc be about the same. There
was, however, a 5 dB dreop in sound pressure level (SPL) internal
to the shroud in tests 2 and 3, which appears inconsistent with

the constant acceleration PSD at the spacecraft.

From three other tests performed on the Ranger spacecraft, one

can come to several tentative conclusions.

The ground simulation lift-off test, in which the Agena-adapter-
shroud enclosed spacecraft is excited acoustically, gives the

same acceleration PSD at the spacecraft as the ‘ground simulation
transonic tests in which only the adapter is excilted acoustically.
These tests eliminate the shroud acoustic path as an important
energy transmission path to the spacecraft and suggest that the
acoustic excitation of the adapter is the major means of admitting
energy to the spadecrarft. .

In the Ranger Block III PTM acoustic test the Ranger spacecraft
alone is excited acoustically. It is found that the acceleration
PSD of the spacecraft is 10 dB to 15 dB below that found in the
ground simulation Liftoff test for the same exciting SPL. Thus,
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we conclude that the Ranger spacecraft is relatively insensitive
to acoustic excitation and that the major path of energy trans-
mission is acoustie coupling to the addpter and then mechanical

coupling to the spacecraft through the spacecraft feet.

With the above conclusion the isolation test results begin to

make sense, and though the 5 dB internal SPL drop is not explained,
the result that a change in the internal SPL does not change the
acceleration PSD of the spacecraft is expected. In addition, the
result that isolating the shroud from the adapter makes no change
in the PSD of the spacecratit is expected.

We conclude that the Agena adapter vibration levels are induced
by the acoustic excitation and that the path of energy transmis-
sion to the spacecraft is mechanical from the adapter through the
mounting feet.
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TABLE

fvs

2900 rt?
1/13.45 1bs/ft?
1130 ft/sec
51.2 ft2

0.775 1bs/ft?
107 1lbs/ft?
11800 ft/sec
0.087 in

0.025 1in

32 in

3.24 x 10%1bs/in?
34,1 f£t3

1h.6 £t2

0.38 lbs/ft?
5.5 x 107% in?®

197 ft?/sec

94 in
0.875 lbs/ft
0.435 in

Bolt Beranek and Newman Ingc.

‘I. PARAMETERS FOR THE MODEL ASSEMBLY.

Test chamber volume

Air density |

Speed of sound in air

Surface area of shroud

sSurface density of shroud wall
Volume density of shroud material
Speed of sound in shroud material
Shell wall thickness

Shell wall radius of gyration
Diameter of the shroud

Young's Modulus for shroud material
Internal acoustic space volume
Surface area of spacecraft-— all Y4 panels
Surface density of épaéecraft panels

Bending moment of inertia of spacecraft
panels

Product of radius of gyration and
longitudinal wavespeed in the spacecraft

Ring frame length
Ring frame density per unit length

Radius of gyration for flexure in the
vertical plane for the ring frame
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TABLE ¥. PARAMETERS FOR THE MODEL ASSEMBLY (cont’'d.)

Ken 0.500 in Radius of gyration for flexure in the
horizontal plane for the ring frame

Ky 0.662 in Radius of gyration for torsion of the
ring frame

Te ®.329 in* Polar moment of inertia for the ring
frame

Ke 0.0268 in* Torsional stiffness constant for ring

’ frame

Cps ‘17000 ft/sec Longitudinzl wavespeed in the ring frame

Cqy 10000 ft/sec Shear wavespeed in the ring frame

L, 50 in Length of all four trusses

Pre 0.328 1b/ft Density per unit length for the mounting

. trusses

Keve 0.50 in Radius of gyration for flexure in the
vertical plane for the truss

Kehe 0.66 in Radius of gyration for flexure in the
horizontal plane for the truss

Ki 0.83 in Radius of gyration for torsion of the
truss

Je . 0.193 in* Polar moment of inertia

K, 3.66 x 107* in®* Torsional stiffness constant for the
truss

Cp. 17000 ft/sec Longitudinal wavespeed in the truss

Cqs 10000 ft/sec . Shear wavespeed in the truss

K6 1.02 1b.f¢t. Static stiffness of the truss

8 20° Angle between mounting truss and an axis

parallel to axis of revoluftion of the
cylindrical shell
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TABLE II. THEORETICAL MODAL DENSITIES

M . . 2
Acoustic Space n(f) = Mﬂfsv
Co
f‘ 2
Interior Acoustic Space n,(f) = 0‘3(T565)
A
Flat Plate n(f) = 5=
KC£

Spacecraft - All Four Panels®* n, (f) = 1/27

Cylindrical Shell See Fig. 4 with )
_ 2 _1 %
fp = 7p ad T = 5% ¢

Shroud See Fig. A with

fR = 1400 Hz and fc = 8000 Hz

I
Beam in Flexure n(f) =
\/ U)KC‘E
Ring Frame - Flexure in the ' 0.126
Vertical Plane nfvs(f) = =
vi

Ring Frame — Flexure in the

Horizontal Plane ng (f) = 0.118
. 3 VT
One Mounting Truss®¥ -
Flexure in the 1
Vertical Plane np 6(f) =
v 80VE "~

One Mounting Truss*# -
Flexure in the 1
Horizontal Plane nfhs(f)
92/F
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TABLE II. THEORETICAL MODAL DENSITIES (cont'd.)

Beam in Torsion n(f) = 2L %_
cs YK

Ring Frame = 5,5 x 10782

=
|

One Mounting Truss¥¥ 3.84 x 1073

¥Note: The modal density of the spacecraft is the sum of the
modal densities of the four panels.

#¥Note: The modal density of four trusses is four times the
modal density of one truss.
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TABLE III. THEORETICAL COUPLING LOSS FACTORS

Acoustically Fast (AF) Mode -to Acoustic Space

c ¥
_ Poo

mps

Shroud AF Mode to Acoustic Space

n _ 17.3
2AF,1 £

. _ 17.3
2AF,3 f

Spacecraft AF Mode to Acoustic Space

_ 70.4
Mupr,3 - F

Inc.

Acoustically Slow (AS) Mode to Acoustic Space

[e]

n = Po% Tr %o (F/f0)%
o, A T, B2 c

£

g, is plotted in Fig. B

Shroud AS Mode to Acoustic Space

_ 3.8¢9
Noas,1 = ¢ 8

Noas,3 = ¢ B

Spacecraft AS Mode to Acoustic Space

n _ 61.5 “
4a8,3 f 2

Acoustic Space i to Acoustic Space J Through Nonresonant "Mass

Law" Motion of a Dividing Structure

coA

N1y T TV, T
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TABLE II1. THEORETICAL COUPLING LOSS FACTORS (comt'd.)

- upoco ’ . 7
T = 5o for field incidence
S

Interior Acoustic Spacé to Exterior Acoustic Space
_ 67.5.{69.2)°
M3y T F

Ring Frame Horizontal Flexure to Truss Torsion

%
ZS

Z5 + Z6

8 Re{z,}
n =
fhs,ts pﬂsLsthscﬂs

1
-

i

- . 2 2 - -
7. 2(1-1) p’e_5 Kehs Cﬂs(”thscﬁs)

‘ K
- 2 __ti 2 -1
Zg = Pps Kig Cag Jts (1 + tan®0)
Truss Torsion to Spacecraft Flexure
2
_ 8 cos?®8 RelZ Zg *E
Nte,u wpp L, K%s eia, Z, + Z,
2.2
Z' _ Psu®u®py p-iB
A = 0.18¢
W w s
B = 0.275 4n_ i+ ( )‘]
e[é K,Cp,
W -

truss width -~ 1.5 inches

¥This expression applies when the mode can radiate to the
acoustic space from one side. Multiply by two when the mode
can radiate from both sides. ’

¥#These expressions were evaluated by use of a compuber.

75



10 LOG, {.n(f)/nFLAT PLME(”JL

Reporit No. 1891 .

Bolt Beranek and Newman Inc.

20
10
/‘Womtﬂﬂ
Q pr_ —;—
//
/
10 //
f
C
”,/’ /K/,/’_‘ ?F'nAF(f)
R
~-20
% = CRITICAL FREQUENCY
-30 :
fR:FﬂNG FREQUENCY
-40 .
0 025 0 50 1 2 4
t
fR
FIGURE A. MODEL DENSITIES FOR A CYLINDRICAL SHELL — AVERAGED

IN ONE-THIRD OCTAVE BANDS

76



Report No. 1891 Bolt Beranek and Newman Inc.

20
10
ngC
/—]O LOGiO ;
of . /
g
\L
-10 //
-20
“—10 LOG,, g,
-30
-40 )
0.0125 0.025 0.05 Ol 0.2 04 0.8 1.6
f
fC
9,7,
FIGURE B. THE FUNCTIONS g, and F

771



Report No. 1891 Bolt Beranek and Newman Inc.

‘SHROUD

RIB

SPACECRAFT

MOUNTING

A RING FRAME
TRUSS

FIGURE 1. MODEL SPACECRAFT-SHROUD ASSEMBLY
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FIGURE 2. ELEMENTS OF THE MODEL ASSEMBLY
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FIGURE 3. MODEL SHROUD
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FIGURE 4. PHOTO OF THE MODEL SHROUD
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Panel edges
Reinforced with
5/16"x1/2" Alum.
Strips and

I
| |
] |
| |
Aluminum | | Connected to 1/27x
Honeycomb : | 1/2"x1/2"x1/8" Alum.
Side Panels: <=t ™ | Angle to form
L S L 1 Il Box Corners
C.332" ‘Thitk I |
C.010% Skin : |
Thickness | :
0.25" Cell Size | ‘
0.0015 Foil | ,
Thickness | | :
| | See Fiqure 8
|
' a
Mounting ——2pq [ ' :
Trnsses. v e 10

1.5"x 1.5"x 1/16"|
Alum ClzannelI

\\ See Fiyure 7

=

- |

Ring —
Frame

FIGURE 5. MODEL SPACECRAFT

AND MOUNTING TRUSSES
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PHOTO OF MODEL SPACECRAFT — ONE PANEL REMOVED
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i Truss
Mounting Trus \\ "x 1"x 5/32"

Alum Channel
Pl f2"x3/52"

N W — Alum Angle
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Ring Frame — 4 H=—Shroud
7 5 H Wall
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FIGURE 7. MODEL RING FRAME TO MOUNTING TRUSS CONNECTION
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BOTTOM VIEW
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Spacecraft
Panel

Mounting
Truss

MODEL MOUNTING TRUSS TO SPACECRAFT CONNECTION
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PHOTO OF MODEL MOUNTING TRUSSES
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FIGURE 11,
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diction technique. Experiments were also conducted to determine the ef-
fect of changes in the model configuration on the vibration fransmis-
sion. The results of the study indicate that the vibrations transmitted
via the internal acoustie space and those transmitted via the mounting
trusses are comparible.

DD o™ 1473 (PAGE i)’

Unclassified
S5/N Q101-807-6811

Secunty Classification

A=3140%




Unelassified

Security Classification

14. KEY WORDS LINK A LINK B LINK C
ROLE wWT ROLE wT ROLE wT
Vibration
Sound
Spacecraft
DD 1FN%R§551473 (BACK) Unclassified

S/N 0101-807-6821

Security Classification

A=31409




