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GLOSSARY OF SYMBOLS

area of ith item

material longitudinal wavespeed in ith item

th

flexural wavespeed of 1 item

shear wavespeed

th

torsional wavespeed of 1™ item (where appropriate)

total energy of 1th item

modal energy of 1th item

as subscripts or superscripts, referring to
flexural or torsional motion.

thickness of spacecraft sandwich wall

beam torsional inertial constant

beam torsilonal stiffness coefficient

flexural wavenumber of ith item

logarithm to base 10

natural logarithm

total mass of 1th item
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GLOSSARY OF SYMBOLS (continued)

th

modal density of 1 item

nolse reduction

real part of Z1

pressure spectral density

structural thlckness
transmission loss
complex displacement amplitude of 1th item

mechanical impedance (flexural or torsional of 1th item

inertlal loss factor of ith item

coupling loss factor for energy flow from ith to jth item

angle between mounting truss and spacecraft axis

flexural radius of gyration of ith item

polar radius of gyration for cross-section of ith item

h th

energy flow (power) from 1% ¢o 37 item
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GLOSSARY OF SYMBOLS

th

lineal density of 1 1

material density of ith

surface density of 1th
torque

radian frequency

angular veloclty
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(continued)

tem (where appropriate)
item

item (where appropriate)
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INTRODUCTION ,9/0 / 2 7

This second quarterly report on Contract NAS5-9601 continues
our discussion of sound and vibration transmission in a model
of the OGO spacecraft-shroud system. The basic formulas and
concepts that are used to predict sound transmission were
developed in the first quarterly report. In the present re-
port, we continue the development with a calculation of
spacecraft-to-shroud vibration ratios for mechanically trans-
mitted energy. A calculation of the noise reduction of the
fiberglass shroud is also included.

An experimental study of acoustical and vibrational energy
transfer in the OGO system should provide an extremely useful
adjunct to theoretical analyses. In this report a series of
experimental studies are outlined that are designed to test

and €0 complement the th@oretical calculations. As complete

a serles of experiments as possible 1s desirable so that

most of the important structural and inter-structure coupling
parameters could be determined completely from the experimental
analysis. In thils way, one does not have to rely on the theoreti-
cal estimates for prediction of energy transmission. [2,{(—
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IV CALCULATIONS OF VIBRATION TRANSMISSION

In this section we calculate the ratio of mean square
transverse veloclity of spacecraft panels to the mean

square transverse velocity of the ring frame and the
spacecraft shroud. The structural configuration 1s
generally similar to the actual OGO-shroud system, but the
structural parameters are left fairly general in the develop-
ment of the theory. When the vibration ratios are computed,
parameters representative of the OGO spacecraft and its
shroud are used. The mechanical elements that make up the
model are shown in Fig. 1. The rectangular spacecraft is

an open ended box at 1ts top and bottom which sits on four
mounting trusses that make an angle @ with the vehicle axls.
These trusses attach to a ring frame that 1s mounted directly
on the shroud. The shroud 1s exposed to the external sound
field.

4,1 Spacecraft to shroud energy ratio

The four structural elements in Flg. 1, the shroud, ring
frame, mounting truss, and spacecraft, form a connected set
of multimodal systems of the type described in section 2.2
of Ref. 1. 1In order to calculate the energy ratio between
the shroud and the spacecraft, we need to know the power
input to each structural section, the internal loss factors,

and the coupling loss factors between the connected structures.

The
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calculations can be simplified by making some assumptions
that are not only appropriate to OGO, but very likely to
most spacecraft configurations of this type.

The energy balance equation for the shroud is given in

Eq. (3,2.3a) of Ref. 1. The power transmitted from the shroud
into the ring frame has not been included in that equation.

It is likely to be small compared to the power dissipated by
the shroud in internal dampingz and compared to the power re-
radiated by the shroud to the interior volume and back into
the surrounding medium. We therefore assume that the energy
level of the spacecraff shroud is not significantly affected
by the attachment of the ring frame.

If the shroud energy E2 1s assumed to be known, then the

unknowrg are the ring frame, mounting truss, and spacecraft energles
Eg, Eg, and Ey. The set of Egs. (2,3.1) of Ref 1 becomes for
the four structural elements of our model

E. E. E. E
- 5 __6) _ (_2...._5
(n=5) O= mggng (n5 n5) 1525 \nj n5) B

E E E E
6 4 5 6
(n-6) Om 71641'16 (Hg - HI; - 71651'16 -ﬁ—s— - Hg) +T|6E6 (4,1.1)
E6 E4
(n-ll) Om "7]461'1)4 n—6 - EZ) +ﬂuE4
-3-
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In writing these equations we have used the symmetry relation
Eq (3,2.4) in Ref. 1.

We note that in the first of the Egs. (4,1.1) that if the
ring frame to shroud coupling loss factor n52 exceeds 1its
coupling loss factor to the mounting truss n56 and its in-
ternal loss factor ns, then modal energy equilibrium will
exist between the shroud and the ring frame,;;.e.,

.5
"y 1f ngp > N56uMg- (4,1.2)

1S

Since the ring frame 1s intimately attached along its full
length to the spacecraft shroud, we can presume that its

energy coupling to the shroud will be large. The result of this
intimate attachment between the shroud and ring frame results

in the elimination of the first of the Egs. (4,1.1) and its
replacement with (4,1.2).

With these assumptions, we have a three element structure of
the kind ti:at has been studied previously.g/ Using the second
and third equations in Eq. (4,1.1) we can derive an expression
for the ratio of spacecraft to ring frame energy in a freguency
band. The result 1is

-1
Eu/ES- 1‘567‘64 [("5‘*"65‘”"64) (114-!-7]%) - 1]64“%] (4’1.3)
where “56 is the ring frame to mounting truss coupling

loss factor,

is the mounting truss to spacecraft coupling loss
61 factor, and
3

“4’“6 are the spacecraft and mounting truss dissipative
loss factors, respectively.

_i
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If the mounting truss of the OGO structure has very llght
damping and is well coupled to the ring frame and the space-
craft, then we can assume

T << g5 + Ty

In this event, Eq. (#,1.3) simplifies.fo

Ey/Eg ¥ gy (yMgs + Myfigy + MgsTug) ~ - (4,1.4)

Expressions for ti:e coupling loss factors in terms of the
flexural and torsional impedances of the structural attach-
ments are developed 1n the following sections.

4,2 Coupling loss factor calculations

Our next task is to evaluate the structural loss factors

that appear in Eq. (4,1.3) either on the basls of theoretical
analysis or by an appeal to experlment. The internal loss
factors Ny and 'S that describe the dissipation in the space-
craft and the mounting truss must at the present time be
experimentally determined. Some recent gains have been made
in the estimation of intermal damping of structures;g/ but
they are not sufficiently advanced so that we can confldently
use these estimates for englneering predicticns.
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The coupling loss factor 1s computed from 1ts deflnilng
formula,

N = B /0B, . (4,2.1)

The average energy Ea is quadratically dependent on the
standing wave amplitudes in subsystenm (a). The power flowlng

frem (2) £t (BY T alan Aenanda cugadratically on these amnli-
from (2a) to (b)), U algso depends quadratiecally on these ampll

a
tudes and on the force and moment impedances of the connected

structures at their attachment points. In a linear system,

the ratio of power to stored energy will therefore be independent
of the wave amplitudes and will depend on geometrical and physical
parameters of the attached structures.

Computation of B... Due to the way the ring frame 1s attached
to the shroud, f%gxural motion of the ring frame (5) will only
have displacements normal to the shroud (2). Let this displace-
ment have a complex amplitude y5. Then for vibrations at fre-
quency » and sinusoidal spatial dependence, the flexural energy
of the ring frame is

2
1
ES’E M5 welysl ; (4,2.2)

The internal impedance that the ring frame has as a source
of excitation for the mounting truss 1is the ratio of moment
to angular velocity parallel to the spacecraft axis at the
point of its attachment to the mounting truss. In terms of

the ring frame parameters, assuming e’imt time dependence,




Bolt Beranek and Newman Inc.

-1

Z o= 2(1-1)p§5)x§c§ c§5) (4,2.3)

5
where p,, k£, ¢, and Cp are the lineal density, radius of

gyration, longitudinal wavespeed, and bending wavespeed of
the ring frame.

Ring frame flexure will excite both torsional and flexural
waves in the mounting truss. The ratio of moment to angular
veloclty for a free torsional wave in the mounting truss 192/

Zg - p§6)xéé) cé6) (4,2.4)
where x¢ 1s the polar radius of gyration of the mounting

truss cross-section and Cop™ csAJ?73; is the torsional wavespeed.

In the definition of Crps the shear wavespeed in the material 1is

Cqs and J and K are inertial and stiffness constants for

torsional motion. The mounting truss flexural impedance 1is

taken to be the ratio of moment appllied to a pinned end of a

semi-infinite beam to the resulting angular velocit
7 - (1-1) (6),2,2 0(6)_1 . (4,2.5)
6 Pe "6 °F e

The total "load' impedance that the mounting truss presents

to the ring frame at the attachment point will now be derived.
The Jjunction between the ring frame and mounting truss 1s
reconstructed in Fig. 2. The ring frame 1s replaced by an
infinite beam constralned to have flexural displacements in
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the X5 direction only and the mounting truss is a semil-
infinite beam which attaches to the ring frame. The Junction
is the origin of the coordinate system. The direction x3

is the vehicle axis. We have noted previouslyz/ that the
spacecraft 1s softest to a torsion in that direction. Such

a torsion will result from both torsional waves 1in the
mounting truss, and flexural waves in the mounting truss wlth
displacements parailel to x,. Both o

a
generated by a flexure of the ring frame.

Torsional waves in the ring frame will generate flexural
displacements in the (x2, x3) plane which will not produce
axlal torsion on the spacecraft. We therefore neglect thls
component of ring frame motion and only consider the loading
that the mounting truss produces for ring frame flexure.

Let the angular velocitles due to mounting truss torsion and
flexure at the Jjunction be QT and QF as shown in Fig. 2.
Since the ring frame will not allow angular velocity in the

x~ direction at the Junctlion, one must have

2

Qp cosf = Q., siné (4,2.6)

T

The axial (or x3) component of angular velocity at the Junction
is

93- Qp 8iné + Qg cosé (4,2.7)

The reaction torque to this acial angular velocity at
the Junction 1s
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T3= Tp cosé + Te sin® (4,2.8)

where TT and TF are related to the appropriate angular
velocities by the impedances (4,2.4) and (4,2.5). One has
therefore,

To= QmZm cOS6 + Q2. siné (4,2.9)
] -~ - Rl

We define the ratio of 73 to 03 as the mounting truss load
impedance 26:

Ze= (2 + z¢ tan®6)(1+tan<8)"1 (4,2.10)

One can see that the correct impedance 1s obtained in the
1limits of O=0 and O=7/2.

The power transferred from (5) to (6) can be expressed in
terms of these impedances and the axial component of angular
velocity of the ring frame at the Jjunction, with the mounting
truss detached:

2
|og| 2= «® kF(5)' lvl? . (4,2.11)

The power transferred 1s then obtained from consldering the
equivalent circult for the Jjunction, Fig. 3:
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/

Z5 + 26

2
Re » (4,2.12)

1 2
where

Placing (4,2.12) and (4,2.2) into (4,2.1) we get the desired
result

-

(5)° 2
2 z
Nogm m;F 5 i Rg - (4,2.13)

e

If (4,2.3) and (4,2.10) are used, all the gquantities contained
in (4,2.13) can be calculated from basic structural parameters.

Computation of “6&' The flexural and torsional waves generated

in the mounting truss by the ring frame will reverberate on the
truss and have thelr amplitudes built up until the power input
from the frame equals the power transmitted back into the ring
frame and on into the spacecraft. The torslional and flexural
wave amplitudes 1incident on the truss-spacecraft Junction are
therefore not equal to those directly generated at the truss-
frame Jjunction.

If the displacement amplitude in the flexural truss motion 1is
Yo then the flexural energy in the truss 1is

=g Mg Clygl® (4,2.14)

-10-
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Again assuming sinusoidal spatial dependence, if the angular
velocity amplitude associated with the torsional wave 1s
Qg, then the torsional energy 1is

2
1 T
B =7 ¥ <grsltl (4,2.15)

If equilibrium has been achieved between torsional and flexural
modes of the mounting truss, we require

Eg/ng- Eg/ng s (4,2.16)

where ng and ng are modal densities for flexural and
torsional modes at the mounting truss. The total energy of
the truss is

Eg= Eg + Ej = Ep (M4nl/nf) . (4,2.17)
At the Junction between the mounting truss and the spacecraft,

the source impedance for the a¥#ial torsion 1is 26 and the load
impedance 1s Zu. The 1impedance Zh 1s taken to be that of a

plate edge for a normal moment. This lmpedance has been computed
by Eichler. His expression 15

2
Zy= pg“) €,Cy (A—iB)/(AzB?‘) kl(?b') (4,2.18)
where
A= 0.189
B~ 0.275 #n(k\ u/2.5) . | (4,2.19)
~11-
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Here, pgh) 1s the surface density, K& is the flexural radius
of gyration, cy is the material longitudinal wavespeed, and

kéu is the flexural wavenumber. The half-width of the ring
frame 1s w. The power transferred is
2
Z
2 6
Toy= 3 19 I‘—_"“z6 ¥ 7, l Ry » (4,2.20)

where 96 is the total axilal compoﬁént of the truss angular
velocity when 1t is pinned at the Junction but the spacecraft
is absent. The axial component of flexural angular velocity
is x§6) «yg s%ne and the axlal component of torsional angular
veloclity 1s Q6 cos®. The total mean square axlal angular
veloclty 1s therefore

2
2
122 3 1) o Iyl

<% |Q6 sin®6 + = l | cos’0 (4,2.21)

Placing (4,2.21) in (4,2.20) and using (4,2.20) and
(4,2.17) to define Mgy, We arrive at

T
2
cos 6
k(6) R o Siri23+n _—T—k£6)2
ﬂ64' 2 f A ' Z l 6 6 (4,2.22)

The calculations for the coupling loss factors and energy

ratlos are clearly quite tedious and will depend on basic

structural parameters in an involved way. Calculations of
the energy ratlos will require the use of a computer.

-12-
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4,3 Computation of velocity ratios for the OGO model

In this section we shall use Egs. (4,1.2) and (4,1.3) to
predict the ring frame to shroud and spacecraft to ring
frame energy and vibration amplitude ratios. A multipli-
cation of these ratios will provide the ratio of spacecraft
to shroud vibration levels.

Structural parameters for the elements in Flg. 1 have been
chosen by reference to englneering drawings of OGO provided
by NASA. There has been some ldealization of the geometry
of these elements, but an attempt has been made to follow

as closely as possible the original dimensions and configura-
tion in our cholce of parameters.

The exterior glass-reinforced-plastic (GRP) shroud was de-

scribed in Chapter 3 of Ref. 1. It is a cylinder, 6 ft. in
diameter, 11 ft. long, with a thickness of 0.1 ins. It has
a density of 113 1lbs per cublc foot, and a Young's modulus

of 2.75x106 lbs per sq. in. In cgs units these parameters

are

t. = 0.25 em pég)- 1.8 gm/cmS

2
(4,3.1)

A= 6.lx10b'cm2 - 3.4x10° cm/sec

Cs

-13-
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The ring frame 1s also modeled on the basis of prints supplied
by NASA. It 1s an aluminum channel beam having the dimensions
shown in Fig. 4. Allowed motion of the ring frame consist of

torsion along 1ts axis and flexure normal to the shroud.

The

dimensions are shown in the figure. We see from Egs. (4,2.2)
(4,2.3) and (4,2.11) that the required parameters are ring
frame mass M,, flexural radius cf gyration Ks, lineal density

5 2%
(D), and flexural wavespeed c(’). Since there are four mount-

ing trusses, we consider the structural system to be dilvided
into four equal and parallel portions. Our calculations through-
out will treat the system as though it were divided into four

parallel sections.

In terms of the dimensions in Fig. 4, the flexural radius

of gyration is given by

2 ¥(y-t/2)% (SC+y3) /3
5

a + W

where
2
X= a-y; y= (a"+wt)/2(a+w)

These results are obtalned from the definition of the
flexural radius of gyration as the second moment of the

(4,3.2)

(4,3.3)

cross-sectlonal area about the neutral axis of the beam.

The flexural wavespeed on the ring frame is given by

el (g Ve

-14-
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and the flexural wavenumber is defined by

k§5)- m/c§5)

Equations (4,3.2) and (4,2.4) along with the dimensions in
Fig. 4 provide sufficlent information for the evaluation of
the structural dynamics of the ring frame.

The mounting truss for the OGO spacecraft 1s a double beam
(wishbone) connection between the corner of the spacecraft
and the mounting truss. We have simplified and idealized
this in the model design as a single channel beam of dimen-
sions and configuration shown in Fig. 5. The single channel
beam 1s designed to have the same torsional rigldity and
total mass as the two beams that it replaces. As mentioned
previously, it has two modes of motion that are effective

in transmitting energy to the spacecraft. They are flexure
in the direction indicated in the sectional view of Fig, &

-

and torsion along the axls of the mounting truss.

From Egs. (4,2.4) and (4,2.5) it 1is necessary that we
evaluate the lineal density pz6), the polar radius of
gyration fo?6§he channel cross section x¢,6,the torsional
wavespeed Cp s the flexural radius of gyration for the
power-transmitting component of flexure, and the flexural
wavespeed for this mode of motion céé). The lineal density
can be obtained from the cross sectional area of the beam
shown 1in Fig. 5 and the volume density of the material

-15-
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(aluminum) from which the beam is constructed. The
flexural radius of gyratlion for mounting truss flexure is
given by

l1 .3 2
wo+a(vw+t/2)
c2a 3 (4,3.5)

a+w

where a and w are taken from Fig. 5 and have the same
geometric significance (but not the same value) as indicated
in Fig. 4. The polar radius of gyration s is found finding
the sum of the squares of the radii of gyration in the two
principle directions of the channel. This amounts to a
summation of the forms in Eq. (4,3.2) and (4,3.5). The
flexural wavespeed for the ring frame is given by

Céé)' (wx6c6)l/2 (4,3.6)

The longitudinal wavespeed for the channel beam 1s the

same as 1t was for the ring frame, i,e, c6-c5. The angle
that the mounting truss makes with the axis of the spacecraft
1s 0.44 radians or approximately 25°.

In Fig. 6, we show the configuration of the spacecraft
relative to the mounting trusses that support it. As noted
previously, a certaln section of the spacecraft is assigned
to each of the four mounting trusses and the assumption is
that there 1s no average interchange of energy between these
sectors. The panels of the spacecraft box are made up of the
orthotroplic sandwich material indicated in the section
diagram. As we see from Eq. (4,2.22), the input impedance

-16-
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to torsional excitation along the vertical edges of the
spacecraft box 1s needed. Unfortunately, the only calcu-
lation of torsional edge admittance of plate that exists
is Eichler's isotroplic plate analysil

Iin order that we may apply Elchler's results to this problem,
we have declided to model the spacecraft panels by an equiva-
lent isotroplc sandwich structure. This equlvalent panel has
a bending rigidity that 1s the geometric mean of the bending
rigidities of the actual panel constructlion in the two
principle directions. The resulting panel is a sandwich of
1.8 cm thickness with two aluminum skin facings of .052 cm
each. The overall dimensions of the spacecraft are not altered.
The Young's modulus of the material from which thls sandwich
is constructed would have to be roughly 6% less than that of
aluminum. This difference is assumed to be negligible and
has noct been taken into account in the computations.

We can see from Egs. (4,2.18) and (4,2.19) that we need
parameters the surface density of the spacecraft panels

péu) which is obtainable from the section dilagram in Fig. 6,
and the radius of gyration for flexural waves on the panel
Kys given by

Ku- H4/2 . (4’3~7)

The longiltudinal wavespeed of the material cy is that of
aluminum and hence 04'°5'c6 and k§u), the flexural wavenumber
for panel waves, 1s given by

-17-
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kHm w/elPm (0, )2 (4,3.8)

The parameter remaining in Eq. (2,2.22) is the ratio of
modal density for torsional and flexural motions in the
ring frame which is given by2

n6/n = 20(6)/0(6) : (4,3.9)

Applying these structural parameters in Eq. (4,2.13), we
can obtain the ring frame to mounting truss coupling loss
factor n56. The result of this calculation is shown in
Fig. 7. We have plotted n56 on a legarithmic scale agalnst
a lgarithmic frequency scale, where the frequencles shown
are octave band center frequencies. The rate of decrease
with frequency very close to 1.5 db per octave, correspond-

ing to a frequency dependence of f—l/g.

The coupling loss factor for ring frame to spacecraft power
transfer, Ty has also been calculated. The results of the
computation are also shown in Fig. 7. We note that extrodin-
arily large values of coupling loss factors at low frequencles
are obtained. These indicate that quite intimate coupling
between the mounting truss and the spacecraft exists for

these frequencies. Complete energy equilibrium between

these two structures at these frequenclies, perhaps up to

a frequency of the order of 500 cps should be expected.

-18-
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The ratio of spacecraft to ring frame energy in any
frequency band is given in Eq. (4,1.3). The loss factors
n65 and qh6 will be obtained from the known loss factors
n56 and “6& respectively by use of the symmetry relation
Eq. (3,2.4) in Ref. 1. One has therefore

Ng Ng AN
T65= ng 56’ 6™ w, Tk 14,3.10)
where the modal density ratios are given by
-1
(6) (6)
n L c c
5 F F
ﬁg'fg 5 (142 57 ) (4,3.11)
F F
6)
n 8k, c,L c(
2 - e (12 ) (4,3.12)
4 Ajcgh Cop

In these equatlions the length of a mounting truss 1s L6

and L5 1s 1/4 of the total length of the ring frame. The
total area of the spacecraft box is Au. The remaining
parameters have been defined previously. The relation
between the (space-time) mean square velocity response and
the average energy 1s E= Mvz. Thus, the ratio of mean
square velocity of the spacecraft to mean square transverse
velocity of the ring frame is given by

-19-
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v E M
_% - E_‘* ﬁi (4,3.13)
v5 5 4

This ratio has been computed for the structural parameters

of the model and is displayed in Fig. 8. We see that above

100 cps the spacecraft vibrates approximately 13 db less

than the ring frame. We have also used Eq. (4,1.2) to

obtaln the ring frame to shroud vibration ratios. The ratio of
ring frame to shroud modal denslty is

L k¢
D5 . 5 I5fa%
n2 2 C(S,A * (4,3,14)
F 2

The velocity ratio is also displayed in Fig. 8. We note
that the ring frame velocity decreases as the frequency
increases at a rate of approximately 1.5 db per octave, in
direct consequence of the difference in modal density between
the one dimensional ring frame and the two dimensional shroud
modal densities. If thils velocity ratio 1s expressed
logarithmically, the net ratio of spacecraft to shroud
velocity response amplitude ranges from approximately 27 to
35 db over the frequency range of Iinterest. It 1s this
vibratlon ratio that we wish to compare with that derived

for the acoustic transmission path.

~-20~
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V. ACOUSTIC NOISE REDUCTION BY THE SHROUD

The elemnents of the acoustic transmission path consist of
an exterior sound field, a spacecraft enclosing shroud, an
interior acoustic space, and the spacecraft. In Chapter 3
of Ref. 1 idealized models of these elements and our
approach toward predicting vibration levels due to acoustic
excitation for our model of the spacecraft are described.
We have continued with this approach and relevant progress

on the shroud noise reduction is reported herein.

In Ref. 1, a set of equations was developed to predict the
flow of acoustic energy into resonant vibration of the
shroud, the flow of energy from the shroud into the
interior acoustic space, and finally the flow of energy
into the spacecraft. (See 3,2). This set of equations

can be solved for the relative vibration and sound pressure
levels of each element of the acoustic path in terms of the
exterior sound pressure level, the modal densities, and
coupling and internal loss factors of the elements. A
method for predicting the coupling loss factor between a
diffuse sound field and a cylindrical shroud was developed.

5,1 Introduction to noise reduction

In this chapter we focus our attention on a preliminary
step toward the prediction of spacecraft vibration levels:
the prediction of the noise reduction, NR, due to the
shroud. The noise reduction is defined as the difference
in sound pressure levels (expressed in dB) outside and
inside the shell. References 10 and 11 give a detailed
discussion of noise reduction problems and much of the
analysis in this paper is based on work contained in these
references.
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The noise reduction of the shell can be conveniently
studied in three regions of frequency:g/ low frequencies
below the first resonant freguencies of the shell and the
interior acoustic space; intermediate frequencies at which
either the shell or the interior space vibrates resonantly;
and high frequencies at which both elements vibrate
resonantly. We restrict our attention in this report to
high frequencies. When the shell dimensions exceed both

sound field may be thought of as composed of two forms of
motion. PFirst, the sound wave will induce a motion in the
shell matching it in frequency and trace wavelength.
Between the ring frequency and the critical frequency, the
induced wavelength will always exceed the "natural" bending
wavelength for the shell (i.e. there will be no AF modes),
and the shell response will be that of a limp wall. This
mass-controlled response we refer to as the "forced wave",
"forced", or '"nonresonant" response.

At the boundaries of the shell, the forced wave alone will
not satisfy the boundary conditions. In order to do so0,
bending motions, which are solutions of the homogeneous
wave equation, are generated that must combine with the
forced waves to satisfy the boundary conditions. These
additional motions we refer to as the "free wave", "free",
or "resonant" response. All the motion is "forced", of

course, in the sense that there would be no response without

excitation, but the breakdown of the response into this
division 1s a convenient one,

At and below the ring frequency, the induced wavelength of

the forced wave response can match the "natural" wavelength
of one of the shell modes. At these frequencies the
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division of response into "forced" and "free" wave response
is no longer simple and may not be convenient. A similar
statement can be made for frequencies above the critical
frequency.

5,2 Noise reduction for resonant shroud vibrations

uencieg above the critical freguency or below the
ring frequency the sound power radiated into the interior
acoustic space is controlled by the "free" resonant response
of the shroud. Thus, we can use the power balance Eg's.
(3,2.5) of Ref. 1 to predict the NR,

négp = & s (5,2.1)

where the underscore signifies a matrix. The modal density
matrix n, the coupling loss factor matrix, 7, and the modal
energy matrices, &p and g, are defined on page 24 of Ref. 1.
Using eq. (5,2.1), the ratio of the exterlor pressure
spectrum to the interior spectrum is

(1)
=1+ + 2+ "= ||ng + ]. (5,2.2)
Sp Moy folipy Mo 37 Izt oy

The NR follows by definition
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NR = 10 log [5%37] . (5,2.3)

In Eq. (5,2.2) the quantity in brackets,

= _ulzy L
M oss Tl3 + )= + iy ? (5,2.4)

-

is cbtained from the losses due to dissipation in the acoustic
space and the spacecraft. In this report we will obtain the
NR for several assumed values of Noss The shroud internal
loss factor, Mos cannot be calculated theoretically. However,
past experience has shown that assumed values of N, = 10

or 1/f can provide reasonable results. We will calculate

the NR for both of these values. The remaining constants,
Npys Ny, and ng have been predicted in Ref. 1. The "free
wave" NR for our model of the shroud is plotted as a function
of frequency in Fig. 1 and is compared with the mass-law NR
which will be calculated in the next section.

5,3 DNoise reduction for nonresonant shroud vibrations

Between the ring frequency and the critical frequency, the
coupling loss factor between the acoustic field and resonant
vibrations of the cylindrical shroud is very small. Thus,

in gpite of large amplitude resonant vibrations in the

shroud the sound power radiated into the interior at these
frequencies is small. The forced vibrations, on the other
hand, are strongly coupled to the acoustic field and in

spite of their small amplitudes, they can radiate significant
amounts of power into the interlior. The actual NR can never
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exceed either the forced-wave value or that calculated
assuming free waves alone, since both forced and free
motions exist on the shroud at all times.

To calculate the NR due to forced vibrations we follow

the procedure used in reference 1. This procedure

involves the transmission coefficient 7, defined as the
ratio of the incident acoustic intensity to the transmitted
acoustic intensity for an infinite panel. The transmission
loss (TL) is defined by

TL = 10 log G—) (5,3.1)

T

Below the critical frequency, the sound transmission
coefficient of an infinite panel islg/

r(9) = |2+ (@g})—i—i—s—?)z]—l (5,3.2)

where ¢ is the angle of incidence of the incoming acoustic
wave, izsi is the magnitude of the complex ratio of the
pressure difference on the two sides of the panel to the
velocity of the panel perpendicular to its surface, and
Po%o is the characteristic acoustic impedance of the fluid
medium. When the panel response is mass-controlled, the
impedance magnitude can be expressed as

lzs‘ ‘mps (5:3-3)
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where ps is the panel mass per unit area. When the incident
acoustic waves are distributed over all angles of incidence,
the transmitted power is given by an average of 7 over all
angles of incidence (2w steradians):

I\ P =TI -’-T“ (5:3-4)

where

f7/2
0 T cos¢ sing d¢ (5,3.5)

fg/2;03¢ sing d¢

T =

Combining Egqs. (5,3.1-5) gives an expression for TL,lé/

o ©2p2
TL = 20 log [-é-ﬁ-s—c—] - 10 log,, [2.3 1og<1 + F%)] (5,3.6)
00 o%o

Eq. (5,3.6) is valid for an infinite panel which is
responding in a mass~controlled manner. However, when
the dimensions of a finite panel are large compared to
the acoustic wavelength this equation is also valid for
predicting the TL resulting from the forced response of
the finite panel.

To calculate the NR we find the spectral level of in-
tensity incident on the shroud from a diffuse acoustic
field. This is given in terms of the pressure spectrum

by
-26-
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- 1;39—0— (5,3.7)

The net spectral power transmitted into the interior
acoustic space from the external diffuse field is

( )] c =
1113 - H—P_c-p [SP J ’ (D’ 3-8)

where A2 1s the surface area of the shroud. This power
must be equal to that dissipated inside the shroud. Since
the interior sound field is resonant, the dissipated power
can be expressed in the statistical energy forms developed
in Ref. 1;

Dy1ss = “N10s8"3%3 (5,3.9)

where n, . is defined in Eq. (5,2.4). The modal energy of
the acoustic space 63 is given by

ey = V3583 /o cBn, (5,3.10)

Equating Egs. (5,3.8) and (5,3.9) gives

L

Van
NR = 10 loglo [l + _;_13__3.:0_88_] (5,3.11)

2 7o
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where V3 is the volume of the interior acoustic space, and
A2 is the surface area of the shroud.

The NR due to forced vibrations given by Eq. (5,3.11) is
plotted in Fig. 1 for several values of hmv3nloss/A2co and
1s compared with the NR due to resonant vibrations. Note
that the overall NR is controlled by forced vibrations for
frequencies between the ring frequency and the critical
frequency, and varies from near zero to around 20 db.

5,4 Directions of future study

During the next quarter we will concentrate on the acoustic
acceptance properties of the spacecraft model. This work
wlll complete the analysis of the acoustic path.
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VI. EXPERIMENTAL ANALYSIS OF RANDOM LOAD TRANSMISSION
IN A SPACECRAFT

One of our responsibilities under contract NAS5-9601 is

the design of a series of experiments of sound and vibration
transmission in a model of the OGO spacecraft. In this
chapter we present some general guidelines and considera-
tions for the design of specific experiments. The designs
for particular experiments are not included in the chapter.

6,1 Introduction

Experiments on structural configurations exposed to random
acoustic environments can be and are carried on for a wide
variety of purposes. The field of environmental testing
includes experiments that are designed to "proof test" a
structure. In such tests, the structure is subjected to

an anticipated environment and one determines whether or

not 1ts structural integrity and/or its operational behavior
are affected by the environment. Tests may also be run at
lower levels of excitation to determine anticipated response
at locations where sensitive equipment may be mounted.
Vibration and acoustic specifications may be generated for
particular equipments by such tests. The tests that we will
propose for the OGO model do not include the former type of
test at all but have elements in common with the latter.

A second major class of experiments is designed to merely
gather data on structural and acoustic parameters. These
parameters are usually obtained, either because they cannot
be directly or conveniently calculated or because there is
some wish to correlate a calculation with an experimental
study. The experiments may be designed to gather only a

-29-




Bolt Beranek and Newman Inc.

few bits of structural information or they may be designed
to define almost all of the major parameters of the system.
In either case the result of the experiment is a list of
data that 1s to be used in theoretical analyses for the
prediction of some other more complex bit of information
about structural behavior. The types of experiments we
describe here fall within this category. 1In fact, we
propose measurements of many structural parameters that

can be calculated from theoretical notions., In this way,
predictions of vibration and load transmission can be based
upon as much experimentally derived information as possible.

Finally of course there are experiments that one might

call "research tests". Such experiments are used to

directly test theoretical calculations of modal density,
response ratios, damping, or other parameters. They may
also be used to test theoretical assumptions about the way
that the structure is behaving in various segments, frequency
ranges, or modes of motion. Some of the experiments that

we will propose fall in this category.

The spacecraft model to be analyzed is shown in Fig. 1.

The detailed structure of this model is shown further in
Figures 4, 5 and 6 and was discussed in the text of chapter
4. It should be designed to be as flexible in use as
possible, i.e. it should be readily dismantled, and the
addition of structural damping and acoustic absorption
should be relatively simple. We do not feel that there are
any conflicts between these requirements and the fundamental
necessity for the model to be representable by the dynamical
considerations outlined in chapters 4 and 5.

In the more detailed discussions to follow, the mechanical
and acoustical paths are treated separately as they are
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in the theoretical analyses. For each of the maJjor
acoustical and structural elements of each path we will
describe those parameters that are most important in
establishing the energy transfer and storage. We will
also try to give some indication of the problems and
possibilities for the experimental determination of each
important parameter. We will describe various energy
transmission experiments. It may be desirable to perform
these on various segments of the energy transmission
chain. Experiments on transmission of energy in the
vibrational and acoustical chains separately or together
should also be carried out. Based on this very detailed
breakdown, a fairly high degree of flexibility in the
spacecraft model construction is desirable. This
flexibility would not in general be available to us if

we were studying an actual spacecraft. The essential
difference is not in the complexity of the system, but in
the degree of ease with which one can dismantle various
segments of the system and then reconnect them and have
the structure remain in its initial state.

In the remaining sections of this chapter we shall
describe the primary parameters of the structural elements
that are amenable to experimental investigation and are
important to the noise and vibration transmission. The
mechanical path and the acoustical path will be discussed
separately. For each path we may wish to study modal
density, damping, coupling, loss factors, noise and vibra-
tion ratios, etc. The energy transmission will be studied
both for segments of the structures and for the major
assembled sections of the model. This will be done both
with and without simultaneocus effects of acoustic and

vibration transmission. Let us begin our discussion by

27 -
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enumerating some of the experimental studies on the
acoustical transmission path.

6,2 Experimental studies of the acoustical path

Item No. 1 in the acoustic transmission path is the
exterior acoustic space and the sound field within it that
he spacecraft shroud. TWO major
exterior sound field will be investigated. The simplest

to generate experimentally and to correlate with analysis

is the diffuse reverberant field. A diffuse sound field

can be generated by exciting a large, reasonably "hard"
acoustic space with a band of noise. Almost any large

room is suitable for this purpose, provided that unusually
large acoustic absorption (absorption coefficients greater
than 30% say over major parts of the wall area) is not
present. A non-diffuse directive sound field may also

exist on the vehicle. This type of field can be applied

to the vehicle surface by increasing the absorption in

the room so that the "direct field"” of the sound source
extends out perhaps a distance of 10 - 15 ft. from the

sound projector. If the shroud 1s placed in this field

it will experience relatively more acoustic energy

incident from some angles than from others. There are

cases when this type of excitation may be more representative
of the service environment of the vehicle than a purely
diffuse sound field. A goal of our studies would be to

test possible differences in the shroud mechanical response
and in its sound transmission under these two types of
incident sound fields.

It will be clear from the discussion in chapter 5 that it
is fairly important to determine the relative amount of
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sound transmitted through the shroud due to its forced
wave (nonresonant) and resonant response. Since forced
wave transmission is independent of structural damping, a
way to find the relative importance of the two is to
increase the shroud damping appreciably. Any increase in
noise reduction must be due to the decrease in resonant
transmission (except for the effects of added mass in

the damping treatment, which should be incliuded in the
analysis of the results).

Thecretical evaluation of the resonant transmission
involves the damping, modal density, and the radiation
efficiency of the shroud. These parameters can be
evaluated by mechanical and acocustic tests on the shroud
structure. Damping may be measured by studies of decay
rate in frequency bands. HModal density can be found at
low frequencies by "counting peaks" of the resonant
response as the existing frequency is altered. This is

a useful technique until the bandwidth of individual
resonant modes becomes comparable to the average frequency
spacing between modes.

The radiation efficiency of the shroud can be found in
several ways. Perhaps the most direct is to excite the
shroud in frequency bands with a mechanical shaker. The
radiated sound power can be computed from the sound level
resulting in the surrounding room and from the acoustic
absorption of the room. Random sampling of the mean

square velocity over the surface of the shroud allows one
to estimate its energy. The shroud to surrounding sound
field coupling loss factor n,; is determined from Eq. (4,2.1).
This coupling loss factor also determines the rate at which
power will enter the shroud from a reverberant sound field
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and the rate at which energy is radiated to the internal
volume (item 3) by the resonant vibration of the shroud.

The resonant vibration of the shroud will probably exceed
its forced wave response. As we have noted in chapter 5
and have implied in the discussion in the previous
paragraph, it may or may not control the sound transmission.
There is no question however that resonant motion will

e vibration levels of the ring frame. 1In cases
where the possible failure of the shroud structure is of
concern, the shroud acceleration levels and the associated
strain levels at concentration points are also of interest.
Shroud vibration levels as well as sound transmission
measurements should be made with diffuse and directive
sound fields incident on the shroud.

The important properties of the interior volume (item 3)
for our study are its acoustical absorption and its
geometry. The absorption of interior volume controls the
sound pressure level when a fixed acoustical power is fed
into this space. It is measured by making decay rate
neasurements of sound pressure in frequency bands, making
allowance in the loss calculations for the sound that is
transmitted outward through the shroud into the surrounding
space.

The geometry will control the frequency location of the
first few modes of the volume, and these may occur within
the frequency range of interest. Geometry will also
determine the "diffusion" of the sound field within.
Diffusion can be measured by making microphone scans through
the volume to see whether the sound pressure levels remain
uniform on the average as one moves about the space. Strong
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nonuniformities could result from excessive acoustic
absorption in one part of the contained volume or perhaps
a peculiar modal distribution. The existence of such
effects are important in describing the acoustic environ-

ment of the spacecraft.

Finally, the acoustic and structural characteristics of

the spacecraft box must be determined. These characieristics
include the coupling loss factor between the spacecraft and
the interior volune “h3’ the structural damping, and the
modal density. All these parameters can be measured in a
manner similar to that described for the shroud. The
coupling loss factor “43 is important for acoustical calcu-
lations, and the structural damping and modal density are
parameters that apply equally well to the analysis of both
acoustical and the vibrational paths.

Measurement of the spacecraft shroud NR is a study of the
relative modal erergy between the contained volume of the
shroud and the exterior space. Further experiments on

the acoustical path include placement of the spacecraft
within the shroud using mechanical suspension that is
extremely soft. In this way the complete acoustical chain
from the exterior space to the spacecraft is representied
and the resulting vibration ievels on the spacecraft can

be studied for comparison with the calculations. One nay
wish to alter various parts of the path by changing

shroud damping or radiation efficiency (by removal of the
ring frames) or by changing the directivity of the exterior
sound field or by altering the acoustical absorption within
the interior volume. In such a manner one could build up

a fairly complete picture of the processes controlling the
sound transmission path.
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6,3 Experimental study of the mechanical path

The spacecraft shroud resonant vibration forms the random
environment of the ring frame, item 5. In chapter 4 we
assume that the coupling loss factor from the ring frame
to the shroud would be much larger than the ring frame
loss factor or its coupling loss factor to the mounting

T4+ 11T A he wion +n +act+ +hdi o hyvrnAadthood o
4.0 WOULG 00 WioT U uvlwmu visau sy pwvuiacuan

truss.
mentally. This can be done by exciting the ring frame with
bands of noise and observing its decay rate with the shroud
heavily damped. The modal density for both torsional and
flexural modes for the ring frame should also be measured
both before and after it is attached to the shroud. With
the shroud randomly excited, the flexural and torsional
vibrational levels of the ring frame should be measured.
The results of thils experiment can then be correlated with
the equal modal energy hypothesis made in chapter 4. fThe
moment impedance of the ring frame, Z5 describes the
internal impedance of the ring frame as a source of energy
for the mounting truss. This impedance should also be
measured. Special impedance equipment would have to be
obtained and/or developed for such measurements.

The important energy storage parameters of the mounting
truss are the modal densities for torsional and flexural
vibrations and the structural damping. It is also important
to find the resonant frequencies of the first modes of
vibration of the mounting truss, since only above this
frequency will the truss act as a wave bearing system. The
torsional and flexural wave impedances of the mounting truss
channel beam should also be studied. The coupling loss
factor to the ring frame may be measurable by decay rate
techniques. This could be a difficult measurement. With
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the mounting truss in place and the shroud excited, the
ratio of mounting truss to ring frame and shroud response
amplitudes should be monitored as a test of the calcu-
lations.

Finally the spacecraft should be studied as a recipient
of vibrational energy from the mounting truss. Its modal
density and damping will have been studied for the
acoustic path. The moment impedance at the axial edges
of the spacecraft box should be measured so that a
comparison with Eichler's calculation can be made. The
ratio of vibration levels of the spacecraft to the other
mechanical elements in the vibration path can also be
monitored and compared with theory. Special vibration
control techniques may also be investigated. In order
for the acoustic path not to interfere with mechanical
measurements it may be necessary to take special
precautions to reduce the acoustic transmission component
to a very small value. One possibility would be to fill
the space with a gas of very low characteristic impedance,
such as helium. Another possibility is to reduce the
interior volume reverberant sound levels by the addition
of heavy acoustic absorption.

These brief discussions indicate the number and type of
experiments that can be undertaken on the 0GO model. They
take full advantage of its flexibillty and on the useful-
ness of being able to do fairly complete calculations on
this system. We would strongly recommend that as many of
these measurements as possible be carried out so that the
most complete picture can be developed for the system.

This is desirable because many of the concepts in predicting

oy
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the sound and vibration transmission in the OGO model are

in their early stages of development. We feel that they
give a good picture of the transmission processes in
general, but there always will remain points that are
difficult to resolve by theoretical analysis alone. The
experience and techniques that would be developed by a set
of experiments like those described here would be invaluable
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