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EXPERIMENTAL STUDY OF SOUND AND VIBRATION 
TRANSMISSION TO A SHROUD-ENCLOSED SPACECRAFT 

Jerome E. Nanning 
Nicholas Koronaios 

ABSTRACT 

An experimental study of the vibration transmission in a 
1/2-scale-model spacecraft-shroud assembly is described. The 
role of acoustic and mechanical vibration-transmission paths 
is studied. The individual elements of the assembly are stud- 
ied as well as the complete assembly in order to better under- 
stand the vibration-transmission mechanisms. Data obtained in 
the program are compared with predictions obtained by using sta- 
tistical energy analysis. 
surements made on an actual OGO-Nimbus shroud. 

An Appendix describes vibration mea- 
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i, . . 

1. INTRODUCTION 

T h i s  r e p o r t  d e s c r i b e s  an  expe r imen ta l  s t u d y  o f  t h e  sound- 
induced v i b r a t i o n  of  a shroud-enclosed model s p a c e c r a f t .  A t y p i -  

c a l  spacec ra f t - sh roud  assembly, which was t h e  basis  of  ou r  model, 
i s  shown i n  F i g .  1. The major s t r u c t u r a l  e lements  o f  t h i s  as- 
sembly  are i d e n t i f i e d  i n  F ig .  2 .  Two p a t h s  o f  v i b r a t i o n  t r a n s -  
mis s ion  from t h e  e x t e r n a l  a c o u s t i c  f i e l d  t o  t h e  s p a c e c r a f t  e x i s t :  
f i r s t ,  an  a c o u s t i c  p a t h ,  i n v o l v i n g  t h e  e x t e r n a l  a c o u s t i c  space ,  
t h e  shroud,  and t h e  i n t e r i o r  a c o u s t i c  s p a c e ;  and second a mechani- 
c a l  p a t h ,  i n v o l v i n g  t h e  e x t e r n a l  a c o u s t i c  space ,  t h e  shroud,  t h e  

r i n g  frame, and t h e  mounting t r u s s e s .  The purpose o f  our  e x p e r i -  
mental  s t u d y  i s  (1) t o  de te rmine  e x p e r i m e n t a l l y  t h e  r e l a t i v e  mag- 
n i t u d e  of  t h e  v i b r a t i o n s  t r a n s m i t t e d  t o  t h e  model s p a c e c r a f t  by 
t h e  a c o u s t i c  p a t h  and t h e  mechanical  p a t h ,  and ( 2 )  t o  suppor t  t h e  

t h e o r e t i c a l  p r e d i c t i o n s  o f  the v i b r a t i o n  t r a n s m i s s i o n  o b t a i n e d  i n  
R e f .  1 by u s i n g  s t a t i s t i c a l  energy a n a l y s i s .  

The s p e c t r a  of  t h e  expe r imen ta l ly  measured v i b r a t i o n  t r a n s -  
mi t t ed  t o  t h e  s p a c e c r a f t  by  t h e  two pa ths  are shown i n  F ig .  46 .  
V i b r a t i o n s  t r a n s m i t t e d  by t h e  paths  are comparable i n  ampl i tude .  
The s t a t i s t i c a l - e n e r g y - a n a l y s i s  p r e d i c t i o n s  are compared w i t h  t h e  
expe r imen ta l  measurements i n  F i g s .  33-45. Agreement between the  

p r e d i c t i o n s  and t h e  measurement f o r  a c o u s t i c  p a t h  t r a n s m i s s i o n  i s  
a c c e p t a b l e ,  which i n d i c a t e s  t h a t  s t a t i s t i c a l  energy a n a l y s i s  i s  a 
u s e f u l  means o f  e s t i m a t i n g  high-frequency v i b r a t i o n  t r a n s m i s s i o n  
i n  t h e  a c o u s t i c  p a t h .  Agreement f o r  mechanical  p a t h  t r a n s m i s s i o n ,  
however, i s  n o t  a c c e p t a b l e ;  d i f f e r e n c e s  g r e a t e r  t h a n  5 d B  occur  
f o r  many f requency  bands.  We have concluded t h a t  t h e  assumptions 
made i n  o b t a i n i n g  t h e  t h e o r e t i c a l  p r e d i c t i o n s  are n o t  v a l i d .  

The expe r imen ta l  program which w e  conducted i s  d e s c r i b e d  i n  
t h e  nex t  s e c t i o n .  

1 
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1.1 D e s c r i p t i o n  of  t h e  Program 

Members o f  t h e  staff  a t  Bo l t  Beranek and Newman I n c .  (BBN) 

have des igned ,  f a b r i c a t e d ,  and conducted exper iments  on a 1/2- 
s c a l e  model o f  a spacec ra f t - sh roud  as sembly .  S e c t i o n  2 d e s c r i b e s  
t h i s  model. T h e o r e t i c a l  estimates o f  t h e  sound-induced v i b r a -  
t i o n s  of  t h e  f u l l - s c a l e  assembly  were o b t a i n e d  i n  R e f .  1 by u s i n g  
s t a t i s t i c a l  energy a n a l y s i s .  
t h e  p r e s e n t  program are compared w i t h  estimates f o r  t h e  1 /2-sca le  
model i n  S e c t i o n  5 .  

Experimental  data o b t a i n e d  d u r i n g  

The expe r imen ta l  program i s  d i v i d e d  i n t o  three phases: mod- 
e l  d e s i g n  and c o n s t r u c t i o n ,  conduct o f  exper iments ,  and compari- 
son  of t h e  expe r imen ta l  r e s u l t s  w i t h  t h e o r e t i c a l  p r e d i c t i o n s .  

Phase 1, d e s c r i b e d  i n  S e c t i o n  2 ,  i n c l u d e s  d e s i g n  and fabri-  

c a t i o n  of  a 1 /2-sca le  model of  a t y p i c a l  spacec ra f t - sh roud  assem- 
b l y .  The OGO spacec ra f t - sh roud  as sembly  was chosen as t h e  basis 
f o r  our  model. P r o p e r t i e s  of ou r  model t h a t  de te rmine  i t s  sound- 
induced v i b r a t i o n s  only  approx imate  t h o s e  o f  t h e  OGO assembly .  
We do no t  i n t e n d  t h a t  t h e  v i b r a t i o n  l e v e l s  measured f o r  t h i s  model 
be i n d i c a t i v e  of  v i b r a t i o n  l e v e l s  i n  t h e  a c t u a l  assembly. The 

shroud model i s  a r ibbed  c y l i n d r i c a l  s h e l l .  The s p a c e c r a f t  model 
i s  an  array o f  honeycomb p a n e l s .  The model s p a c e c r a f t  i s  connected 
t o  t h e  model shroud by f o u r  channel  t r u s s e s  and a r i n g  frame. 

Phase 2 of  t h e  s t u d y ,  d e s c r i b e d  i n  S e c t i o n s  3 and 4 ,  c o n s i s t s  
o f  s e v e r a l  exper iments  t o  i n v e s t i g a t e  t h e  f low o f  v i b r a t o r y  ene r -  
gy i n  i n d i v i d u a l  s t r u c t u r a l  e lements  of t h e  model and i n  combina- 
t i o n s  of  t h e  e lements  coupled t o g e t h e r .  The exper iments  are d i -  

v ided  i n t o  two t y p e s :  (1) exper iments  t o  i n v e s t i g a t e  t h e  f low o f  
energy i n  t h e  a c o u s t i c  path-this p a t h  c o n s i s t s  of t h e  e x t e r n a l  
sound f i e l d ,  t h e  shroud,  t h e  i n t e r n a l  sound f i e l d ,  and t h e  space-  
c r a f t ;  ( 2 )  exper iments  t o  i n v e s t i g a t e  t h e  f l o w  o f  energy i n  t h e  

2 
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mechanical  path-this p a t h  c o n s i s t s  o f  t h e  e x t e r n a l  f i e l d ,  t h e  

shroud,  t he  r i n g  frame, t h e  mounting t r u s s e s ,  and t h e  s p a c e c r a f t .  

I n  phase 3 of t he  program, descr ibed i n  S e c t i o n  5 ,  w e  com- 
pare our  expe r imen ta l  r e s u l t s  w i t h  t h e o r e t i c a l  p r e d i c t i o n s  o b t a i n -  
ed i n  R e f .  1. S p e c i f i c a l l y ,  t h e  measured v i b r a t o r y  r e sponse  o f  
t h e  i n d i v i d u a l  assembly e lements  i s  compared w i t h  t h e  t h e o r e t i c a l  
p r e d i c t i o n s ,  and t h e  e x p e r i m e n t a l l y  determined parameters  govern- 
i n g  power f low between t h e  e lements  are compared w i t h  t h e  theo-  
r e t i c a l  v a l u e s .  I n  a d d i t i o n ,  w e  measured t h e  spa t ia l  v a r i a t i o n  
of t h e  v i b r a t i o n  on each  element o f  t he  a s sembly .  

A f o u r t h  phase of  t h e  program, d e s c r i b e d  i n  t he  Appendix t o  
t h i s  r e p o r t ,  o p e r a t e s  independent ly  of  t h e  f i r s t  three  phases. 

T h i s  phase c o n s i s t s  of  conduct ing  exper iments  a t  Goddard Space 
F l i g h t  Cen te r  on a Nimbus-OGO t y p e  shroud.  The exper iments  i n -  
c luded measurement of  t h e  acous t ic - induced  r e sponse  o f  t h e  shroud 
and t h e  r e d u c t i o n  of sound-pressure  l e v e l  (SPL) from t h e  o u t s i d e  
t o  t h e  i n s i d e  of  t h e  shroud,  and measurement of  t h e  damping of  t h e  
shroud and t h e  a b s o r p t i o n  o f  t h e  i n t e r n a l  a c o u s t i c  space .  The 

expe r imen ta l  r e s u l t s  are compared w i t h  t h e o r e t i c a l  p r e d i c t i o n s  and 
o t h e r  expe r imen ta l  r e s u l t s .  

3 
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2 .  DESIGN AND CONSTRUCTION OF THE MODEL 

2 . 1  D e s c r i p t i o n  of  t h e  OGO Assembly 

The assembly ,  ske t ched  i n  F ig .  1, i s  composed of f o u r  s t r u c -  
t u r a l  e lements  as fo l lows :  (1) a r i b b e d  c y l t n d r i c a l  shroud,  ( 2 )  
a r i n g  frame, ( 3 )  f o u r  wishbone mounting t r u s s e s ,  and ( 4 )  the  

s p a c e c r a f t .  

The OGO Shroud, shown i n  F i g .  3 ,  i s  a Nimbus-type shroud.  
It i s  a r i b b e d  c y l i n d r i c a l  s h e l l  capped by a c o n i c a l  nose .  The 
s h e l l  i s  made o f  a g l a s s - r e i n f o r c e d  p l a s t i c  l amina te  whose t h i c k -  
n e s s  v a r i e s ,  bo th  a l o n g  t h e  l e n g t h  of t h e  s h e l l  and around i t s  
c i rcumference ,  from 0 . 1  t o  0 .14  i n .  
s e c t i o n  r i n g s  spaced a t  v a r i o u s  i n t e r v a l s  w i t h i n  t h e  shroud.  The 
e n t i r e  shroud i s  s p l i t  a x i a l l y  ( F i g .  4 )  t o  p e r m i t  shroud separa- 
t i o n .  Approximate s t r u c t u r a l  p r o p e r t i e s  of t h e  shroud are sum- 
marized i n  Tab le  I .  

The r i b s  are aluminum hat-  

The l i n i n g  o f  t h e  shroud i s  a m i c r o q u a r t z / f e l t  thermal  b lan-  
k e t .  S ince  t h i s  b l a n k e t  c o n t r o l s  t he  a b s o r p t i o n  o f  a c o u s t i c  ener -  
gy i n s i d e  t h e  shroud,  i t  had t o  be cons ide red  i n  d e s i g n i n g  a mod- 
e l .  The b l a n k e t  t h i c k n e s s  v a r i e s  from 1 / 2  t o  1 i n .  I ts  a c o u s t i c  
p r o p e r t i e s  are n o t  known and must b e  found e x p e r i m e n t a l l y .  

The r i n g  frame i n  t h e  OGO a s s e m b l y  i s  shown i n  F ig .  5 .  The 
shroud i s  clamped around t h e  r i n g  frame. The impor tan t  s t r u c t u r -  
a l  p r o p e r t i e s  of t h e  r i n g  frame are g iven  i n  T a b l e  I. 

The mounting t r u s s e s  f o r  t h e  OGO s p a c e c r a f t  are wishbone legs 

c o n s i s t i n g  of aluminum channel  beams, as shown i n  F i g .  6 .  The 
geometr ic  and s t r u c t u r a l  p r o p e r t i e s  of  these t . ru s ses  are g iven  i n  
T a b l e  I .  

w 
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The OGO s p a c e c r a f t  i s  shown i n  F i g s .  6 and 7 .  B a s i c a l l y ,  i t  
The s t r u c t u r a l  i s  a box o f  f o u r  cor ruga ted-core  sandwich p a n e l s .  

p r o p e r t i e s  o f  these p a n e l s  are g iven  i n  T a b l e  I. 
p a n e l s  o f  t h e  box are hinged and can be opened t o  a l low a c c e s s  t o  
t h e  s p a c e c r a f t .  The t o p  and bottom of  t h e  s p a c e c r a f t  are c l o s e d  
by t h i n  p a n e l s .  The s p a c e c r a f t  i n s t r u m e n t s  are mounted on t h e  

sandwich p a n e l s ,  as shown i n  F ig .  7 .  The base of  t h e  s p a c e c r a f t  
i s  suppor t ed  by a l a r g e  X frame as shown i n  F ig .  6 .  
c r a f t  connec t s  t o  t h e  mounting t r u s s e s  by a clamp arrangement .  

Two o p p o s i t e  

The space-  

2 . 2  Design of  t h e  Model 

I n  o r d e r  t o  o b t a i n  data r e l e v a n t  t o  ou r  t h e o r e t i c a l  p red ic -  
t i o n s ,  w e  have made s e v e r a l  i d e a l i z a t i o n s  i n  d e s i g n i n g  a model. 
For  example, t he  model shroud i s  a r i b b e d  c y l i n d r i c a l  s h e l l  w i t h  

c o n s t a n t  s k i n  t h i c k n e s s .  We have n o t  i n c l u d e d  t h e  c o n i c a l  s ec -  
t i o n  of  t h e  OGO shroud f o r  t he  f o l l o w i n g  r e a s o n s :  w e  do n o t  f e e l  
t ha t  it has great e f f e c t  on v i b r a t i o n  t r a n s m i s s i o n  c h a r a c t e r i s t i c s  
o f  t he  shroud;  and i t  was n o t  i nc luded  i n  t h e  t h e o r e t i c a l  p r e d i c -  
t i o n s .  I n  modeling t h e  OGO shroud,  w e  d i d  n o t  p r e s e r v e  t h e  e x a c t  
s p a c i n g  between t h e  r i b s .  

It i s  impor tan t  f o r  t h e  experiments  tha t  t h e  material prop- 
e r t i e s  o f  t h e  OGO shroud be p re se rved  i n  t he  model. The re fo re ,  
w e  s e l e c t e d  a f i b e r g l a s s / e p o x y  l amina te  f o r  t h e  s h e l l .  The den- 
s i t y  and e l a s t i c  modulus o f  t h i s  material are similar t o  t h o s e  
of t h e  OGO-shroud material. 

We s e l e c t e d  a 1 - in . - th i ck  porous f iberglass b l a n k e t  t o  l i n e  
t h e  model shroud.  The s u r f a c e  d e n s i t y  and a b s o r p t i v e  p r o p e r t i e s  
o f  t h i s  b l a n k e t  approximate t h o s e  of t h e  m i c r o q u a r t z / f e l t  l i n i n g  
used i n  t h e  OGO shroud.  

5 
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Our model does n o t  p r e s e r v e  t h e  e x a c t  geometry o f  t h e  OGO 

r i n g  frame. I n  t h e  a n a l y s i s  o f  R e f .  1, t h e  assumption w a s  made 
t h a t  on ly  bending around a v e r t i c a l  a x i s  t h a t  i s  para l le l  t o  t h e  
a x i s  o f  r e v o l u t i o n  of  t h e  shroud w i l l  t r a n s m i t  v i b r a t o r y  energy 
t o  the  s p a c e c r a f t .  Th i s  assumption was made because t h e  space-  
c r a f t  v i b r a t i o n  induced by such moments i s  greater t h a n  t h a t  i n -  
duced by o t h e r  f o r c e s  and moments. 
v e r t i c a l  a x i s  are impor t an t ,  ou r  model p r e s e r v e s  only  t h e  l i n e a r  
d e n s i t y  and bending s t i f f n e s s  around the  v e r t i c a l  a x i s  o f  t h e  

r i n g  frame. 
t o r s i o n a l  s t i f f n e s s  are p rese rved  only  w i t h i n  50% of  t h e  a c t u a l  
v a l u e s .  

S i n c e  on ly  moments around t h e  

Bending s t i f f n e s s e s  around t h e  o t h e r  two axes  and 

The wishbone t r u s s e s  o f  t h e  OGO s p a c e c r a f t  are r e p l a c e d  i n  
t h e  model by f o u r  channel  beams. 
f i c a t i o n  of t h e  t h e o r e t i c a l  c a l c u l a t i o n s  wi thout  a l t e r i n g  t h e  

t r a n s m i s s i o n  c h a r a c t e r i s t i c s  a t  h igh  f r e q u e n c i e s  t o  any g r e a t  ex- 
t e n t .  The s t r u c t u r a l  p r o p e r t i e s  of  t h e  s i n g l e  beams are des igned  
t o  be similar to t h o s e  of one l e g  of t h e  wishbone. 

T h i s  s u b s t i t u t i o n  a l lows  s i m p l i -  

The a c t u a l  dimensions o f  t h e  model e lements  were determined 
by u s i n g  a d imens iona l  a n a l y s i s . 2  
t h e  f o l l o w i n g  d imens ionless  groups must be he ld  c o n s t a n t :  

According t o  t h i s  a n a l y s i s ,  

where R i s  a t y p i c a l  l e n g t h ,  f i s  t h e  t e s t  f requency ,  co i s  t h e  

speed o f  sound i n  t h e  a c o u s t i c  media, c R  i s  t h e  l o n g i t u d i n a l  wave- 
speed i n  t h e  s t r u c t u r a l  material, ps i s  t h e  s u r f a c e  d e n s i t y  o f  a 

i s  
the  volume d e n s i t y  of t h e  a c o u s t i c  medium, qloss i s  t h e  d i s s i p a t i o n  
t y p i c a l  p a n e l ,  pR i s  t h e  l i n e a l  d e n s i t y  of  a t y p i c a l  beam, PO 
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l o s s  factor of a typical element, A is the test bandwidth, and cb 
is the bending wavespeed of a typical structural element. 

If we use air as the acoustic medium, the test frequencies 
for the 1/2-scale model are double those for the full-scale assem- 
bly. The longitudinal wavespeed-a material property-remains 
constant so that the same materials can be used for the model as 
were used for the full-scale assembly. The properties of the 
1/2-scale model, according to the above dimensionless groups, are 
given in Table I. 

2.3 Construction of the Model 

The 1/2-scale-model shroud and spacecraft have been construct- 
ed. Details of the model design are shown in Figs. 8-11. The 
parameters of the constructed model do not agree exactly with the 
design parameters. Changes were dictated by availability of con- 
struction materials. A list of the design parameters and the 
constructed-model parameters is given in Table I. 

Figure 8 shows the outside view of the shroud. The shroud 
consists of a 3/32-in.-thick NEMA Grade G-11 fiberglass/epoxy lam- 
inate. Ribs of aluminum channel have been epoxied in position at 
the locations shown. The ends are sealed off with 0.75-in. ply- 
wood baffles . 

Details of the ring frame are shown in Fig. 9 .  The ring 
frame was constructed from an aluminum channel and two aluminum 
angles connected by a rigid epoxy and screws. 

Details of the model spacecraft and mounting trusses are 
shown in Figs. 10 and 11. The spacecraft is a rectilinear box, 
composed of four honeycomb panels, approximately 3/8 in. thick. 
The panels are an aluminum honeycomb structure, with a cell size 

7 
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of 0 .25 i n .  and a f o i l  t h i c k n e s s  o f  0.0005 i n .  The s k i n  t h i c k n e s s  
i s  0 .010  i n .  The p a n e l  edges t e r m i n a t e  i n  solid-aluminum-bar 
s t o c k  of 0 .5- in .  wid th  t h a t  p rov ides  a r e g i o n  o f  h igh  compressive 
s t r e n g t h  n e a r  t h e  a t tachment  p o i n t .  The s p a c e c r a f t  box has been 
assembled on a frame o f  0 .5x0 .5~0 .125- in .  aluminum ang le .  

The model s p a c e c r a f t  i s  suppor ted  on t h e  r i n g  frame by f o u r  
These t r u s s e s  are made from 1 . 5 ~ 1 . 5 ~ 0 . 0 6 3 - i n .  mounting t r u s s e s .  

aluminum channel .  The t r u s s e s  have been s t i f f e n e d  by in t roduc -  
i n g  g u s s e t s  i n  t h e  middle  i n  a d d i t i o n  t o  t h e  mounting plates  on 
each  end.  

8 



Report No. 1592 B o l t  Beranek and Newman I n c  

3. MEASUREMENT TECHNIQUES 

Three t y p e s  o f  measurement are made i n  t h e  expe r imen ta l  pro-  
gram: (1) t h e  v i b r a t o r y  response  o f  t h e  s t r u c t u r a l  e lements  t o  
a c o u s t i c  e x c i t a t i o n  i s  measured, ( 2 )  t h e  damping o f  t h e  s t r u c t u r -  
a l  and a c o u s t i c a l  e lements  i s  measured, and ( 3 )  t h e  sound power 
radiated by t h e  s t r u c t u r a l  e lements  when they  are e x c i t e d  w i t h  

mechanical  shakers i s  measured. Techniques f o r  these measure- 
ments are d e s c r i b e d  i n  t h e  fo l lowing  s e c t i o n s .  

3 .1  Response Measurements 

The expe r imen ta l  s e t u p  f o r  measuring response  c o n s i s t s  of  a 
se t  of i n s t rumen t s  t h a t  produce t h e  sound f i e l d  i n  t h e  t e s t  room 
and a set  o f  i n s t r u m e n t s  t h a t  p i c k  up and ana lyze  t h e  v i b r a t i o n s  
o f  t h e  s t r u c t u r e  under  e x c i t a t i o n .  The expe r imen ta l  s e t u p  i s  
shown i n  F ig .  1 2 .  

The s y s t e m  f o r  producing t h e  sound f i e l d  i s  as fo l lows :  t h e  

output  s i g n a l  o f  a Grason-Stadler  white-noise  g e n e r a t o r  model gOA 
i s  f i l t e r e d  by a B r G e l  and Kjaer (B&K)  1/3-oct-band f i l t e r  model 
1609;  and i s  a m p l i f i e d  by a McIntosh model K170 power ampl i f i e r .  
The s i g n a l  i s  t h e n  conver ted  t o  a sound f i e l d  i n  t h e  t e s t  room by 

e i t h e r  o f  two loudspeaker  s y s t e m s .  For low-frequency, 1/3-oct-  
bands (250-3150 Hz c e n t e r  f r equency) ,  a l a r g e  horn loudspeaker  i s  
used.  Twelve d r i v e r s ,  a r ranged  around a p i p e  mani fo ld ,  exhaus t  
i n t o  the t h r o a t  of  t h e  horn .  For  high-frequency 1/3-oct-bands 
(4000-12 500Hz c e n t e r  f r equency) ,  t h e  s i g n a l  from t h e  power ampli-  
f i e r  i s  fed t o  three,  small, horn loudspeakers ,  each of  which i s  
d r i v e n  by a U n i v e r s i t y  model T50 horn d r i v e r .  The o v e r a l l  sys t em 
i s  capable  o f  producing 1/3-oct-band SPL of 90-100 dB i n  t h e  t es t  
room. 

9 
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A d i f f u s e  f i e l d  was e s t ab l i shed  i n  t h e  c e n t e r  of t h e  t e s t  
room by c a r e f u l l y  p o s i t i o n i n g  t h e  speake r s .  The l a r g e  horn speak- 
e r  i s  d i r e c t e d  i n t o  a s o l i d  ang le  made up of two walls and t h e  

room f l o o r .  Hence, t h e  sound produced by t h e  horn i s  s c a t t e r e d  
i n t o  t h e  room by the walls. The three high-frequency horns are 
p laced  apart from each o t h e r  and are d i rec ted  toward d i f f e r e n t  
walls. 

Before response  measurements were made, t h e  un i fo rmi ty  of  
t h e  sound field-a p r a c t i c a l  measure of  d i f f u s e n e s s  i n  a r eve rbe r -  
a n t  room-was determined.  The s p a c e c r a f t  model was hung i n  t h e  

c e n t e r  of t he  room. For each l /3-oct  band, t h e  loudspeaker  out-  
pu t  was a d j u s t e d  s o  t h a t  t h e  SPL a t  a chosen r e f e r e n c e  p o i n t  i n  
t h e  room had a f i x e d  va lue  (90 d B ) .  A B&K t y p e  4135 microphone 
w i t h  a B&K t y p e  2630 cathode fo l lower  and a B&K t y p e  2801 power 
supply  were used t o  measure t h e  SPL a t  e i g h t  l o c a t i o n s  i n  a c i r c l e  
a t  a d i s t a n c e  o f  3 f t  from t h e  model. V a r i a t i o n  i n  SPL between 
p o s i t i o n s  d i d  n o t  exceed + 3  d B .  The S P L ' s  a t  these e i g h t  p o i n t s  
were averaged and t h e  d i f f e r e n c e  of t h i s  average from t h e  SPL a t  
t h e  r e f e r e n c e  p o i n t  was recorded .  Thereafter,  whenever response  
measurements were made on t h e  s p a c e c r a f t ,  t h e  SPL a t  t h e  refer-  
ence p o i n t  was recorded .  

The same procedure was fol lowed f o r  de te rmining  t h e  average  
va lue  of t h e  SPL around t h e  shroud.  I n  t h i s  c a s e ,  t h e  shroud was 
hung i n  t h e  c e n t e r  of t h e  room and t h e  SPL w a s  measured a t  1 0  l o -  
c a t i o n s  around the shroud whi le  t he  SPL a t  the  r e f e r e n c e  micro- 
phone w a s  main ta ined  a t  9 0  d B .  The r e s u l t s  of  t h i s  measurement 
are shown i n  F ig .  1 4 ;  t h e  scat ter  was found t o  be l e s s  t h a n  + 3  dB. 

The v i b r a t o r y  response  of  t h e  s t r u c t u r e  was measured w i t h  

s i x  acce le romete r s ,  as shown i n  F ig .  1 2 .  Three of  t h e  a c c e l e r -  
ometers used were of an expe r imen ta l  d e s i g n  no t  commercially 
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a v a i l a b l e ,  and t h e  o t h e r  three were B&K t y p e  4336, 2-gram a c c e l e r -  
ometers .  A l l  s i x  acce le romete r  o u t p u t s  were l e d  t o  a switchbox.  
The reference-microphone ou tpu t  was a l s o  l e d  t o  t h i s  same swi tch-  
box. 

The switchbox ou tpu t  was connected t o  a Genera l  Radio t y p e  
1551C p r e a m p l i f i e r ,  and t h e n  t o  a Genera l  Radio t y p e  1564 sound 
and v i b r a t i o n  a n a l y z e r .  The l a t t e r  in s t rumen t  i s  a 1/3-oct-band 
f i l t e r .  The r e sponse  s i g n a l  was f i l t e r e d  i n  t h e  same 1/3-oct 
band as t h e  e x c i t a t i o n  s i g n a l ,  and t h e  root-mean-square va lue  of  
t h e  f i l t e r e d  s i g n a l  was read on t h e  i n s t r u m e n t ' s  meter. I n  low- 
frequency 1/3-oct bands,  t h e  meter  f l u c t u a t e d  t o o  widely f o r  ac- 
c u r a t e  r e a d i n g ,  a B&K random-noise v o l t m e t e r  t y p e  2 4 7 1  was used;  
t h i s  i s  an a c t i v e  ave rag ing  in s t rumen t  t h a t  p r o v i d e s  a d j u s t a b l e  
ave rag ing  t i m e .  T h i s  i n s t rumen t  was connected t o  t h e  ou tpu t  o f  
t h e  General  Radio sound and v i b r a t i o n  a n a l y z e r .  Accuracy of  t h e  

a c o u s t i c  and v i b r a t i o n  measurements i s  +1 dB. 

3 . 2  Damping Measurement 

The decay- ra t e  t echn ique  was used f o r  t h e  d e t e r m i n a t i o n  of  
damping. T h i s  t echn ique  can be a p p l i e d  t o  measure t h e  damping 
l o s s  f a c t o r  o f  e i t h e r  an a c o u s t i c  space  o r  a s t r u c t u r e .  Using 
t h i s  method, one measures the r e v e r b e r a t i o n  time-the t i m e  f o r  
t h e  v i b r a t i o n  t o  decay 60 d B  a f t e r  a l l  e x t e r n a l  e x c i t a t i o n  i s  
s topped .  A measurement s e t u p  i s  shown i n  F i g .  13.  The s t r u c t u r e ,  
or t h e  a c o u s t i c  s p a c e ,  i s  e x c i t e d  u n t i l  a s teady  response  l e v e l  
i s  reached .  The e x c i t a t i o n  i s  t h e n  swi tched  o f f  and t h e  decay 
r a t e  o f  e i t h e r  t he  a c c e l e r a t i o n  o r  t h e  SPL i s  observed.  

The decay- ra t e  measurements were made w i t h  a Xrohn-Hite decay- 
r a t e  meter, which a u t o m a t i c a l l y  swi t ches  t h e  e x c i t a t i o n  s i g n a l  on 
and o f f .  The r e sponse  s i g n a l ,  whose decay i s  t o  be  measured, i s  
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a l s o  l ed  t o  t h i s  i n s t r u m e n t .  The in s t rumen t  d i s p l a y s  t h e  loga-  
r i t h m  o f  t h e  r e sponse  s i g n a l  and a l lows  an  o p e r a t o r  t o  compare t h e  
v i b r a t i o n  decay w i t h  an  RC-circui t  decay.  The o p e r a t o r  can a d j u s t  
t h e  RC-circui t  decay and make i t  f i t  t h e  envelope o f  t h e  r e sponse  
s i g n a l .  The t i m e  t h a t  it takes f o r  t h e  r e sponse  s i g n a l  t o  decay 
60 d B  i s  read d i r e c t l y  from t h e  i n s t r u m e n t .  

Matching t h e  RC-circui t  decay w i t h  t h e  envelope  of the decay- 
i n g  s i g n a l  i s ,  t o  a degree, s u b j e c t i v e .  Our measurements were 
t a k e n  by two o r  three o p e r a t o r s  and t h e  r e s u l t s  averaged .  

The decay-ra te  method of  de t e rmin ing  damping loss f a c t o r s  has 
some i n h e r e n t  shortcomings,  which have made it  imposs ib l e  t o  de- 

t e rmine  the  model-spacecraf t  damping lo s s  f a c t o r  w i t h  t h i s  t e c h n i -  
que.  One o f  t h e  l i m i t a t i o n s  of  t h e  decay-ra te  t echn ique  i s  q u i t e  
g e n e r a l  and i s  d i s c u s s e d  here. The p a r t i c u l a r  problems encoun- 
te red  w i t h  t h e  d e t e r m i n a t i o n  of t h e  s p a c e c r a f t  damping loss f a c -  
t o r  w i l l  be d e s c r i b e d  l a t e r .  The major l i m i t a t i o n  arises when 
one measures t h e  damping o f  a s t r u c t u r e  t h a t  has two groups o f  
modes w i t h  s i g n i f i c a n t l y  d i f f e r e n t  v a l u e s  of  damping. The modes 
w i t h  low damping v a l u e s  decay more s lowly  t h a n  t h o s e  modes w i t h  
h igh  damping v a l u e s .  If t h e  modes are e x c i t e d  e q u a l l y ,  t h e  v i -  
b r a t i o n  decay w i l l  have a double  s l o p e .  The i n i t i a l  s l o p e  r e s u l t s  
from decay of modes w i t h  h igh damping, and t h e  f i n a l  s l o p e  r e s u l t s  
from decay of  modes w i t h  low damping. I n  t h i s  c a s e ,  it i s  p o s s i b l e  
t o  de te rmine  t h e  damping v a l u e s  of each  group o f  modes. I f ,  how- 
e v e r ,  modes w i t h  low v a l u e s  of damping are e x c i t e d  more s t r o n g l y ,  
t h e  decay ra te  of t h e  t o t a l  v i b r a t i o n  w i l l  be  dominated by  these  
modes; hence,  t h e  decay ra te  of modes w i t h  h i g h  damping w i l l  n o t  
be measured. 

12 
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3 .3  Rad ia t ion  Measurement 

ments o f  sound r a d i a t i o n  were made by measuring t h e  
sound f i e l d  t h a t  i s  established i n  r e sponse  t o  e x c i t a t i o n  of  t h e  

s t r u c t u r e  by a mechanical  shaker .  For these measurements, t h e  
r a d i a t i n g  s t r u c t u r e  was hung i n  t h e  c e n t e r  of  t h e  room and e x c i t -  
ed u s i n g  a Goodman V 4 7  shaker.  The s i g n a l  a p p l i e d  t o  t h e  shake r  
was gene ra t ed  by a Grason-Stadler  96A whi te-noise  sou rce  and f i l -  

t e red  i n t o  l /3 -oc t  bands by a B&K 1609 f i l t e r .  The e x c i t i n g  s ig-  

n a l  was ampl i f i ed  by a McIntosh 300 power ampl i f i e r .  

The SPL i n  t h e  t e s t  room was determined by ave rag ing  r e s u l t s  
from 1 0  microphones su r round ing  t h e  s t r u c t u r e .  The in s t rumen ta -  
t i o n  used f o r  measuring SPL was t h e  same as t h a t  used f o r  r e sponse  
measurements. 

3 .4  C a l i b r a t i o n  

All microphones and acce le romete r s  were cal ibrated f i v e  t i m e s  
d u r i n g  t h e  cour se  of  t h e  measurement program. Microphones were 
c a l i b r a t e d  w i t h  a B&K p is tonphone .  C a l i b r a t i n g  w i t h  t h i s  p i s t o n -  
phone i s  a c c u r a t e  t o  w i t h i n  0 . 5  d B .  

The procedure  employed f o r  c a l i b r a t i n g  acce le romete r s  was 
more compl ica ted .  I n i t i a l l y ,  a General  Radio t y p e  1557 v i b r a t i o n  
c a l i b r a t o r  was used.  T h i s  c a l i b r a t o r  i s  equipped w i t h  two p l a t -  

forms, t o  which acce le romete r s  can be a t t a c h e d .  The p l a t f o r m s  v i -  
brate  w i t h  a 1-g a c c e l e r a t i o n  a t  100  Hz. 
however, i f  t h e  acce le romete r  c a p a c i t a n c e  i s  small. T h i s  capac i -  
t a n c e  w i t h  t h e  i n p u t  impedance o f  t h e  ampl i f i e r  forms an RC c i r -  
c u i t .  The r e sponse  o f  such  a c i r c u i t  f a l l s  a t  low f r e q u e n c i e s .  
Thus, c a l i b r a t i o n  a t  low f requency  can lead t o  e r r o r .  

A compl i ca t ion  arises,  
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To o f f s e t  t h i s  compl ica t ion ,  the  fo l lowing  procedure  was used 
f o r  a l l  c a l i b r a t i o n s .  The acce le romete r  of a Wilcoxon impedance 
head was c a l i b r a t e d  c a r e f u l l y  by u s i n g  t h e  General  Radio v i b r a t i o n  
c a l i b r a t o r .  Also,  t h e  impedance-head force-gauge was used t o  de- 
t e c t  t h e  f o r c e  e x e r t e d  on t h e  impedance head by a known mass and 
hence t o  i n f e r  the a c c e l e r a t i o n .  Both methods of c a l i b r a t i o n  were 
found t o  be  i n  agreement w i t h  t h e  manufac turers  s p e c i f i c a t i o n s .  
The impedance head was a t t a c h e d  t o  a shaker,  and a l l  accelerom- 
e t e r s  were mounted on t h e  impedance head and c a l i b r a t e d  a t  s i x  
f r e q u e n c i e s :  1 0 0 ,  250, 500, 1000, 5000, and 10 000Hz .  

A l l  microphones and acce le romete r s  were c a l i b r a t e d  i n  t h e  

complete in s t rumen t  s e t u p  i n  which t h e y  were used .  The m a j o r i t y  
of measurements were made t o  determine e i t h e r  a c c e l e r a t i o n  p e r  
u n i t  SPL of e x c i t a t i o n  o r  t h e  inverse-SPL p e r  u n i t  a c c e l e r a t i o n .  
The same ins t rumen t  s y s t e m  was used t o  measure bo th  t h e  SPL and 
t h e  a c c e l e r a t i o n .  I n  t h i s  way,  t h e  f i n a l  r e s u l t  of t h e  measure- 
ment was independent  of  t h e  g a i n  of t h e  measuring i n s t r u m e n t s .  

14 
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4 .  PRESENTATION OF DATA 

4 . 1  C l a s s i f i c a t i o n  by Experiment 

Bo l t  Beranek and Newman I n c  

Data ob ta ined  i n  t h e  expe r imen ta l  s tudy  are p r e s e n t e d  i n  F i g s .  
14 -32 .  The procedures  used t o  o b t a i n  these data are d e s c r i b e d  be- 

low. 

We d e f i n e  a c c e l e r a t i o n  l e v e l  (AL) as 

ALre 10 log, ,  <a2>t  > 

where <a2> i s  t h e  mean-square a c c e l e r a t i o n  i n  g * s 2 .  

f i n e d  as 
SPL i s  de- 

t <p2> 
= 10 log lo  

spLre 0 .0002pbar  ( 0 . 0 0 0 2 )  
> ( 3 )  

where < p 2 >  i s  t h e  mean-square a c c e l e r a t i o n  i n  dynes2 /cen t ime te r s4 .  t 

4.1.1 Test-room a c o u s t i c  f i e l d .  Our f i r s t  measurements were 
conducted t o  de te rmine  whether t h e  f i e l d  e s t ab l i shed  i n  t h e  t e s t  
room i s  d i f f u s e .  I n  a d i f f u s e  f i e l d ,  t h e  sound i n t e n s i t y  i n c i d e n t  
from one d i r e c t i o n  i s  e q u a l  t o  and u n c o r r e l a t e d  w i t h  t h e  i n t e n s i t y  
i n c i d e n t  from o t h e r  d i r e c t i o n s .  A requirement  f o r  d i f f u s e n e s s  of 
a r e v e r b e r a n t  f i e l d  i s  t h a t  many modes c o n t r i b u t e  independent ly  t o  
t h e  sound f i e l d .  To determine t h e  e x t e n t  t o  which t h e  sound f i e l d  

i n  t h e  t e s t  room i s  r e v e r b e r a n t ,  w e  measured t h e  d i s s i p a t i o n  l o s s  
f a c t o r  o f  t h e  t e s t  room by u s i n g  t h e  decay-ra te  method d e s c r i b e d  
i n  S e c t i o n  3 . 2 .  The measured l o s s  f a c t o r s  are shown i n  Fig.  15.  
These are related t o  t h e  a b s o r p t i o n  c o e f f i c i e n t  by Eq.  ( 4 ) .  
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- 
a = ( 8 1 ~ f V / c ~ A ) n  , ( 4 )  

where a i s  t h e  s t a t i s t i c a l  a b s o r p t i o n  c o e f f i c i e n t ,  co i s  the  speed 
of sound, A i s  t h e  s u r f a c e  area of  t h e  room, f i s  t h e  f requency ,  
V i s  t h e  volume of  t h e  room, and T-I i s  t h e  d i s s i p a t i o n  loss f a c t o r .  
The d i s s i p a t i o n  l o s s  f a c t o r s  shown i n  F ig .  15 i n d i c a t e  an approx- 
i m a t e l y  c o n s t a n t  va lue  of  a=0.15.  The a c o u s t i c  f i e l d  i n  t h e  t es t  
room w i l l  be  r e v e r b e r a n t  everywhere,  excep t  w i t h i n  6 f t  of  t h e  

a c o u s t i c  s o u r c e .  I n  ou r  exper iments ,  t h e  t es t  o b j e c t s  were l o -  
c a t e d  approximately 1 2  f t  from t h e  source .  

The number of modes i n  t h e  t e s t  room i s  g iven  s t a t i s t i c a l l y  

by Eq. ( 5 ) .  

where n ( f )  i s  t h e  average  number o f  modes p e r  u n i t  f requency .  The 

volume of  t h e  t es t  room i s  3000 f t 3  s o  t h a t  there  are 450 modes 
i n  t h e  lowest  l /3 -oc t  band used i n  t h e  exper iments ,  ( c e n t e r e d  a t  
400 Hz) .  

The e x t e n t  t o  which t h e  modal r e sponses  are independent  i s  
determined by t h e  un i fo rmi ty  of t h e  sound f i e l d .  Measurements 
t a k e n  a t  1 0  l o c a t i o n s  i n  the  t e s t  room are p l o t t e d  i n  F i g .  1 4 .  
These show a maximum v a r i a t i o n  o f  5 4  dB.  No q u a n t i t a t i v e  r e s u l t  
e x i s t s  t h a t  re la tes  u n i f o r m i t y  o f  t h e  sound f i e l d  t o  d i f f u s e n e s s .  
We fee l ,  however, t ha t  t h e  measured v a r i a t i o n s  are s u f f i c i . e n t l y  
small t h a t  t h e  sound f i e l d  can  be  cons ide red  d i f f u s e .  

Before conduct ing  exper iments  on t h e  model, w e  p l aced  each  
t e s t  o b j e c t  i n  t h e  middle o f  t h e  t es t  room and measured SPL a t  
a number of p o i n t s  su r round ing  the  o b j e c t .  The average  va lue  

i 

a 
* 
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o f  these measurements was t a k e n  as t h e  SPL o f  t h e  d i f f u s e - f i e l d  
e x c i t a t i o n .  To s i m p l i f y  t h e  tes ts ,  t h e  ave rage  SPL su r round ing  
t h e  s p a c e c r a f t  was referred t o  t h e  SPL a t  a r e f e r e n c e  l o c a t i o n .  
S i m i l a r l y . ,  t h e  average  SPL su r round ing  t h e  model shroud was a l s o  
referred t o  t h e  SPL a t  t h e  r e f e r e n c e  l o c a t i o n .  

4 . 1 . 2  Model-spacecraft  r e sponse .  To de termine  the  response  
of  t h e  model s p a c e c r a f t  t o  d i f fuse - sound- f i e ld  e x c i t a t i o n ,  w e  
hung the  model i n  t h e  c e n t e r  o f  t h e  t e s t  room by u s i n g  f l e x i b l e  
s t r i n g .  Fol lowing t h e  procedure  d e s c r i b e d  i n  S e c t i o n  3.1,  w e  ex- 
c i t e d  t h e  room a c o u s t i c a l l y ,  and measured t h e  r e s u l t i n g  SPL and 
AL. Three acce le romete r s  were l o c a t e d  wi thou t  any p a r t i c u l a r  pa t -  
t e r n  on each  p a n e l  of  t h e  model; no acce le romete r  was w i t h i n  4 
i n .  of t h e  p a n e l  boundar i e s .  The measured data are shown i n  F ig .  
1 6 .  The r e sponse  l e v e l  o f  each  p a n e l  of t h e  model w a s  w i t h i n  +2 

d B  of t h e  average .  

4.1.3 Model-spacecraf t  r a d i a t i o n .  We measured t h e  r a d i a t i o n  
by t h e  model s p a c e c r a f t  by u s i n g  t h e  same expe r imen ta l  s e t u p  as 
d e s c r i b e d  i n  t h e  p rev ious  s e c t i o n .  A p o i n t - d r i v e  mechanical  shak- 

er  was used t o  e x c i t e  t h e  frame of t h e  model. We measured t h e  AL 
a t  s i x  l o c a t i o n s  on t h e  two o p p o s i t e  p a n e l s ;  no acce le romete r  was 
l o c a t e d  w i t h i n  9 i n .  o f  t h e  shaker .  The S P L ' s  i n  t h e  t e s t  room 
were measured a t  e igh t  l o c a t i o n s  around t h e  s p a c e c r a f t .  These lo-  
c a t i o n s  were approximate ly  3 f t  from t h e  s t r u c t u r e .  The AL of  
each  p a n e l  was approximately e q u a l ,  +2 dB.  Measured data are shown 
i n  F ig .  1 7 .  

4 . 1 . 4  Model-spacecraft  d i s s i p a t i o n .  We conducted t h e  measure- 
ments t o  de te rmine  t h e  t o t a l  l o s s  f a c t o r %  of  t h e  model s p a c e c r a f t .  

%The t o t a l  l o s s  f a c t o r  i s  t h e  sum of  t h e  d i s s i p a t i o n  l o s s  f a c t o r  
and t h e  r a d i a t i o n  l o s s  f a c t o r .  
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Many d i f f i c u l t i e s  were encountered  d u r i n g  these  measurements. Our 
conc lus ion  i s  t h a t  the decay- ra t e  method i s  no t  s a t i s f a c t o r y  f o r  
t h i s  s t r u c t u r e .  

Our f i rs t  decay- ra t e  measurements were conducted by u s i n g  
t h e  s e t u p  d e s c r i b e d  i n  t h e  p rev ious  s e c t i o n .  We e x c i t e d  t h e  space-  
c r a f t  frame mechanica l ly ,  and observed t h e  decay o f  t h e  response  
a t  s e v e r a l  p o i n t s  on t h e  p a n e l s .  The measurements were performed 
i n  t h e  r e v e r b e r a n t  t e s t  room. The observed decay ra te  was no t  
c o n s t a n t ;  hence,  a unique v a l u e  f o r  t h e  r e v e r b e r a t i o n  t ime could 
no t  be  o b t a i n e d .  The r e a s o n  f o r  t h e  noncons tan t  decay r a t e  i s  

g iven  i n  t h e  fo l lowing  paragraph. 

I n  t h e  decay- ra t e  p rocedure ,  t h e  s p a c e c r a f t  i s  e x c i t e d  b y  in -  
t e r m i t t e n t  bands of  n o i s e .  During e x c i t a t i o n ,  a sound f i e l d  i s  
gene ra t ed  i n  t h e  t e s t  room owing t o  r a d i a t i o n  by t h e  model space-  
c r a f t .  Because t h e  d i s s i p a t i o n  l o s s  f a c t o r  o f  t h e  t e s t  room i s  
less  t h a n  t h a t  of  t h e  model s p a c e c r a f t ,  t h e  sound f i e l d  decays 
more s lowly t h a n  t h e  v i b r a t i o n  of  t h e  s p a c e c r a f t .  The i n i t i a l  
s l o p e  of  t h e  v i b r a t i o n  decay i s  a measure o f  t h e  s p a c e c r a f t  d i ss i -  

p a t i o n .  The subsequent  s l o p e  i s  a r e s u l t  of  e x c i t a t i o n  of t h e  

s t r u c t u r e  by t h e  s lowly decaying  sound f i e l d .  T h i s  s l o p e  i s  con- 
t r o l l e d  by l o s s e s  i n  t h e  a c o u s t i c  space  and n o t  by l o s s e s  i n  t h e  

s t r u c t u r e .  It soon became e v i d e n t  tha t  t h e  s p a c e c r a f t  was so  w e l l  
coupled t o  t h e  a c o u s t i c  f i e l d  tha t  t h e  i n i t i a l  s l o p e  could  n o t  be  

determined w i t h  accuracy .  Measurements i n  t h e  r e v e r b e r a n t  t e s t  
room were abandoned. 

I n  a second se t  o f  exper iments ,  w e  conducted decay- ra t e  mea- 
surements  i n  an  anechoic  chamber. Although t h e  l o s s  f a c t o r  of  
t h e  chamber i s  known t o  be greater t h a n  t h a t  of  t h e  s p a c e c r a f t ,  
t h e  v i b r a t i o n  decay cont inued  t o  show a double  s l o p e .  A s  d i s -  

cussed  i n  S e c t i o n  3 .2 ,  t h e  cause of  t h i s  double  s l o p e  i s  t h e  

18 
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i '1 

occur rence  o f  two classes of  modes w i t h  d i f f e r e n t  v a l u e s  o f  damp- 
i n g .  The l i g h t l y  damped modes predominant ly  invo lve  motion o f  t h e  

s p a c e c r a f t  frame. I n  an  attempt t o  keep t h e  frame from b e i n g  ex- 
c i t e d ,  w e  performed decay-rate measurements by s t r i k i n g  t h e  p a n e l s  
w i t h  an  impuls ive  l o a d .  
on t h e  p a n e l  be ing  e x c i t e d  and on t h e  o p p o s i t e  p a n e l .  
t o r s  measured i n  t h i s  way were l a r g e r  t h e n  t h o s e  measured u s i n g  
a shaker .  Subsequent c a l c u l a t i o n s  have shown, however, t ha t  these 
measured loss f a c t o r s  are s t i l l  l e s s  t h a n  the  r a d i a t i o n  l o s s  fac-  
t o r s .  We a t t r i b u t e  t h i s  d i sc repancy  t o  t h e  occurrence  o f  modes 
which predominant ly  invo lve  motion o f  t he  frame. 

Decay-rate measurements were t a k e n  bo th  
Loss f a c -  

A s  a f i n a l  measurement, w e  determined t h e  loss f a c t o r  of  a 
s i n g l e  p a n e l  w i thou t  t h e  frame. Measured v a l u e s  o f  t h e  d i s s i p a -  
t i o n  l o s s  f a c t o r  are shown i n  F i g s .  1 8  and 1 9 .  Above t h e  c r i t i -  
ca l  frequency of  t h e  pane l s  (800 Hz) t h e  measured l o s s  f a c t o r s  
are g r e a t e r  f o r  t h e  s i n g l e  p a n e l  t h a n  f o r  t h e  model s p a c e c r a f t .  
We would expec t  t h a t  a d d i t i o n  of  t h e  frame would i n c r e a s e  t h e  
mechanical  damping. The frame s u r e l y  could  no t  d e c r e a s e  t h e  damp- 

i n g  as i n d i c a t e d  by ou r  measurements. We conclude t h a t  t h e  decay- 
r a t e  method cannot  b e  used when two c l a s s e s  o f  modes tha t  have 
s i g n i f i c a n t l y  d i f f e r e n t  v a l u e s  of  damping e x i s t .  
s i o n  of  t h i s  p o i n t  i s  g iven  i n  S e c t i o n  4 .3 .  

F u r t h e r  d i s c u s -  

4 .1 .5  Model-shroud r e sponse .  To measure t h e  response  of  t h e  

model shroud t o  a c o u s t i c  e x c i t a t i o n ,  w e  removed t h e  model space- 
c r a f t  from t h e  t e s t  room and hung t h e  model shroud i n  i t s  p l a c e .  
The ends of  t h e  shroud were ba f f l ed  w i t h  3/4-in.  plywood p a n e l s .  
The baf f les  were sealed t o  t h e  edges  of t h e  shroud t o  p reven t  
a c o u s t i c  t r a n s m i s s i o n ,  b u t  t h e y  were mechanica l ly  i s o l a t e d  from 
t h e  shroud.  
c i t e d  t h e  t es t  room and measured t h e  r e s u l t i n g  SPL and AL. Mea- 
surements  were t a k e n  a t  1 2  random l o c a t i o n s  on t h e  shroud.  None 

Using t h e  procedure  d e s c r i b e d  i n  S e c t i o n  3.1,  w e  ex- 
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o f  these  l o c a t i o n s  was w i t h i n  4 i n .  o f  e i t h e r  a suppor t  r i n g  o r  o f  
t h e  shroud edge.  The measured r e sponse  data are shown i n  F ig .  2 0 .  

4 . 1 . 6  Model-shroud r a d i a t i o n .  We used t h e  expe r imen ta l  se t -  
up d e s c r i b e d  above t o  measure t h e  r a d i a t i o n  from t h e  model shroud.  
The edge of the  shroud w a s  e x c i t e d  by a p o i n t - d r i v e  mechanical  
shaker.  The r e s u l t i n g  AL and SPL were measured acco rd ing  t o  t h e  

procedure  d e s c r i b e d  i n  S e c t i o n  3.3.  Accelerometer  l o c a t i o n s  were 
t h e  same as f o r  t h e  p rev ious  experiment .  Microphones were l o c a t e d  
i n  t h e  r e v e r b e r a n t  f i e l d  a t  1 0  p o s i t i o n s  su r round ing  t h e  shroud.  
Each microphone was 2-3 f t  from t h e  shroud.  The measured radia- 
t i o n  data are shown i n  F ig .  2 1 .  

4 .1 .7  Model-shroud d i s s i p a t i o n .  The model shroud does n o t  
f i t  i n  o u r  anechoic  chamber. The re fo re ,  a l l  measurements were 
performed i n  t h e  r e v e r b e r a n t  t es t  room. S ince  t h e  shroud i s  no t  
w e l l  coupled t o  t h e  sound f i e l d ,  measurements i n  t h e  r e v e r b e r a n t  
room are s a t i s f a c t o r y .  We used t h e  same expe r imen ta l  s e t u p  as 
was used f o r  t h e  p rev ious  measurement. Three o b s e r v e r s  measured 
t h e  decay ra tes  a t  20  l o c a t i o n s  on t h e  shroud.  A double  s l o p e  
was e v i d e n t  i n  t h e  decay,  b u t  w e  were able  t o  de te rmine  t h e  i n i -  
t i a l  s l o p e ,  which i s  c o n t r o l l e d  by t h e  d i s s i p a t i o n  of t h e  shroud.  
The measured, t o t a l  d i s s i p a t i o n  l o s s  f a c t o r s  are shown i n  F i g .  2 2 .  

4.1.8 Model-shroud n o i s e  r e d u c t i o n  ( N R ) .  NR was measured 
by u s i n g  the  same s e t u p  as d i s c u s s e d  above. The t e s t  room was 
e x c i t e d  a c o u s t i c a l l y  and t h e  SPL ' s  i n s i d e  and o u t s i d e  t h e  shroud 
were measured. Measurements a t  6 random l o c a t i o n s  w i t h i n  t h e  

shroud were t a k e n .  None o f  t he  6 l o c a t i o n s  were w i t h i n  6 i n .  o f  
t h e  shroud w a l l .  The SPL o u t s i d e  t h e  shroud was found through 
t h e  SPL a t  a r e f e r e n c e  l o c a t i o n .  The measured NR i s  shown i n  
F ig .  23.  

20 
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4 . 1 . 9  I n t e r n a l  a c o u s t i c - s p a c e  d i s s i p a t i o n .  To measure t h e  
i n t e r n a l - s p a c e  d i s s i p a t i o n ,  w e  used a s m a l l  e l e c t r o m a g n e t i c  loud- 
speaker t o  e x c i t e  t h e  i n t e r n a l  space .  We measured t h e  decay r a t e  
a t  8 l o c a t i o n s  w i t h  a microphone i n  t h e  shroud.  The measured, 
t o t a l  d i s s i p a t i o n  l o s s  f a c t o r s  are shown i n  F i g .  24 .  

4 .1 .10  Model-spacecraft  r e sponse  from a c o u s t i c - p a t h  t r a n s -  
miss ion .  To measure t h e  response  from a c o u s t i c - p a t h  t r a n s m i s s i o n ,  
w e  hung t h e  model s p a c e c r a f t  w i t h i n  t h e  shroud from t h e  t o p  b a f -  

f l e .  The mounting t r u s s e s  were removed from t h e  as sembly .  S i x  
a c c e l e r o m e t e r s  were l o c a t e d  randomly on o p p o s i t e  p a n e l s  o f  t h e  

s p a c e c r a f t .  The shroud was b a f f l e d .  Using t h e  procedure  d e s c r i b -  
ed i n  S e c t i o n  3 . 1 ,  t h e  t e s t  room was e x c i t e d  a c o u s t i c a l l y  and t h e  

AL on t h e  s p a c e c r a f t  and t h e  SPL i n  t h e  t e s t  room was measured. 
The measured-response data are shown i n  F i g .  25. 

4 . 1 . 1 1  Model r ing- f rame r e s p o n s e .  For t h i s  exper iment ,  t h e  

shroud was suppor t ed  by r e s i l i e n t  foam r u b b e r  on t h e  f l o o r  of  t h e  

t e s t  room. The s p a c e c r a f t  and mounting t r u s s e s  were removed from 
t h e  a s s e m b l y .  The t e s t  room was e x c i t e d  a c o u s t i c a l l y  and t h e  re- 
s u l t i n g  AL on t h e  r i n g  frame and SPL i n  t h e  t e s t  room were mea- 
su red .  Measurement l o c a t i o n s  on t h e  r i n g  frame a r e  shown i n  F ig .  

26.  Measurements were t aken  a t  a number of  p o i n t s  around t h e  

shroud.  The measured r ing-frame AL r e l a t i v e  to t h e  shroud AL are 
shown i n  F i g .  26 .  The AL’s of  t h e  shroud have been c o r r e c t e d  f o r  
acce le romete r  l o a d i n g  acco rd ing  t o  t h e  procedure  d e s c r i b e d  i n  Sec- 
t i o n  4.2.  
bo th  w i t h  and wi thout  t h e  ba f f l e  i n  p l a c e .  The data show only  a 
s l i g h t  e f f e c t  by  t h e  ba f f l e .  T h i s  i n d i c a t e s  t h a t  t h e  v i b r a t i o n  
t r a n s m i t t e d  through t h e  r i n g  frame i s  n o t  a f f e c t e d  by  t h e  baff le .  

Measurements were repeated w i t h  t h e  mounting t r u s s e s  and space-  
c r a f t  connec ted .  The data are shown i n  F i g .  27. Connection o f  
t h e  mounting t r u s s e s  and s p a c e c r a f t  has only  a small e f f e c t  on t h e  

v i b r a t i o n  l e v e l s  of  t h e  r i n g  frame. 

The r ing-frame re sponse  measurements were performed 

2 1  
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4 . 1 . 1 2  Model-mounting-truss r e sponse .  The r e sponse  of  two 
mounting t r u s s e s  was measured by u s i n g  t h e  s e t u p  o f  t h e  p rev ious  
exper iment .  The t es t  room w a s  e x c i t e d  a c o u s t i c a l l y  and t h e  re- 
s u l t i n g  SPL i n  t h e  t es t  room and AL on t h e  mounting t r u s s e s  were 
measured. Accelerometers  were l o c a t e d  on t h e  t r u s s e s  a t  t h e  

p o i n t s  shown i n  F ig .  28. Measurements could  only  be  t a k e n  where 
t h e  channel  beam w a s  suppor t ed  by a crossmember. Measurements 
a t  o t h e r  p o i n t s  a l o n g  t h e  t r u s s  showed that  t h e  t r u s s  c r o s s  sec-  
t i o n  was no t  r i g i d  a t  t h e  measurement f r e q u e n c i e s .  The A L ' s  o f  
t h e  mounting t r u s s e s  r e l a t i v e  t o  t h e  AL ' s  o f  t h e  shroud c o r r e c t e d  
f o r  acce le romete r  l o a d i n g  are p l o t t e d  i n  F igs .  28 and 2 9 .  

bo th  c a s e s ,  t h e  s p a c e c r a f t  w a s  connected t o  t h e  mounting t r u s s e s .  
I n  

4.1.13 Model-spacecraf t  r e sponse  from mechanical-path t r a n s -  
mis s ion .  For t h i s  measurement w e  e l i m i n a t e d  t h e  a c o u s t i c - p a t h  
t r a n s m i s s i o n  by e n c l o s i n g  t h e  s p a c e c r a f t  i n  a soundproof box. The 
box was c o n s t r u c t e d  w i t h  double  walls o f  1 /2- in .  gypsum board.  
Both sides o f  t h e  box were covered w i t h  a c o u s t i c a l l y  abso rben t  
m a t e r i a l .  The s p a c e c r a f t  was p laced  w i t h i n  t h e  soundproof box, 
which i n  t u r n  w a s  l o c a t e d  i n s i d e  t h e  shroud.% Holes were c u t  t o  
a l low t h e  mounting t r u s s e s  t o  pass through t h e  box wi thout  c o n t a c t .  
The t r u s s e s  were connected t o  t h e  r i n g  frame. Accelerometers  were 
l o c a t e d  a t  5 random p o s i t i o n s  on o p p o s i t e  s p a c e c r a f t  p a n e l s .  U s -  
i n g  t h e  procedure  of  S e c t i o n  3.1,  t h e  t es t  room was e x c i t e d  acous- 
t i c a l l y  and t h e  r e s u l t i n g  S P L ' s  i n  t h e  t e s t  room and AL ' s  on t h e  

s p a c e c r a f t  p a n e l s  were measured. The r e sponse  data  from t h i s  ex- 
per iment  are shown i n  F i g .  30. 

To v e r i f y  t h a t  no a c o u s t i c  e x c i t a t i o n  was p r e s e n t ,  w e  repeat-  
ed t h i s  experiment  w i t h  t h e  mounting 

*The assembly was t u r n e d  upside-down 
ment . 

t r u s s e s  d i sconnec ted .  Shor t  

f o r  t h i s  p a r t i c u l a r  e x p e r i -  

' I  
ljll 4 

- I  
* I  
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s t r i n g s  were used to hang t h e  base o f  t h e  mounting t r u s s e s  from 
the  r i n g  frame; t h e  soundproof box was n o t  a l t e r e d .  Measured data 
are shown i n  F i g .  31. Comparison o f  these data w i t h  data t aken  
when t h e  mounting t r u s s e s  were connected i n d i c a t e  tha t  a l l  t r a n s -  
miss ion  i s  a l o n g  t h e  mechanical  p a t h .  

4 . 1 . 1 4  Model-spacecraf t  r e s p o n s e  from combined-path t r a n s -  
miss ion .  Our f i n a l  experiment  was to suppor t  t he  s p a c e c r a f t  i n -  
s ide  t h e  shroud u s i n g  t h e  mounting t r u s s e s .  The reby ,  bo th  
acous t i c -pa th  and mechnical-path t r a n s m i s s i o n  c o n t r i b u t e s  to t h e  
model s p a c e c r a f t  r e sponse .  S i x  a c c e l e r o m e t e r s  were l o c a t e d  on 2 

o p p o s i t e  p a n e l s  o f  t h e  s p a c e c r a f t .  Using t h e  procedure o f  Sec- 
t i o n  3.1,  t h e  t e s t  room was e x c i t e d  a c o u s t i c a l l y  and t h e  r e s u l t -  
i n g  SPL's i n  t h e  t e s t  room and A L ' s  on t h e  s p a c e c r a f t  p a n e l s  were 
measured. Data are shown i n  F i g .  32 .  

4 . 2  Accelerometer Loading 

A t  h igh  f r e q u e n c i e s  t h e  mass o f  an acce le romete r  impedes t h e  
s t r u c t u r a l  motion t h a t  i t  i s  measuring.  For very  l i g h t w e i g h t  s t r u c -  
t u r e s ,  t h i s  acce le romete r  l o a d i n g  can a p p r e c i a b l y  reduce t h e  l o c a l  
v i b r a t i o n  l e v e l  n e a r  t h e  acce le romete r .  When t h e  impedance of t he  

acce le romete r  e q u a l s  t h e  d r i v i n g - p o i n t  impedance of  t h e  s t r u c t u r e ,  
t h e  l o a d i n g  r educes  t h e  l o c a l  a c c e l e r a t i o n  by 3 dB.  The frequency 
a t  which t h e  impedances are e q u a l  i s  g iven  by 

where ps i s  t h e  s u r f a c e  d e n s i t y ,  K i s  t h e  bending r a d i u s  of  gyra- 
t i o n ,  c R  i s  t h e  l o n g i t u d i n a l  wavespeed, and M i s  t h e  acce le romete r  
mass. Above f R ,  l o a d i n g  r educes  t h e  a c c e l e r a t i o n  6 dB/octave. 

2 3  
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The acce le romete r  l o a d i n g  f requency  f o r  t h e  model-spacecraf t  
p a n e l s  i s  f R = 1 2  000Hz. 
necessa ry .  
V i b r a t i o n  data f o r  t h e  shroud,  F i g s .  20  and 2 1 ,  have been cor-  
r ec t ed  f o r  acce le romete r  l o a d i n g  acco rd ing  to t h i s  f requency .  The 
c o r r e c t e d  AL’s w i l l  be used i n  comparing t h e o r e t i c a l  p r e d i c t i o n s  
w i t h  t h e  expe r imen ta l  data.  

The re fo re ,  no c o r r e c t i o n  of  t he  data i s  
The l o a d i n g  f requency  f o r  t h e  model shroud i s  4500 Hz. 

4.3 Parameter Determinat ion 

The parameters govern ing  v i b r a t i o n  t r a n s m i s s i o n  are t h e  modal 
d e n s i t i e s  and d i s s i p a t i o n  l o s s  f a c t o r s  o f  each  element and t h e  
coup l ing  loss f a c t o r s  between e l emen t s .  

The modal d e n s i t i e s  of  t h e  i n d i v i d u a l  e lements  can be d e t e r -  
mined by sweeping a sine-wave e x c i t a t i o n  and coun t ing  r e sonances .  
The t echn ique  i s  u s e f u l  as l o n g  as t h e  s p a c i n g  between modes ex-. 
ceeds t h e  modal bandwidth.  The modal d e n s i t y  of t h e  elements  i n  
our model i s  s u f f i c i e n t l y  h i g h  t h a t  t h i s  t echn ique  of  mode count-  
i n g  i s  p o s s i b l e  on ly  below 400 Hz. Since  t h i s  f requency range i s  
below t h e  frequency range  o f  i n t e r e s t ,  mode coun t ing  has  not  been 
performed i n  ou r  exper iments .  We have n o t  a t t empted  to develop 
o t h e r  t echn iques  for v e r i f y i n g  t h e  t h e o r e t i c a l  p r e d i c t i o n s ,  be- 

cause ou r  conf idence  i n  these p r e d i c t i o n s  i s  high.  

The d i s s i p a t i o n  and coup l ing  l o s s  f a c t o r s  are determined by  

combining t h e  decay- ra t e  and r a d i a t i o n  measurements. The r e v e r -  
b e r a t i o n  t i m e s  from t h e  decay- ra t e  measurements are r e l a t e d  to a 
t o t a l  d i s s i p a t i o n  l o s s  f a c t o r  by t h e  e q u a t i o n  

ri 
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where n to t  i s  t h e  t o t a l  d i s s i p a t i o n  loss f a c t o r ,  Trev i s  t h e  r e v e r -  

b e r a t i o n  t i m e ,  and f i s  t h e  f requency .  

The s t r u c t u r a l  e lements  i n  t h e  a c o u s t i c  p a t h  cannot  be  sepa- 
rated from t h e  a c o u s t i c  media wi thout  a l a r g e  vacuum chamber. 
Rather t h a n  r e s o r t  to the  use  of  a vacuum chamber, w e  performed 
decay- ra t e  measurements i n  t h e  a c o u s t i c  media. The t o t a l  l o s s  
f a c t o r  i s ,  t h e n ,  a measure of  t h e  mechanical  damping i n t e r n a l  to 
t h e  s t r u c t u r e  and i t s  boundar ies  and of  t h e  r a d i a t i o n  l o s s e s  to 
t h e  su r round ing  medium. The mechanical  damping i s  i n f e r r e d  from 
t h e  t o t a l  d i s s i p a t i o n  loss f a c t o r  measurement and a d e t e r m i n a t i o n  
o f  t h e  r a d i a t i o n  loss f a c t o r  which w e  o b t a i n  from a r a d i a t i o n  mea- 
surement .  When t h e  s t r u c t u r e  i s  e x c i t e d  w i t h  a shaker ,  t h e  r a t i o  
of t h e  r e v e r b e r a n t ,  mean-square sound p r e s s u r e  radiated i n t o  t h e  

t e s t  room to t h e  mean-square a c c e l e r a t i o n  i s  re la ted  to t h e  radia- 
t i o n  coup l ing  loss f a c t o r  by E q .  ( 8 )  

where < p 2 >  i s  t h e  t ime/space ,  mean--square sound p r e s s u r e  i n  t h e  

t e s t  room, <a2> i s  t h e  t ime/space , mean-square a c c e l e r a t i o n  of  
t he  s t r u c t u r e ,  po i s  t h e  acoustic-medium volume d e n s i t y ,  co i s  t h e  
speed of sound, w i s  t h e  r a d i a n  f requency ,  M i s  t h e  t o t a l  mass of 

i s  the  radi- t h e  s t r u c t u r e ,  V i s  t h e  volume of  t h e  t e s t  room, rl 

a t i o n  coup l ing  l o s s  f a c t o r  o f  t h e  s t r u c t u r e ,  rlA i s  t h e  d i s s i p a t i o n  

loss f a c t o r  o f  t h e  t e s t  room, nS i s  t h e  modal d e n s i t y  of  t h e  s t r u c -  
t u r e ,  and nA i s  the  modal d e n s i t y  o f  t h e  t e s t  room. 

t , x  
t ,x  

S Y A  

The parameters of o u r  t es t  room a r e  such t h a t  

S 

A 

n 
n % , A  >> - 

rlA 
( 9 )  
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Thus, a measurement of q A  and t h e  radiated sound f i e l d  g i v e s  t h e  

r a d i a t i o n  coup l ing  loss f a c t o r  f o r  t h e  s t r u c t u r e .  

4 .3 .1  Model-spacecraf t  parameters .  R a d i a t i o n  and decay- ra t e  
measurements were made f o r  t h e  model s p a c e c r a f t  and t h e  model 
shroud.  The measured, t o t a l  d i s s i p a t i o n  l o s s  f a c t o r  f o r  t he  space-  
c r a f t  i s  p l o t t e d  i n  F i g .  18.  T h i s  t o t a l  loss f a c t o r  i s  t h e  sum 
of  t h e  mechanical  d i s s i p a t i o n  loss f a c t o r  ndiss and t h e  r a d i a t i o n  
coup l ing  l o s s  f a c t o r  v s c , a c :  

The measured SPL of  t h e  radiated sound f i e l d  i s  p l o t t e d  i n  F i g .  
17. These data and t h e  measured l o s s  f a c t o r  of  t h e  t e s t  room 
g ive  an expe r imen ta l  estimate of  ‘I 
mate i s  compared w i t h  a t h e o r e t i c a l  estimate.  

. I n  F ig .  33, t h i s  e s t i -  s c  , ac  
3 

t o t  The expe r imen ta l ly  o b t a i n e d  v a l u e s  of  qsc , ac  exceed ‘I 
T h i s  i s  p h y s i c a l l y  imposs ib l e  and i n d i c a t e s  t h a t  one of  t h e  mea- 
surements i s  i n  e r r o r .  A s  exp la ined  e a r l i e r  i n  t h i s  r e p o r t ,  w e  
have concluded t h a t  t h e  decay-ra te  measurements do no t  g i v e  a va l -  
i d  e s t i m a t e  of t he  t o t a l  l o s s  f a c t o r  f o r  t h e  model s p a c e c r a f t .  

4 . 3 . 2  Model-shroud parameters. The measured, t o t a l  d i s s i -  

p a t i o n  loss f a c t o r  f o r  t h e  model shroud i s  p l o t t e d  i n  F i g .  2 2 .  
T h i s  t o t a l  l o s s  f a c t o r  i s  determined b y  t h e  mechanical  damping 
of t h e  shroud and t h e  r a d i a t i o n  to t h e  t e s t  room and to t h e  i n -  
t e r n a l  a c o u s t i c  space .  The t o t a l  l o s s  f a c t o r  i s  

- - 
‘Itot  ‘Idiss + 2‘lsh,ac 3 

i s  t h e  coup l ing  l o s s  f a c t o r  between t h e  shroud and where ‘lsh,ac 
an a c o u s t i c  space .  
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The SPL of t h e  sound f i e l d  radiated by t h e  shroud i s  p l o t t e d  
i n  F ig .  2 1 .  These data  can be used i n  Eq. ( 8 )  to o b t a i n  an ex- 
p e r i m e n t a l  d e t e r m i n a t i o n  of  t h e  coup l ing  l o s s  f a c t o r  qshYac. T h i s  

expe r imen ta l ly  de te rmined  v a l u e  i s  compared w i t h  a t h e o r e t i c a l l y  
p r e d i c t e d  v a l u e 4  i n  F i g .  35. 

The t h e o r e t i c a l  v a l u e  of  qshYac i s  c o n s i s t e n t l y  low. A ca l -  
i b r a t i o n  e r r o r  was suspec ted  b u t  n o t  found. We conclude tha t  t h e  

material p r o p e r t i e s  used i n  t h e  t h e o r e t i c a l  p r e d i c t i o n  are inac -  
c u r a t e .  We determined t h e s e  p r o p e r t i e s  b y  exper iments  on a sample 
t aken  from t h e  edge o f  t h e  s h e l l .  P r o p e r t i e s  a t  t h e  edge are per-  

haps n o t  r e p r e s e n t a t i v e  o f  t h o s e  i n  t h e  remainder  of  t h e  s h e l l .  

A second p o s s i b l e  conc lus ion  i s  t h a t  t h e  t h e o r e t i c a l  e s t i m a t e s  are 
c o n s i s t e n t l y  low by 1 o r  2 d B .  

The d i s s i p a t i o n  loss f a c t o r  of  t h e  model shroud was i n f e r r e d  
from t h e  measured, t o t a l  l o s s  f a c t o r  and t h e  measured, r a d i a t i o n  
coup l ing  loss f a c t o r .  The e x p e r i m e n t a l l y  determined v a l u e s  are 
compared w i t h  an e m p i r i c a l  p r e d i c t i o n  of t h e  d i s s i p a t i o n  loss  
f a c t o r  i n  F i g .  36. The agreement between v a l u e s  i s  s a t i s f a c t o r y .  
We conclude t h a t  the decay-ra te  t echn ique  i s  v a l i d  f o r  t h e  model 
shroud.  

4 .3 .3  I n t e r n a l - a c o u s t i c - s p a c e  parameters. The measured , to- 
t a l  d i s s i p a t i o n  l o s s  f a c t o r  f o r  t h e  i n t e r n a l  a c o u s t i c  space  i s  
p l o t t e d  i n  F ig .  2 4 .  T h i s  t o t a l  l o s s  f a c t o r  i s  determined by  ab- 

s o r p t i o n  i n  t h e  space  and l o s s e s  t o  t h e  e x t e r n a l  a c o u s t i c  space  
through t h e  shroud.  
t h e  a b s o r p t i o n  w i l l  dominate t h e  t o t a l  l o s s  f a c t o r  s o  t ha t  

Because of t h e  a b s o r p t i v e  l i n e r  i n  t h e  model, 

.., 
‘tot ‘diss * 

The measured, d i s s i p a t i o n  loss f a c t o r s  f o r  t h e  i n t e r n a l  a c o u s t i c  

27 
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space  are compared w i t h  l i n e s  of  c o n s t a n t  a b s o r p t i o n  c o e f f i c i e n t  
i n  F ig .  37. Measured data l i e  between a va lue  o f  a=O.2 and a=0.6 
which i n d i c a t e s  t h a t  t h e  l i n e r  i s  more e f f e c t i v e  a t  h igh  f requen-  
c i e s .  

The d i s s i p a t i o n  loss f a c t o r  o f  t h e  i n t e r n a l  a c o u s t i c  space  
of  an a c t u a l  shroud i s  shown i n  F i g .  A - 9 .  Loss  f a c t o r s  f o r  t h e  

model and t h e  a c t u a l  shroud are comparable ove r  on ly  a small  f re-  
quency r ange .  For t h i s  r e a s o n ,  o u r  expe r imen ta l  r e s u l t s  should  
only be used to suppor t  t h e  t h e o r y  and n o t  to p r e d i c t  v i b r a t i o n  
l e v e l s  i n  t h e  a c t u a l  OGO a s s e m b l y .  

4 .3 .4  Di scuss ion .  --- Our conc lus ion  t h a t  t h e  decay- ra t e  t ech -  
n ique  i s  v a l i d  f o r  t h e  model shroud b u t  no t  f o r  t h e  model space-  
c r a f t  i s  n o t  f u l l y  unders tood .  Apparent ly ,  two c l a s s e s  of modes 
w i t h  g r e a t l y  d i f f e r e n t  r a d i a t i o n  p r o p e r t i e s  e x i s t  i n  t h e  space-  
c r a f t .  The d i s s i p a t i o n  of  one c l a s s  o f  modes-those t h a t  w i l l  be  

s t r o n g l y  e x c i t e d  by an a c o u s t i c  f ield-is very  great and i s  domi- 
n a t e d  by r a d i a t i o n .  The d i s s i p a t i o n  of  t h e  second c l a s s  of  modes 
i s  s i g n i f i c a n t l y  l ess .  Decay-rate measurements cannot  be used to 
determine t h e  d i s s i p a t i o n  of  t h e  f i rs t  c l a s s  of  modes. We do n o t  
completely unders tand  t h e  r easons  f o r  t h i s  l i m i t a t i o n .  

The d i s s i p a t i o n  o f  a l l  modes of  t h e  model shroud i s  dominated 
by mechanical  damping. 
v a l i d  f o r  t h i s  s i t u a t i o n .  

The decay-ra te  t echn ique  appears to b e  

I n i t i a l l y ,  t h e  expe r imen ta l  program inc luded  decay-ra te  mea- 
surements  on t h e  e lements  of  t h e  mechanical  pa th .  I n  view o f  our  
l a c k  of unde r s t and ing  of  t h i s  t echn ique ,  w e  d i d  n o t  conduct these 
exper iments .  T h e r e f o r e ,  expe r imen ta l  d e t e r m i n a t i o n  of t h e  remain- 
i n g  coup l ing  parameters  i s  n o t  p o s s i b l e .  
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I n  t h e  f o l l o w i n g  s e c t i o n ,  w e  compare t h e  measured r e sponse  
o f  t h e  assembly  e lements  w i t h  t h e o r e t i c a l  p r e d i c t i o n s .  
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5.  COMPARISON OF DATA WITH THEORETICAL PREDICTIONS 

The major purpose of  o u r  expe r imen ta l  s t u d y  i s  to o b t a i n  data 
t h a t  can be compared w i t h  t h e  t h e o r e t i c a l  p r e d i c t i o n s  developed 
i n  R e f .  1. These p r e d i c t i o n s  were developed through a s t a t i s t i c a l  
energy a n a l y s i s .  We w i l l  n o t  d i s c u s s  t h i s  t y p e  o f  a n a l y s i s .  In- 
stead, w e  r e f e r  t h e  reader to R e f s .  1, 5 ,  6 ,  and 7 .  

Reference 1 g i v e s  numer ica l  e v a l u a t i o n s  of  t h e  t h e o r e t i c a l  
p r e d i c t i o n s  f o r  a f u l l - s c a l e  model of  t h e  OGO-spacecraft a s s e m b l y .  
The s t r u c t u r a l  parameters used i n  these e v a l u a t i o n s  are no t  cor-  
r e c t  f o r  t h e  a c t u a l  a s s e m b l y  o r  f o r  t h e  1 /2-sca le  model d e s c r i b e d  
i n  S e c t i o n  2 .  For  t h i s  r e a s o n ,  w e  have r e e v a l u a t e d  t h e  p r e d i c -  
t i o n s  by u s i n g  t h e  c o r r e c t  parameters f o r  t h e  1 /2-sca le  model t h a t  

are g iven  i n  T a b l e  I .  

I n  o u r  e v a l u a t i o n ,  w e  use  an  e m p i r i c a l  va lue  f o r  t h e  d i ss ipa-  

t i o n  l o s s  f a c t o r  o f  t h e  model shroud and t h e  model s p a c e c r a f t ,  

= 0.01 , ‘diss 

where ‘Idiss i s  t h e  d i s s i p a t i o n  l o s s  f a c t o r .  
t h i s  e m p i r i c a l  va lue  and t h e  va lue  measured f o r  t h e  shroud i s  
shown i n  F i g .  36. We cannot  o b t a i n  an  estimate of t h e  d i s s i p a t i o n  
loss f a c t o r  f o r  t he  s p a c e c r a f t  by u s i n g  t h e  decay- ra t e  t echn ique .  

Agreement between 

We use  t h e  measured va lue  f o r  t n e  d i s s i p a t i o n  loss f a c t o r  o f  
t h e  i n t e r n a l  a c o u s t i c  space  i n  ou r  e v a l u a t i o n  of  t h e  t h e o r e t i c a l  
p r e d i c t i o n s .  
can be  compared w i t h  l i n e s  of  c o n s t a n t  a b s o r p t i o n  c o e f f i c i e n t .  
Our r eason  f o r  u s i n g  t h e  measured va lue  i s  t h a t  w e  do n o t  f e e l  
t h a t  o u r  a b i l i t y  t o  estimate t h i s  parameter  c o r r e c t l y  should  e f -  

f e c t  o u r  comparison of  t h e o r y  w i t h  exper iment .  O f  c o u r s e ,  c o r r e c t  

T h i s  measured va lue  i s  p l o t t e d  i n  F ig .  37 ,  where i t  

1 
. -. 1 
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e v a l u a t i o n  o f  t h e  d i s s i p a t i o n  loss f a c t o r  of  t h e  i n t e r n a l  a c o u s t i c  
space  i s  necessa ry  f o r  c o r r e c t  p r e d i c t i o n  of t h e  v i b r a t i o n  t r a n s -  
mi t t ed  by the  a c o u s t i c  p a t h .  

The d i s s i p a t i o n  l o s s  f a c t o r s  o f  t he  model mounting t r u s s e s  
and t h e  model r i n g  frame were assumed, i n  ou r  e v a l u a t i o n ,  t o  be  

less t h a n  t h e  coup l ing  l o s s  f a c t o r s .  The same assumption i s  made 
i n  Ref. 1. An expe r imen ta l  v e r i f i c a t i o n  of t h i s  assumption was 
n o t  ob ta ined  because of t h e  l i m i t a t i o n s  o f  t h e  decay-ra te  method. 

5 . 1  Comparison f o r  Acous t ic  P a t h  

The r e s o n a n t  r e sponse  of t h e  s p a c e c r a f t  t o  d i f f u s e  a c o u s t i c -  
f i e l d  e x c i t a t i o n  i s  c a l c u l a t e d  i n  S e c t i o n  3 . 8 . 1  of  R e f .  1. The 

c r i t i c a l  f requency  f o r  t h e  model s p a c e c r a f t  p a n e l s  i s  800 Hz. 
The r e s o n a n t  r e sponse  c a l c u l a t e d  by u s i n g  two v a l u e s  of  mechani- 
c a l  d i s s i p a t i o n  i s  shown i n  F i g .  38 and can  be compared w i t h  t h e  

measured data. The nonresonant ,  m a s s - l a w  response  i s  c a l c u l a t e d  
i n  S e c t i o n  3 .8 .2  of  R e f .  1. T h i s  nonresonant  response  i s  a l s o  
p l o t t e d  i n  F i g .  38. The measured r e sponse  i s  g r e a t e r  t h a n  t h e  

t h e o r e t i c a l  p r e d i c t i o n  f o r  most f requency bands.  The d e v i a t i o n s  
a r e  between 0 and 5 dB.  Such d e v i a t i o n s  are w i t h i n  t h e  expec ted  
accuracy  of  t h e  t h e o r y .  

The r e s o n a n t  and nonresonant  r e sponse  o f  t h e  shroud t o  
d i f f u s e - a c o u s t i c - f i e l d  e x c i t a t i o n  i s  c a l c u l a t e d  i n  S e c t i o n  3 .7  
of  R e f .  1. The r i n g  frequency o f  t h e  model shroud i s  1160 Hz. 
The c r i t i c a l  f requency i s  1 0  000Hz. The response  c a l c u l a t e d  from 
t h e  t h e o r e t i c a l  e q u a t i o n s  i s  p l o t t e d  i n  F i g .  39, where i t  can be 

compared w i t h  t h e  measured data. A s  f o r  t h e  model s p a c e c r a f t ,  
the  measured r e sponse  o f  t h e  model shroud above t h e  r i n g  frequency 
i s  1 - 6 . d ~  g r e a t e r  t h a n  t h e  t h e o r e t i c a l  p r e d i c t i o n .  T h i s  c o n s i s -  
t e n t  d e v i a t i o n  i s  no t  expec ted ;  a l though ,  random d e v i a t i o n s  up t o  

? 

_ . ’  
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5 d B  commonly occur  when comparing p r e d i c t i o n s  found by u s i n g  sta- 
t i s t i c a l  energy a n a l y s i s  w i t h  measured data. Below t h e  r i n g  fre- 
quency t h e  measured response  i s  c o n s i s t e n t l y  less t h a n  t h e  theo-  
r e t i c a l  p r e d i c t i o n .  But aga in ,  t h e  d e v i a t i o n s  are  w i t h i n  t h e  ex- 
pec ted  accuracy of t h e  t h e o r e t i c a l  p r e d i c t i o n s .  We conclude t h a t  
t h e  d e v i a t i o n s  between t h e o r y  and measured data are,  i n  p a r t ,  due 
t o  e r r o r s  i n  o u r  e s t i m a t i o n  o f  t h e  material  p r o p e r t i e s  o f  t h e  

model shroud.  

The NR by t h e  shroud i s  p r e d i c t e d  i n  S e c t i o n  3.6 o f  Ref .  1. 
I n  t h i s  p r e d i c t i o n  t h e  t r a n s m i s s i o n  by bo th  r e s o n a n t  and nonreso- 
nan t  modes i s  cons ide red .  To e v a l u a t e  t h e  N R ,  w e  u se  t h e  mea- 
s u r e d  v a l u e s  o f  d i s s i p a t i o n  l o s s  f a c t o r  f o r  t h e  i n t e r n a l  a c o u s t i c  
space .  The t h e o r e t i c a l l y  p r e d i c t e d  NR i s  p l o t t e d  i n  F i g .  4 0 ,  
where i t  i s  compared w i t h  t h e  measured data.  The l a c k  of  agree-  
ment a t  t h e  c r i t i c a l  f requency a g a i n  i n d i c a t e s  t h a t  t h e  m a t e r i a l  
p r o p e r t i e s  o f  t h e  shroud which are used i n  t h e  e v a l u a t i o n  are i n -  
c o r r e c t .  On t h e  whole, t h e  agreement between t h e o r y  and e x p e r i -  
ment i s  good. 

The t h e o r e t i c a l  p r e d i c t i o n s  of model-spacecraf t  response  t o  
a c o u s t i c  e x c i t a t i o n  and of NR by t h e  model shroud can b e  combined 
t o  g i v e  t h e  s p a c e c r a f t  response  due to v i b r a t i o n  t r a n s m i s s i o n  b y  

t h e  a c o u s t i c  p a t h .  The comparison between t h e  t h e o r e t i c a l  p red ic -  
t i o n  and t h e  measured data i s  shown i n  F i g .  4 1 .  We f e e l  t h a t  t h e  
agreement between t h e o r y  and experiment  i s  s u f f i c i e n t l y  good as 
t o  suppor t  t h e  use  of s t a t i s t i c a l  energy a n a l y s i s  t o  p r e d i c t  v i -  
b r a t i o n  t r a n s m i s s i o n  i n  t h e  a c o u s t i c  p a t h .  

5.2 Comparison f o r  Mechanical P a t h  

The r ing-frame re sponse  i s  a combination of  bending i n  t h e  

p l ane  of  t h e  r i n g  and t o r s i o n  a l o n g  t h e  r i n g .  I n  R e f .  1 w e  as- 
sume t h a t  only  the  bending motion c o n t r i b u t e s  t o  t h e  s p a c e c r a f t  

.. . . . . . . . . 
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response .  The re fo re ,  on ly  t h i s  motion i s  c a l c u l a t e d  i n  S e c t i o n  
4.6 of  Ref.  1. The bending r e sponse  of  t h e  model r i n g  frame i s  
p l o t t e d  i n  F i g .  4 2 .  

The measured data  a t  Loca t ions  B and C ,  shown i n  F ig .  26, 
i n d i c a t e  t h a t  bending and t o r s i o n  o f  t h e  r i n g  are approximate ly  
e q u a l .  Measured r e sponse  a t  Loca t ion  A i s  g r e a t e r  t h a n  t h a t  a t  
Loca t ions  B and C because of  r e s o n a n t  deformat ion  of  t h e  r i n g .  
We take t h e  measured v i b r a t i o n  data  a t  Loca t ion  B as r e p r e s e n t a -  
t i v e  of  t h e  bend ing-v ib ra t ion  l e v e l .  These data are compared 
w i t h  t he  t h e o r e t i c a l  p r e d i c t i o n s  i n  F ig .  4 2 .  The agreement i s  
w i t h i n  5 d B  f o r  most f requency bands and shows no s y s t e m a t i c  de- 

v i a t i o n .  T h i s  agreement i s  cons ide red  t o  be w i t h i n  t h e  expec ted  
accuracy  of  t h e  t h e o r y .  

The response  of  t h e  s p a c e c r a f t  p a n e l s  owing t o  v i b r a t i o n  
t r a n s m i s s i o n  from t h e  r i n g  frame i s  c a l c u l a t e d  i n  S e c t i o n  4.7 of  
R e f .  1. The t h e o r e t i c a l  p r e d i c t i o n  of  t h e  model s p a c e c r a f t  re- 
sponse i s  shown i n  F i g .  43, where it i s  compared w i t h  t h e  measured 
data. Agreement between t h e o r y  and data i s  n o t  as c l o s e  as ex- 
p e c t e d .  Dev ia t ions  greater t h a n  5 dB occur  i n  many frequency 
bands.  These d e v i a t i o n s ,  which show greater r e sponse ,  are p o s s i -  
b l y  due to v i b r a t i o n  t r a n s m i s s i o n  b y  t o r s i o n  of  t h e  r i n g  frame. 
We have n o t  cons ide red  t h e  magnitude of t h i s  t r a n s m i s s i o n .  

The p r e d i c t e d  response  o f  t h e  r i n g  frame and t h e  t r a n s m i s s i o n  
from t h e  r i n g  frame t o  t h e  s p a c e c r a f t  can be combined t o  g ive  t h e  

s p a c e c r a f t  r e sponse  due t o  t r a n s m i s s i o n  by t h e  mechanical  p a t h .  

The t h e o r e t i c a l  p r e d i c t i o n  i s  p l o t t e d  i n  F i g .  4 4  a l o n g  w i t h  t h e  

measured data.  The measured r e sponse  due t o  mechanical-path v i -  
b r a t i o n  t r a n s m i s s i o n  i s  c o n s i d e r a b l y  g r e a t e r  t h a n  t h a t  p r e d i c t e d  
t h e o r e t i c a l l y  f o r  many frequency bands.  A s  s ta ted  above, p a r t  o f  
t h i s  i n c r e a s e d  t r a n s m i s s i o n  may b e  due t o  t r a n s m i s s i o n  by t o r s i o n a l  
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motion of t h e  r i n g  frame. I n  t h e  lower f requency bands,  t h e  mea- 
su red  data i s  c o n s i d e r a b l y  below t h e  t h e o r e t i c a l  p r e d i c t i o n .  
These d e v i a t i o n s  are probably  a r e s u l t  of t h e  r e l a t i v e l y  small 
number of  modes i n  each  l /3 -oc t  band i n  t h e  mechanical-path ele- 
ments.  S t a t i s t i c a l  energy a n a l y s i s  t r e a t s  t h e  modes s t a t i s t i -  
c a l l y  and r e q u i r e s  t h a t  many modes p a r t i c i p a t e  i n  t h e  v i b r a t i o n .  
No q u a n t i t a t i v e  r e s u l t s  e x i s t  f o r  t h e  minimum number of  modes re- 
q u i r e d  f o r  t h e  a n a l y s i s  to b e  v a l i d .  

5 .3  Comparison f o r  Combined P a t h  

The t h e o r e t i c a l  p r e d i c t i o n s  from S e c t i o n s  5 . 1  and 5 .2  can 
s i m p l y  be added i n  o r d e r  to o b t a i n  a p r e d i c t i o n  f o r  v i b r a t i o n  
t r a n s m i s s i o n  by t h e  combined p a t h .  The t h e o r e t i c a l  p r e d i c t i o n  for 
t h e  model-spacecraf t  r e sponse  to t r a n s m i s s i o n  by t h e  combined p a t h  

i s  p l o t t e d  i n  F i g .  45, where it  i s  compared w i t h  t h e  measured data.  
Devia t ions  between theo ry  and experiment  are a r e s u l t  o f  t h e  inac -  
curacy  i n  t h e  p r e d i c t i o n  of  mechanical-path t r a n s m i s s i o n .  We con- 
c lude  t h a t  p r e d i c t i o n s  of  t h e  mechanical-path t r a n s m i s s i o n  r e q u i r e  
f u r t h e r  i n v e s t i g a t i o n .  

34 
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6 .  C O N C L U S I O N S  AND RECOMMENDATIONS FOR FUTURE WORK 

Data from t h e  expe r imen ta l  program are summarized i n  F ig .  46.  
V i b r a t i o n  t r a n s m i s s i o n  by t h e  a c o u s t i c  and mechanical  p a t h  are 
comparable.  Acoust ic-path t r a n s m i s s i o n  dominates  a t  low frequen-  
c i e s ,  whereas mechanical-path t r a n s m i s s i o n  dominates a t  h igh  fre- 
quenc ie s .  T h i s  conc lus ion  i s  somewhat unique to o u r  model because 
of t h e  l a r g e  amount of  a b s o r p t i o n  i n  t h e  i n t e r n a l  a c o u s t i c  space .  
Also,  the  r e s u l t s  are unique to t he  p a r t i c u l a r  c o n f i g u r a t i o n  t h a t  
w e  s e l e c t e d .  

We conclude from t h e  program t h a t  s t a t i s t i c a l  energy a n a l y s i s  
can be used  to p r e d i c t ,  w i t h i n  5 d B ,  v i b r a t i o n  t r a n s m i s s i o n  by t h e  

a c o u s t i c  p a t h .  Accuracy o f  t h e  p r e d i c t i o n s  f o r  mechanical-path 
t r a n s m i s s i o n  i s  510 dB.  A number of problems were encountered  i n  
t h e  program. These are d i s c u s s e d  below. 

6 . 1  D i f f i c u l t y  i n  Measuring Damping 

The most formidable  d i f f i c u l t y  t h a t  w e  encountered  was t h a t  

o f  measuring damping. We found t h a t  t h e  decay- ra t e  method cannot  
be used t o  de te rmine  t h e  damping of t h e  model s p a c e c r a f t .  A gen- 
e r a l  conc lus ion  i s  t h a t  t h e  decay-ra te  measurements cannot  b e  used 
to measure t h e  damping of  a c l a s s  of  r e sonan t  modes i n  a frequency 
band when a second se t  of  modes, w i t h  s i g n i f i c a n t l y  less damping, 
are a l s o  r e s o n a n t  i n  t h a t  band. For such a c a s e  one must d i r e c t l y  
measure t h e  power i n p u t  r e q u i r e d  t o  e x c i t e  t h e  s t r u c t u r e  t o  a 
g iven  s t e a d y  v i b r a t i o n  l e v e l .  

6 . 2  Need f o r  Lightweight  Accelerometers  

The d e s i g n  of s c a l e  models r e q u i r e s  t h e  use  o f  small, l i g h t -  
weight s t r u c t u r e s  and h igh  t e s t  f r e q u e n c i e s .  Loading by t h e  mea- 
s u r i n g  acce le romete r  o f t e n  becomes a problem. I n  o u r  s t u d y  w e  
used a 2-gram acce le romete r ;  t h e r e f o r e ,  w e  had t o  c o r r e c t  t h e  
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shroud-response data above 4600 Hz f o r  acce le romete r  l oad ing .  
The accuracy o f  t h e  c o r r e c t i o n  i s  somewhat q u e s t i o n a b l e .  L igh te r -  
weight  acce le romete r s  are a v a i l a b l e  b u t ,  a t  t h i s  t i m e ,  are n o t  
s u f f i c i e n t l y  r e l i a b l e  o r  convenient  t o  use .  

6 . 3  D e s i r a b i l i t y  of Other S i m i l a r  Experiments 

The expe r imen ta l  program d e s c r i b e d  i n  t h i s  r e p o r t  was con- 
duc ted  on one p a r t i c u l a r  s t r u c t u r a l  a s sembly .  
s tudy  cannot ,  u n f o r t u n a t e l y ,  be t a k e n  as s u f f i c i e n t  suppor t  f o r  
t he  use  of s t a t i s t i c a l  energy a n a l y s i s .  F u r t h e r  s t u d i e s  are re- 
q u i r e d  i n  whlch v i b r a t i o n  t r a n s m i s s i o n  i n  o t h e r  t y p i c a l  configu-  
r a t i o n s  i s  s t u d i e d .  

The r e s u l t s  o f  t h e  

For o u r  p a r t i c u l a r  model a s s e m b l y ,  i t  would be  worthwhile  
t o  s t u d y  t h e  v i b r a t i o n  t r a n s m i t t e d  t o  i n s t r u m e n t s  on t h e  space- 
c r a f t  p a n e l s ,  t o  s o l a r  p a n e l s ,  t o  an  an tenna ,  and t o  o t h e r  s t r u c -  
t u r e s  connected t o  t h e  mounting t r u s s e s .  .J 
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APPENDIX A 

VIBRATION MEASUREMENTS ON A NIMBUS-OGO SHROUD 

B o l t  Beranek and Newman I n c .  (BBN) has conducted Noise- 
Reduct ion ( N R )  exper iments  on a Nimbus-OGO shroud a t  Goddard 
Space F l i g h t  Center .  I n  these exper iments  t he  shroud was p laced  
i n  a l a r g e  r e v e r b e r a n t  chamber and w a s  s u b j e c t e d  t o  a d i f f u s e  
a c o u s t i c  f i e l d .  The response  a c c e l e r a t i o n  l e v e l  (AL) a t  s e v e r a l  
p o i n t s  on t h e  shroud and t h e  sound-pressure l e v e l s  (SPL)  i n s i d e  
t h e  shroud were measured i n  1/3-oct f requency  bands.  The e x p e r i -  
mental  program i s  d e s c r i b e d  i n  t h i s  s e c t i o n  and t h e  measured data 
are compared w i t h  t h e o r e t i c a l  p r e d i c t i o n s .  

A l . l  D e s c r i p t i o n  of t h e  Nimbus-OGO Shroud 

The Nimbus-OGO shroud i s  shown i n  F i g s .  3 and 4 .  It i s  a 
g l a s s - r e i n f o r c e d ,  p l a s t i c - l a m i n a t e  s h e l l .  The shroud geometry 
i s  t h a t  of  a r i b b e d  c y l i n d r i c a l  s h e l l  capped by a c o n i c a l  nose.  
The s h e l l - w a l l  t h i c k n e s s  v a r i e s  bo th  c i r c u m f e r e n t i a l l y  and a x i a l l y  
from 0 . 1 0  t o  0 .14  i n .  A m i c r o q u a r t z / f e l t  b l a n k e t  l i n e s  t h e  i n -  
s i d e  of  t h e  shroud.  I t s  d e n s i t y  i s  3 .5  l b / f t 3  and i t s  t h i c k n e s s  
v a r i e s  from 1 / 2  t o  1 i n .  The major s t r u c t u r a l  and geometr ic  prop- 
e r t i e s  of  t h e  shroud are summarized i n  T a b l e  I .  

A 1 . 2  Experimental  Se tup  

The Nimbus-OGO shroud was se t  up, as shown i n  F ig .  A - 1 ,  on a 
l a r g e  c a r r i e r  used f o r  t h e  Launch Phase S imula to r  (LPS) a t  Goddard 
Space F l i g h t  Cen te r .  The c a r r i e r  p l a t f o r m  s e r v e d  ,as a baff le  t h a t  
prevented  t h e  f low o f  a c o u s t i c  energy t 
shroud.  Vent ing h o l e s  were sealed s o  t e complete shroud and 
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b a f f l e  were a i r  t i g h t .  Later i n  t h e  exper iment ,  t h e  v e n t s  were 
opened. No change i n  t h e  v i b r a t i o n  and a c o u s t i c  measurements was 
no ted .  

The c a r r i e r  and shroud were p l aced  a t  one s ide  of t h e  LPS 
room. A l a r g e  sound source  was p laced  on t h e  o t h e r  s ide  of  t h e  

room. The r e l a t i v e  p o s i t i o n s  o f  t h e  c a r r i e r ,  t h e  shroud,  t h e  

sound s o u r c e ,  and t h e  LPS are shown i n  F i g .  A - 2 .  These o b j e c t s  
were l o c a t e d  i n  t h e  room s o  t h a t  t h e  sound f i e l d  around t h e  shroud 
was d i f f u s e . %  We used t h e  un i fo rmi ty  o f  t h e  a c o u s t i c  f i e l d  SPL 
as a measure of  d i f f u s e n e s s .  We c o n s i d e r  a f i e l d  w i t h  s p a t i a l  
v a r i a t i o n s  i n  SPL less  t h a n  +3 d B  to be  e f f e c t i v e l y  d i f f u s e .  

A l . 3  I n s t r u m e n t a t i o n  

The i n s t r u m e n t a t i o n  f o r  t h e  sound and v i b r a t i o n  measurements 
on the  Nimbus-OGO shroud c o n s i s t s  of  s e v e r a l  f u n c t i o n a l  groups :  
sound source ,  microphone sys tem,  v i b r a t i o n  s o u r c e ,  a c c e l e r a t i o n -  
measuring s y s t e m ,  and r eve rbe ra t ion - t ime  measuring system. 

Al .3 .1  Sound s o u r c e .  The sound source  used to e x c i t e  t h e  

LPS room c o n s i s t s  of a General  Radio ( G R )  1390-B random-noise 
g e n e r a t o r ,  a GR 1564-A sound and v i b r a t i o n  a n a l y z e r  used as a 1/3- 
oct-band f i l t e r ,  two McIntosh M1-200 AB power ampl i f ie rs  t h a t  are 
each  capable  of  d e l i v e r i n g  200  W ,  and a U n i v e r s i t y  B-12 horn  loud- 
speaker w i t h  a f l a r e  ex tende r  to lower t h e  c u t o f f  f requency.  The 
horn i s  d r i v e n  by 1 2  U n i v e r s i t y  1D-40  d r i v e r s  rated a t  40 W each .  
The loudspeaker  was d r i v e n  by l /3 -oc t  bands of  n o i s e  to ach ieve  
as h igh  a l e v e l  as p o s s i b l e  i n  the  band where measurements were 
be ing  made. One-third-oct-band SPL of  1 1 0  d B  r e  2 x y b a r  

were achieved  i n  t h e  500 Hz-1 kHz r e g i o n .  

%The i n t e n s i t y  i n  a d i f f u s e  f i e l d  i s  uniform f o r  a l l  a n g l e s  o f  
i n c i d e n c e .  

- 1  

i_ I 
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A1 .3 .2  Microphone s y s t e m s .  Three microphones were used .  
A l l  were B r G e l  and Kjaer ( B & K )  c a p a c i t o r  microphones w i t h  a t t a c h e d  
ca thode  f o l l o w e r s .  Two were 1 i n .  i n  diameter ( t y p e  4131) and one 
w a s  1 / 2  i n .  ( t y p e  4 1 3 4 ) .  The ca thode  f o l l o w e r  used i n s i d e  t h e  

shroud was bat tery-powered f o r  convenience;  t h e  o t h e r s  were n o t .  
A l l  microphones were c a l i b r a t e d  w i t h  a B&K t y p e  4220 p is tonphone .  
The frequency r>esponse of  t h e  microphones and a s s o c i a t e d  e l e c -  
t r o n i c s  is f l a t  +1 d B  i n  t h e  f requency  range  1 0 0  Hz - 6 kHz. 

A1.3.3 V i b r a t i o n  source .  -- The v i b r a t i o n  source  used to ex- 
c i t e  t h e  shroud c o n s i s t e d  of a GR 1390-B random-noise g e n e r a t o r ,  
a GR 1564-A sound and v i b r a t i o n  a n a l y z e r  (used  as a 1/3-oct-band 
f i l t e r ) ,  a McIntosh M1-200 AB power a m p l i f i e r ,  and a Goodmans 
V-5OA p o i n t - d r i v e  shaker mounted on a s t a n d  s o  t h a t  it could  b e  

l i n e d  up w i t h  t h e  a t tachment  p o i n t  on t h e  shroud.  The system i s  
capable  of  e x e r t i n g  50-lb peak f o r c e s .  The a t tachment  p o i n t  cho- 
s e n  (one o f  t h e  h o l e s  used to a t t a c h  hand l ing  f i x t u r e s )  w a s  equip- 
ped w i t h  a 1/4- in .  -28 c a p t i v e  n u t .  The shaker-output  s t u d  was 
screwed i n t o  t h e  c a p t i v e  n u t  and a locknut  was t i g h t e n e d  a g a i n s t  
t h e  o u t s i d e  s k i n  of  t h e  shroud.  The ho le  used was about  2 2  i n .  
above t h e  base of t h e  shroud.  No a t t empt  was made to measure t h e  

v i b r a t i o n  e x c i t a t i o n  f o r c e s .  However, shake r  c u r r e n t  was moni- 
t o r e d  to avo id  d e s t r u c t i v e  o p e r a t i o n  of t h e  s h a k e r .  

A1.3.4 Accelerometer  s y s t e m .  V i b r a t i o n  o f  t h e  shroud was 
measured by u s i n g  a Wilcoxon t y p e  111 acce le romete r  mounted t o  t h e  
s k i n  w i t h  c l a y .  The weight  of  t h i s  acce le romete r  i s  2 grams. I t s  
mounted resonance ,  u s i n g  c l a y ,  i s  above 1 0  kHz. T h i s  l i g h t w e i g h t  
u n i t  was chosen i n  o r d e r  to avo id  mass l o a d i n g  o f  t h e  s k i n  a t  t h e .  

measuring p o i n t .  Adhesive tape was used to suppor t  t h e  weight of  
the  lead w i r e .  A GR 1551 B sound-level  meter  was used as a p r e -  
a m p l i f i e r ;  i t s  o u t p u t  was f e d  i n t o  t h e  1/3-oct-band f i l t e r  of t h e  

decay-ra te  meter acco rd ing  to t h e  q u a n t i t y  b e i n g  measured. The 
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system was calibrated by attaching the accelerometer to a GR type 
1337 vibration calibrator. Frequency response of the accelerometer 
and associated electronics is flat t1 dB from 100 Hz to 6 kHz. 

Al.3.5 Decay-rate meter. This instrument was used to mea- 
sure the acoustic and mechanical reverberation times of the shroud. 
It furnishes a display on an oscilloscope screen of both an inter- 
nal RC network discharging and of the signal decay in the environ- 
ment that is being measured. The RC network is adjusted until the 
decay rates match and the reverberation time (the time for a 60 
dB decay in vibration level) is read from the front panel. The in- 
strument was designed by BBN and is manufactured by Spencer-Kennedy 
Laboratories. 

A 2 .  TEST CONDUCT AND DATA P R E S E N T A T I O N  

Three basic measurement tests were conducted: 
(1) shroud response and internal SPL's during acoustic 

excitation; 

(2) reverberation time of the shroud to determine its 
damping; and 

(3) reverberation time of the interlid1 acoustic space t o  
determine its acoustic absorption. 

In Test 1 an acoustic field was created in the LPS room by 
using l/3-oct bands of noise. The resulting SPL's were measured 
by using a hand-carried roving microphone. The levels were fairly 
uniform throughout the LPS room, so that only measurements near 
the shroud were recorded. The SPL's varied randomly around the 
shroud for all frequency bands. In the high-frequency bands, there 
was, in addition, a small amount of shadowing by the carrier. The 
average SPL's are shown in Fig. A-4. SPL variations were less than 
t3 dB, so that the field can be accurately approximated by a diffuse 

* j  
1 
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f i e l d .  

i n  each l /3 -oc t  band were read from t h e  GR v i b r a t i o n  a n a l y z e r .  
The average  l e v e l  and t h e  s p a t i a l  v a r i a t i o n  of t h e  l e v e l  

During t h e  a c o u s t i c  e x c i t a t i o n ,  w e  measured t h e  shroud AL a t  
7 p o i n t s .  
t h e  c y l i n d r i c a l  p a r t  o f  t h e  shroud.  
was l o c a t e d  n e a r  a r i b .  

F i g .  A-3. 

The p o i n t s  were s e l e c t e d  a t  random, bu t  were a l l  on 
One o f  t h e  7 acce le romete r s  

The acce le romete r  l o c a t i o n s  are shown i n  

The average  shroud AL and t h e  maximum v a r i a t i o n  f o r  t h e  6 
measurement l o c a t i o n s %  are p l o t t e d  i n  F ig .  A-5 r e l a t i v e  t o  t h e  av- 
e rage  e x c i t i n g  SPL. 

The SPL's i n s i d e  t h e  shroud were a l s o  measured d u r i n g  t h e  

a c o u s t i c  e x c i t a t i o n .  The measuring microphone was suspended from 
a t r a v e r s e  t ha t  r a n  d i a g o n a l l y  from one s ide  of  t he  base of t h e  
shroud t o  t h e  nose of t h e  shroud.  
from t h e  GR v i b r a t i o n  a n a l y z e r  as w e  s lowly moved t h e  microphone 
a long  t h e  t r a v e r s e .  
v a r i a t i o n  of  t h e  measured i n t e r n a l  SPL r e l a t i v e  t o  t h e  average  
e x t e r n a l  SPL. 
t h e  shroud i s  commonly referred t o  as NR. 

Measurements were read d i r e c t l y  

F igu re  A-6 shows t h e  average  and t h e  s p a t i a l  

The d i f f e r e n c e  between the  SPL's o u t s i d e  and i n s i d e  

The NR measurement w a s  r e p e a t e d  by  u s i n g  t h e  broadband LPS 
a c o u s t i c  s o u r c e .  
s o u r c e ,  e l e c t r o n i c  measurement equipment and pe r sonne l  were sta- 
t i o n e d  o u t s i d e  t h e  LPS room. Two e x t e r n a l  and one i n t e r n a l  mea- 
surement l o c a t i o n s  were monitored and r eco rded .  

Because of t h e  i n t e n s e  SPL produced by t h i s  

The measured SPL i n  l /3 -oc t  bands are p l o t t e d  i n  F ig .  A-7. 
The NR c a l c u l a t e d  from these measurements i s  p l o t t e d  i n  F ig .  A-6 

*The l o c a t i o n  n e a r  t h e  r i b  i s  no t  i nc luded .  AL's a t  t h i s  loca-  
t i o n  are s i g n i f i c a n t l y  less  t h a n  t h e  s k i n  l e v e l s  i n  most 1/3- 
o c t  bands.  
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and can be  compared w i t h  t h e  NR o b t a i n e d  from t h e  low-level  1/3- 
oct-band t e s t .  The agreement i s  good excep t  f o r  t h e  high-frequency 
bands i n  which t h e  NR d u r i n g  t h e  LPS t e s t  i s  s i g n i f i c a n t l y  less 
t h a n  t h a t  r eco rded  i n  t h e  low-level  l /3 -oc t  t e s t .  

The spectrum of t h e  LPS-produced sound f i e l d  fa l l s  o f f  sharp- 

l y  a t  high f r e q u e n c i e s .  One p e r c e n t  third-harmonic d i s t o r t i o n  of 
t h e  shroud v i b r a t i o n  induced by t h i s  f i e l d  produces i n t e r n a l  SPL's 
i n  t h e  high-frequency bands t h a t  exceed t h e  l e v e l s  produced by 

a c o u s t i c  e x c i t a t i o n  i n  t h e  bands.  It fo l lows  t h a t  t h e  NR measured 
a t  h igh  f r e q u e n c i e s  i n  t h e  LPS tes t  i s  i n f l u e n c e d  by a small amount 
of n o n l i n e a r i t y  because of t h e  p a r t i c u l a r  shape of t h e  e x c i t i n g  
a c o u s t i c  spectrum. 

T e s t  2 i s  r e q u i r e d  i n  o r d e r  t o  estimate t h e  shroud damping 
l o s s  f a c t o r .  The damping l o s s  f a c t o r  i s  necessa ry  i n  o r d e r  t o  
make t h e o r e t i c a l  p r e d i c t i o n s  of t h e  shroud r e sponse  and NR. It 
cannot  b e  a c c u r a t e l y  estimated wi thout  expe r imen ta l  data. 

We e x c i t e d  t h e  shroud i n  l /3 -oc t  bands w i t h  a shaker and mea- 
su red  t h e  r e v e r b e r a t i o n  time-the t i m e  f o r  t h e  v i b r a t i o n  l e v e l  t o  
decay 60 d B  a f t e r  t h e  e x c i t i n g  source  has  been s topped .  The t o t a l  
d i s s i p a t i o n  l o s s  f a c t o r  of the  shroud qd i s  re la ted  t o  t h e  r e v e r -  
b e r a t i o n  time T by Eq. ( A l )  

where f i s  t h e  band c e n t e r  f requency.  The measured d i s s i p a t i o n  
l o s s  f a c t o r  f o r  t h e  shroud i s  p l o t t e d  i n  F i g .  A-8. 

T e s t  3 i s  r e q u i r e d  i n  o r d e r  t o  estimate t h e  a b s o r p t i o n  i n  
t h e  i n t e r n a l  a c o u s t i c  space. T h i s  parameter i s  necessa ry  t o  make 
a t h e o r e t i c a l  p r e d i c t i o n  o f  shroud NR and cannot  be a c c u r a t e l y  
estimated wi thout  expe r imen ta l  data.  

$ !  
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We e x c i t e d  t h e  i n t e r n a l  space  w i t h  a small loudspeaker  t ha t  
was p laced  i n s i d e  t h e  shroud,  and w e  measured t h e  r e v e r b e r a t i o n  
t i m e .  The t o t a l  d i s s i p a t i o n  lo s s  f a c t o r  i s  re la ted t o  t h e  r e v e r -  
b e r a t i o n  t i m e  by Eq .  ( A l ) .  The measured i n t e r n a l - a b s o r p t i o n  l o s s  
f a c t o r  i s  p l o t t e d  i n  F i g .  A - 9 .  

A 3 .  COMPARISON O F  DATA WITH THEORETICAL PREDICTIONS 

We have p r e d i c t e d  the response  and NR of the Nimbus-OGO 
shroud i n  R e f .  1. I n  these p r e d i c t i o n s  w e  used e m p i r i c a l l y  e s t i -  
mated v a l u e s  f o r  t h e  d i s s i p a t i o n  l o s s  f a c t o r  of t he  shroud and t h e  

i n t e r n a l  a c o u s t i c  space .  To compare t he  t h e o r e t i c a l  p r e d i c t i o n s  
w i t h  t h e  expe r imen ta l  r e s u l t s ,  w e  w i l l  u se  t h e  expe r imen ta l ly  mea- 
su red  v a l u e s  of  t h e  d i s s i p a t i o n  l o s s  f a c t o r s .  

The p r e d i c t i o n s  i n  Ref. 1 d i d  no t  i n c l u d e  t h e  a x i a l  s p l i t  i n  
the shroud.  The e f f e c t  of t h i s  s p l i t  i s  t o  add twice  t h e  l e n g t h  
of t h e  s p l i t  t o  t h e  r a d i a t i n g  perimeter.  The t h e o r e t i c a l  p r e d i c -  
t i o n s  used i n  t h i s  s e c t i o n  are based on t h e  c o r r e c t  r a d i a t i n g  
p e r i m e t e r ,  which i n c l u d e s  r i b s ,  t h e  end o f  t h e  shroud,  and t h e  

a x i a l  s p l i t .  

F igu res  A-5  and A-6 p r e s e n t  a comparison of  t h e  t h e o r e t i c a l  
p r e d i c t i o n s  w i t h  t h e  expe r imen ta l ly  measured shroud response  and 
NR. The agreement between t h e o r y  and experiment i s  w i t h i n  t h e  

expec ted  accuracy of  t h e  t h e o r y .  

Other expe r imen ta l  NR-measurement programs have been conducted 
on t h e  Nimbus-OGO shroud.*  The data from these programs were an- 
a lyzed  i n  oc t ave  bands.  
surement program t o  g i v e  octave-band r e s u l t s .  These are compared 
w i t h  t h e  r e s u l t s  of o t h e r  programs i n  F ig .  A - 1 0 .  The comparison 
i s  s a t i s f a c t o r y ,  c o n s i d e r i n g  t ha t  t h e  NR ob ta ined  i n  t h e  o t h e r  
programs i s  based on only  a f e w  measurement l o c a t i o n s .  

We have combined t h e  data from our  mea- 
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TABLE I: PHYSICAL PARAMETERS 

Shroud: 

Diameter 
Length ( cy l inde r  s e c t l o n )  
Surface a r e a  ( cy l inde r  s e c t i o n )  
R i b  spacing,  base t o  1st 

1st t o  2nd 
2nd t o  3rd 
3rd t o  4 th  

Skin th i ckness  
Mater ia l  

Mater ia l  dens i ty  
Longi tudinal  wavespeed 

Internal Acoustic Space: 

Volume 
Liner  ma te r i a l  

Liner  th ickness  
Liner  dens i ty  

Ring Frame: 

Linea l  dens i ty  
Bending r ad ius  of  gy ra t ion  

around v e r t i c a l  a x i s  

Mounting Trusses: 

Length (each l e g )  
Linea l  dens i ty  (each l e g )  
Bending r ad ius  o f  gy ra t ion ,  a x i s  1 

a x i s  2 
Tors iona l  r ad ius  of gy ra t ion  

Spacecraft:  

Panel material 

Panel w i d t h  
Panel  length  
Panel su r f ace  dens i ty  
Bending r a d i u s  o f  gy ra t ion ,  a x i s  1 

a x i s  2 

OGO 
Assembly 

65 i n .  
137 i n .  
200 f t 2  

2 4  i n .  
30 i n .  
34 i n .  
42 i n .  

0.1-+0.14 i n .  
phenol ic  

f i b e r g l a s s  
113 l b / f t 3  

"10 000 f t /sec 

374 f t 3  

microquartz  
f e l t  

0.5-+1.0 i n .  
3 .5  l b / f t 3  

2 l b / f t  
? i n .  

20  i n .  
0.68 l b / f t  

? i n .  
? i n .  

1.67 i n .  

aluminum w i t h  
cor rega ted  core 

30 i n .  
70 i n .  

0.765 l b / f t 2  

0.258 i n .  
0.284 i n .  

Designed 
Model 

32.5 
68.4 
50 
12 
15 
17 
21 

0 .06  
phenol ic  

f i b e r g l a s s  
113 

1 0  000 

46.8 
same 

0.75 
3.5 

0.5 

10 
0.34 
0.66 
0.51 
0.83 

same 

15.0 
35.0 

0.382 
0 135 
0 * 135 

Constructed 
Model 

32 
73.5 
51.2 
16.2 
19.8 
13.0 
17.0 

0.087 
G - 1 1  nema 
f i b e r g l a s s  

112  

9500 

34.1 
porous 

f i b e r g l a s s  
0.75 

? 

0.65 l b / f t  

0.65 i n .  

9.875 
0.337 
0.66 
0.51 
0.83 

aluminum w i t h  
honeycomb core  

15.0 
35.0 

0.38 
0.161 
0.161 
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