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ABSTRACT 

A n  experimental  program  to  develop  vibration  test  fixtures 
which  simulate  the  mount  impedance of aerospace  structures 
is  conducted.  Three  fixtures  designed to simulate  the 
impedance of a launch  vehicle  are  fabricated  and  evaluated 
in  research  vibration  tests of a 1/2-scale  mode  Nimbus 
spacecraft.  The  results of the  research  tests  indicate 
that  impedance  simulation  fixtures  eliminate  some of the 
problems  associated  with  conventional  rigid  fixtures  at 
high  frequencies.  Guidelines  for  designing  impedance 
simulation  fixtures  are  presented. 
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DEVELOPMENT  OF IMPEDANCE SIMULATION FIXTURES 
FOR SPACECRAFT VIBRATION. TESTS 

By Terry D. Scharton 
Bolt  Beranek and Newman Inc. 

SUMMARY 

The use   o f   convent iona l   v ibra t ion   tes t   f ix tures   in  
aerospace  system  vibrat ion  tes ts   of ten  resul ts   in  a number 
of t e s t  implementation  problems and un rea l i s t i c   v ib ra t ion  
t e s t  data in  the  high-frequency  regime. This report   describes 
an experimental program t o  deve lop   v ibra t ion   tes t   f ix tures  
which simulate  the mounting point impedance of  aerospace 
vehicles  to  perform  high-frequency  vibration  tests  of 
spacecraf t .  

The report   discusses  the  design,  fabrication, and 
evaluation  of a new "multimodal"  type  of  vibration test  
f ixture   for   performing  high-frequency  vibrat ion  tes ts .  
Vibration tes t  data obta ined   in   research   tes t s  with a 
l/e-scale model Nimbus spacecraft   suggests that the use 
of' t h i s  type   o f   f ix ture   in   fu ture   spacecraf t  programs 
would indeed  eliminate many of  the  current  high-frequency 
t e s t i n g  problems. The report   presents   guidel ines   for  
designing  multimodal  f ixtures  for  future  applications,  
and presents  recommendations for   addi t iona l   research   to  
fu r the r  improve  high-frequency  vibration and  shock t e s t ing  
technology. 

INTRODUCTION 

This inves t iga t ion  was motivated  by a desire   to   develop 
a technique which would alleviate  f ixture  resonance,  over- 
t e s t ing ,  and response  variation  problems  associated with 
the  use  of large conventional r i g i d  tes t  f ix tu re s  a t  high 
frequencies  (approximately 100-2000 Hz). The t e s t i n g  
technique  investigated  here i s  based  on  the  concept of 
designing the t e s t   f i x t u r e  i n  such a manner t h a t  i t  simu- 
la tes ,   in   an  average  sense,   the   point   force impedance of 
the mounting s t ructure   adjacent   to   the  spacecraf t .  (The 
point   force impedance i s  t h e   r a t i o  of   dr iving  force  to  
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t h e  velocity  response a t  a point when b o t h  force and veloci ty  
are sinusoidally  varying wi th  time a t  t h e  same frequency.) 
I n  add i t ion   t o  t h e  novel  f ixture  concept,  t h e  t e s t i n g  
technique  developed  involves a new and hopefully more 
r e a l i s t i c  philosophy  for  specifying and control l ing  high-  
f requency  spacecraf t   level   v ibrat ion tests.  

A re la ted  program ( re f .  1) has a l so  been  conducted t o  
develop  an improved v ibra t ion   tes t ing   t echnique   for  high-  
frequency  spacecraft  assembly-level tests.  In   t ha t  program 
an impedance s imulat ion  f ixture  was designed and evaluated 
i n   r e s e a r c h   t e s t s  o f  a  model electronic  assembly  of the 
Mariner C spacecraf t .  The r e s u l t s  of the program indicated 
t h a t  t h e  novel   f ixture  and tes t ing   t echnique   resu l ted   in  a 
more r e a l i s t i c   v i b r a t i o n  environment on t h e  assembly  than 
conventional tests u t i l i z i n g  r i g i d  assembly f ix tu re s .  

Conventional Test Fixture  Problems 

Figure 1 shows a 1/2-scale model Nimbus spacecraf t  
mounted f o r  a longi tudina l   v ibra t ion   tes t  on a conventional 
shaker-f ixture   configurat ion.  T h i s  type o f  t es t  configu- 
r a t i o n  is  commonly used t o  perform  longitudinal  sine-sweep 
and random vibrat ion tes ts  over t h e  frequency  range  from 5 
o r  10 Hz t o  2000 Hz o r  above. Th i s  type  of tes t  shaker- 
f ixture   configurat ion  pr imari ly   s imulates  t h e  low-frequency 
vibration  environment  associated w i t h  the fundamental  vibra- 
t i o n  modes o f  t h e  launch  vehicle and spacecraf t .  When used 
a t   f r equenc ie s  above approximately 100 Hz, th i s  conventional 
type o f  t es t   f ix ture   o f ten   p roduces  a number o f  annoying 
problems and produces   unrea l i s t ic   t es t   resu l t s .  

In   sp i t e  o f  considerable e f f o r t  t o  design  vibration 
t e s t  f i x t u r e s  as  r i g i d l y  as possible ,  t h e  f i r s t  bending 
resonance of conventional  f ixtures  often  occurs  within 
t h e  frequency  range o f  in te r .es t .  For  example, the f i x t u r e  
configuration shown i n  f i g .  1 exh ib i t s  i t s  f i r s t  bending 
resonance a t  approximately 400 Hz, and the   f i x tu re  used 
i n  the long i tud ina l   t e s t s  o f  t h e  fu l l - sca le  Nimbus space- 
c r a f t  conducted by the  General   Electric Company exhib i t s  
i t s  f i r s t  bending  resonance a t  approximately 360 Hz. 

Fixture  resonances  result   in  amplification o f  the  
f i x t u r e  and spacecraf t   v ibrat ion levels and produce la rge  
s p a t i a l  var ia t ions   in   the   f ix ture   v ibra t ion   leve l ,  s o  
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that it i s  d i f f i c u l t   t o  measure a representa t ive   l eve l  
which can b e  re la ted   to   the   t es t   spec i f ica t ion .   In  addi- 
t ion ,  stiff tes t   f ix tures   des igned   to   avoid   the   f ix ture  
resonance  problem  usual ly   resul t   in   unreal is t ical ly   high 
v ibra t ion   t ransfer   func t ions .  from t h e   f i x t u r e   i n t o   t h e  
spacecraft,  because  they do not  simulate  the mounting 
impedance of typical aerospace  structures.  

A number of  brute  force  techniques have  been  developed 
t o  overcome the problems  associated with the  use  of con- 
vent iona l   f ix tures  i n  the  high-frequency  range. For example, 
expensive  multichannel  equalization equipment is u t i l i z e d  
t o  "notch"  (sharply  decrease)  the  input  vibration  spectrum 
a t  f ixture   resonance  f requencies   to  compensate f o r   f i x t u r e  
resonance  amplification, and it  i s  becoming common prac t ice  
to   cont ro l   the   average   o f   the   f ix ture   v ibra t ion   leve ls  
a t  a number of  mounting points  in order   to  minimize the  
e f fec ts   o f  spatial variation  of  the  f ixture  response.  
A t  present,  however, no technique i s  avai lable  for  elimi- 
nating  the  high-frequency  overtesting  problem  associated 
with t h e   u n r e a l i s t i c  impedance of r igid f ix tu re s ,  although 
exploratory work has been  conducted t o   u t i l i z e   f o r c e ,  
input  power, or   response  control   to  minimize the  overtest ing 
problem. 

A t h i r d  problem  area i s  associated with the u n r e a l i s t i c  
p rac t i ce  of performing  high-frequency  vibration tests 
along  each  of  three  perpendicular  axes. It i s  common 
prac t ice   to   requi re  that  the  cross-axis   f ixture  motion 
in   t hese   t e s t s   be   l imi t ed   t o  a small percentage,  typically 
one  percent,  of  the  on-axis  motion. This i s  a very d i f -  
f i c u l t  requirement  to  realize,  and a great  deal of e f f o r t  
and  expense  have  been expended to  develop  very  precise 
slip table   configurat ions which w i l l  meet this requirement 
a t  frequencies as high as 2000 Hz. 

Simulation of Mounting Point Impedance 

Consideration of  the   d i f f icu l t ies   encountered   in  
utilizing convent ional   f ixture   configurat ions  to   s imulate  
high-frequency  vibration  environments  raises  the  question, 
"Are these   d i f f i cu l t i e s   a s soc ia t ed  with the   bas ic   ob jec t ive  
of simulating  high-frequency  vibration  environments,  or 
are they  associated  primarily with t h e   f a c t  that current  
vibrat ion  tes t ing  techniques  are  based on a low-frequency 
philosophy?" In  seeking an answer t o  t h i s  question, it 



should be noted that  structures  resembling  conventional 
f i x tu re s  and s l i p  tab les  are not  used  in  aerospace  vehicles, 
and that i n f l i g h t  measurements r a r e l y  i f  ever indicate 
uniaxial  vibration  environments a t  2000 Hz. 

These considerations prompted t h i s  inves t iga t ion  of 
high-frequency  vibration tes t  f i x t u r e s  which simulate 
the  average impedance of  aerospace mounting s t ruc tu res  
in  order  to  el iminate  the  problems  associated with con- 
vent ional   f ixtures  and provide a more r ea l i s t i c   s imu la t ion  
of infl ight  high-frequency  vibration  environments.  

It i s  appropriate a t  t h i s  po in t   to   d i scuss  impedance 
simulation as used i n  this report .  The Nimbus spacecraft  
i s  mounted on the  A ena vehicle  with a short   conical   sect ion 
fabr ica ted  from 1/1 2 in.  beryllium.  Theoretically, i t  i s  
poss ib le   to  measure the  point   force and moment impedances 
( r e f .  2 )  a t  each  of  the Nimbus-Agena in te r face   po in ts ,  
and then  build a hypothe t ica l   v ibra t ion   tes t   f ix ture  which 
simulates  the measured  mounting poin t  impedances. This  
would be a d i f f i c u l t  task indeed.  Alternatively,  i t  i s  
possible   to   construct  a cy l ind r i ca l   s t ruc tu re  which crudely 
resembles  the  forward  section  of  the Agena vehicle  and 
requi re  that  the  point   force impedance  measured a t  some 
poin t  on the  surface  of   the  cyl indrical   s t ructure   approxi-  
mates the   po in t   force  impedance of  the Agena vehicle  a t  
some point  removed from the  mounting in te r face .  . It i s  
a l so   poss ib le   to  go a s t ep   fu r the r  and require   not  t h a t  
t he  mounting s t ructure   s imulates   the impedance a t  a par- 
t i cu l a r   po in t  on the Agena vehic le ,   bu t   ra ther  the average 
of the  point   force impedances  measured a t  a l a rge  number 
of  points on the  forward  section  of  the Agena vehicle.  
Simulation G f  the  average impedance i n  this sense  requires 
pr imari ly  that the  cylinder  radius,   thickness,  and mater ia l  
approximate the Agena vehicle.  This inves t iga t ion  has 
fol lowed  the  la t ter   course,  and a t e s t   f i x t u r e  has been 
developed which crudely  resembles  the  forward  section 
of the  Agena s t ruc tu re  and simulates the average  point 
impedance of  the Agena skin.  

Multimodal  Test  Fixtures 

The impedance simulation  fixtures  developed i n  t h i s  
program are typ ica l ly  much l i gh te r  i n  weight and more 
compliant  than  conventional test  f ix tu re s .  These f ix tu re s  
a r e  used a t  frequencies  well  above t h e i r  f i r s t  resonance 
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frequency  and  exhibit  many  vibration  resonances in order 
to  simulate  the  high-frequency  dynamic  characteristics 
of the  complete  Agena  vehicle.  These  fixtures  are  termed 
"multimodal  fixtures"  in  order  to  distinguish  them  from 
conventional  fixtures  which  operate  below  or in the vicinity 
of the  first  few  resonance  frequencies  of  the  conventional 
fixtures.' 

Figure 2 shows  the  1/2-scale  model'  Nimbus  spacecraft 
mounted on a multimodal  fixture  excited  with  three  small 
25-lb force shakers. The  subsequent  sections  of  this 
report  discuss  in  detail  the  design,  fabrication,  and 
testing of this  multimodal  fixture. 

Objectives of Investigation 

The  objectives of this  investigation  were: 

1) To design and fabricate a multimodal  fixture  which 
realistically  simulates  the  mounting  impedance  of 
an  aerospace  vehicle, 

2) To determine  the  vibration  characteristics of this 
fixture  in  sine-sweep  and  octave  band  tests, 

3 )  To evaluate  the  feasibility of utilizing  the  multi- 
modal  fixture  testing  concept  in  future NASA space- 
craft  programs,  and 

4) To recommend  problem  and  application  areas  associated 
with  the  multimodal  fixture  testing  concept  which 
require  additional  research  and  development. 

SYMBOLS 

a 

<a?>, , t 
<a 2 2> s,t 

9 

radius  of a cylinder 

space-average  mean-square  multimodal  fixture 
acceleration 

space-average  mean-square  acceleration  of  the 
model  spacecraft  adapter 

speed of compressional waves in a structure 
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f frequency 

‘r 

f O  

h 

A 

M 

M1 

M2 
pl 

p12 

% y d f  

62 

%2 

PS 

h 

ring  frequency of a cylinder 

modal resonance  frequency 

p l a t e  or cylinder  thickness 

plate   or   cyl inder   surface  area 

p l a t e  mass 

mass o f  multimodal f i x t u r e  

mass of model spacecraft   adapter 

power diss ipated i n  multimodal f i x t u r e  

power transmitted from the  multimodal f i x t u r e  
to  the  spacecraft   adapter 

point  force  admittance of  a p l a t e  a t  pos i t ion  
x and yo 

point  force  admittance o f  an i n f i n i t e   p l a t e  
0 

frequency  separation  between  vibration  resonances 
of a s t ruc tu re  

frequency  separation  of a f l a t  p l a t e  

frequency  separation  of a cylinder 

modal separation  of  the model spacecraf t   adapter  

modal separation  of  the multirnodal f i x t u r e  

damping loss f ac to r  

coupling loss f a c t o r  from the multimodal f i x t u r e  
to   the  adapter  

mass per  unit   area  of a p la te  

half-power  point  bandwidth 
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DESIGN O F  MULTIMODAL TEST FIXTURES 

This section  discusses  the  simulation  of,  average  point 
force impedance i n   d e t a i l ,  and describes  the development  of 
three  multimodal  test  fixtures  for  conducting  high-frequency 
vibrat ion  tes ts   of   the   1/2-scale  model Nimbus spacecraft .  
Design guidelines and the  general   philosophy  to  be  followed  in 
designing a multimodal tes t   f ixture   for   high-frequency v ib ra -  
t ion   t es t s   o f   o ther   spacecraf t  are also  presented. 

Average Point Impedance Simulation 

To i l l u s t r a t e   t h e  concept of average  point impedance 
simulation,  consider the  hypothet ical   case  in  which a 
t e s t   i t em i s  mounted a t  a point x. and yo on a f i n i t e  
rec tangular   p la te   ( f ig .  3A). The point  force  admittance 
( the   rec iproca l  of  impedance) a t  the  point  xo, yo i s  
def ined  as   the  veloci ty  a t  the  point when the   p l a t e  i s  
excited with a s inusoidal   force  of   uni ty  magnitude. The 
admittance as a function o f  frequency i s  obtained by 
performing a sine-sweep t e s t  with uni t   force  input  and 
measuring  the  velocity as a function  of  frequency. The 
real   par t   of   the   admit tance  (def ined as the component 
of   veloci ty   in   phase with the   exc i t ing   force)  and the  
imaginary  part  of  the  admittance  (defined as the com onent 
of ve loc i ty  90" out  of  phase with the  exci t ing  force P 
measured a t  a typ ica l   po in t  on a p l a t e  i s  shown i n  f i g .  3B. 

The frequency  separation  between  peaks  in  the  real  and 
imaginary parts of  the  point impedance i s  given by the modal 
separation 6 ( f ) .  The modal separation  (reciprocal  of modal 
dens i ty   [ re f .  31) f o r  a simply  supported  plate i s  given 
by eq. 1 

, hc a 

where A i s  the   p la te   a rea ,  h t he   p l a t e  thickness, and 
ca the  speed  of  compressional waves i n  the   p la te   mater ia l  
(17,000 f t / s e c   f o r   s t e e l   o r  aluminum). Thus for a 5 f t  x 
5 f t  x 1/16 in .   p l a t e ,   t he  modal resonances  occur  approxi- 
mately  every 2 Hz. A t  frequencies above the  first few 
resonances,  eq. 1 is  v a l i d   f o r  a p l a t e  with arbitrary 
boundary  conditions . 
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The peak-togvalley  amplitude of the  rea.1 and imginary  
p a r t  of the  point  admittance i s  equal  to l/f@ where f 
i s  the  excitation  frequency, q is  the damping 108s fac tor  
which is  equal  to  twice  the damping r a t i o ,  and M is the  
t o t a l  mass of  the  plate.  

If an  average  point on the  plate  (averages  over x 
0 

and yo) i s  considered,  the  frequency  averaged  value of 
the  real   par t   of   the   admit tance is equal   to  Y,, the   point  
force  admit tance  of   an  inf ini te   plate   ( ref .  4) which i s  
given  by  eq. 2 

where ps is the  mass/unit   area  of  the  plate.  The frequency 
average  value  of  the  imaginary part of the  admittance i s  
equal  to  zero. 

I f  the point  admittance i s  measured a t  a number of 
d i f fe ren t   po in ts  on t h e   p l a t e   o r   a t   p o i n t s  on a number 
of d i f f e ren t   p l a t e s  with s l igh t ly   d i f fe ren t   shapes  and 
boundary  conditAons,  the measured  impedances w i l l  vary 
s l i g h t l y  from that shown i n  f i u .  3B. However the  point 
force  admittance  (or impedance7 of a p l a t e  can  be simu- 
lated  in  an  average  sense by simulating: 

1) the  corresponding  inf ini te   plate   force  admit tance 
given by  eq. 2, 

2 )  the  corresponding p l a t e  modal separat ion given 

3 )  the  admittance  peak-to-valley  ration  given by 

by  eq. 1, and 

the  product of the  f requency,   plate   loss   factor ,  
and mass. 

In  t h i s  program a multimodal f i x t u r e  has been  designed 
which simulates i n  th i s  average  sense the  mounting point  
impedance of  the Agena skin.  A cy l ind r i ca l   f i x tu re  fabri- 
cated from 1/16 i n .   s t e e l   s h e e t  was constructed which 
simulates  the  average  point impedance of   the  ful l -scale  
Agena vehicle   skin,  and a c y l i n d r i c a l   f i x t u r e  of 1/32 in .  
s t e e l  was constructed which simulates  the  point impedance 
of a 1/2=scale Agena vehicle.  
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Modal Enrichment 

. The modal  separation  of a cylindrical  structure  (ref 3)  
i a  given by eq. 3 

and 

where  fr  is  the  ring  frequency  given  by  fr =I 27r a/ca 
where a is  the  cylinder  radius.  Since  the  modal  separation 
of a cylindrical  structure is inversely  proportional to 
the  cylinder  area, it is necessary  to  artificially  enrich 
the modal density of R small  cylindrical  fixture  in  order 
to  simulate  the  modal  Separation  and  point  impedance  of 
a large  aerospace  vehicle. 

In addition  to  its  effect  on  the  point  impedance, 
the  modal  density of a structure  is  also  important in 
determining  the  sptltial  and  frequency  variations  in  struc- 
tural  response.  It  has  been  shown  (ref. 5) that  for  lightly 
damped  structures,  the  spatial  variations  in  the  octave- 
band  random  response  and  sinesweep  response  and  the  frequency 
variations  in  the  sinesweep  response  decrease  as  the  number 
of  vibration  modes  excited  increase.  Therefore  it I s  
desirable  to  enrich  the  modal  density of a high-frequency 
test  fixture  even  more  than  would  be  required  to  simulate 
the  average  point  impedance of the  mounting  structure 
in order  to  reduce  the  frequency  and  spatial  variations 
in the  test  fixture  response and provide a more  controlled 
vibration  test, 

Modal  enrichment of a structure U y  be accomplished 
by  attaching  to  the  primary  structure  some  secondary 
structure  which  exhibits a large  number of vibration 
resonances in the  frequency  range  of  interest.  Equation 
indicates  that if plate-like  secondary  structure I s  used 
to  enrich  modal  density,  the  plates  should be thin  and 
have a large  area. A second  requirement  for  enriching 
modal  density  requires  that  the  secondary  structure  have 
an  impedance  approximately  equal  to  that of the  primary 
structure  and be relatively  lightly  damped in order  that 

1 
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the   v ibra t ion  modes of the secondary  structure  couple 
wel l   to   the  pr imary  s t ructure  and exhibit   themselves  in 
the  primary  structure  response. Thus the re  i s  a trade- 
o f f  which  must be  observed in   se lec t ing   the   secondary  
mode-enriching s t ruc tu re :  The secondary  structure must 
be   th in  and have l a rge   a r ea   i n   o rde r   t o   exh ib i t  a l a rge  
number o f  v ibra t ion  modes, but  the  secondary  structure 
must a l so   be  st iff  enough to  couple  well   to  the  primary 
s t ruc ture .  The resu l t s   o f  a previous  invest igat ion  ( ref .  
of  the modal enrichment of a small p l a t e   i nd ica t e s  that  
wire-mesh cons t i tu tes   an   idea l  modal enrichment  secondary 
s t ruc tu re .  

Effects  of Damping 

Damping a l so   e f f ec t s   t he   po in t  impedance of a s t r u c t u r e  
and the  spatial and f requency   var ia t ions   in   the   s t ruc ture  
response.  Figure 3 ind ica tes  that  when the  modal separation 
i s  l a rge  and the  damping small so t h a t  t h e  modal bandwidths 
( the  half-power  point  band-width i s  defined as A = 9 fo, 
where f i s  the resonance  frequency) do not   over lap   in  
frequengy,  increasing the damping decreases  the  frequency 
v a r i a t i o n s   i n   t h e  impedance and the  sine-sweep  response. 
It has been shown however that when the  modal separation 
i s  small and the  modal damping l a rge  so that  t he  modal 
bandwidths  overlap i n  frequency,  increasing  the damping 
will not   decrease  the  f requency  var ia t ions  in  impedance 
and sine-sweep  response and i n   f a c t  will increase  the 
spa t ia l   var ia t ions   in   the   oc tave-band random response of 
t he   s t ruc tu re   ( r e f  . 5) .  Thus the optimum value  of damping 
i s  approximately that which makes the  modal bandwidth  equal 
t o   t he  modal separation, eq. 4. 

n(optimum) = 60 

When a l a rge   s t ruc tu re  i s  excited a t  severa l   po in ts  
with small shakers ,   the   addi t ion  of   large amounts of damp- 
ing   t o   t he   s t ruc tu re  w i l l  also  reduce  the  reverberant 
v ibra t ion   leve ls  on the   s t ruc ture  and may r e s u l t   i n  sig- 
n i f ican t ly   h igher   v ibra t ion   leve ls   in   the   v ic in i ty  of 
the  shaker  attachment  points  than a t  points  far  removed 
from the  sources. 
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Development of 1/16 in .  Multimodal .Fixture 

The bare  1/16 in .   cy l ind r i ca l   f i x tu re  i s  shown i n  
f ig s .  4A and B. The f ix ture   cons is t s   o f  a 1/16 i n .   s t e e l  
cylinder, 18 in .   in   he ight  and 31 in .   in   diameter .  A 
r ing  frame i s  attached  inside  the  cylinder  to  support  
the  adapter  of  the  1/2-scale model Nimbus spacecraft .  
In   the  development t e s t s ,   t h e   f i x t u r e  was excited with 
three  25- lb  force  shakers  attached  along  the  cylinder radi i  
as shown i n  f ig .  4A. 

The instrumentation  used in the  sine-sweep  tests  of 
t he   f i x tu re  i s  shown i n  f ig .  5. In   t he  open loop configu- 
ra t ion,   the   three  shakers   are   dr iven with a constant  voltage 
s ine  wave, and the  frequency i s  swept  from 20 to  2000 Hz. 
The accelerat ion a t  a s ingle   po in t  on the   f i x tu re  i s  recorded 
on a graphic  level  recorder as a function  of  frequency. 
The sine-sweep  response measured in   t he   ho r i zon ta l   d i r ec t ion  
on  the  cylinder wall and the  sine-sweep  response  in the 
ve r t i ca l   d i r ec t ion  on the   r ing  frame  of the  cyl inder   are  
shown i n  f ig s .  6A and B, respectively.  The accelerat ion 
response i s  given on the  r igh t  s ide   o f   the   f igure   in   roo t -  
mean-square g ' s  (grms) and  on the  l e f t  s ide  of   the   f igure 
in  decibels  defined as: 

Acceleration (dB)  = 20 loglo (grms) 

The response   p lo t   in  f i g .  6A shows approximately  seven 
response  peaks  between 0 and 200 cycles o r  an  average 
modal separation  of  approximately 30 Hz which i s  to   be 
compared with the   theore t ica l   va lue   o f  32 Hz a t  a frequency 
of 100 Hz calculated from eq. 3. 

A number of configurations  for  enriching  the modal 
densi ty   of   the  1/16 in .   cyl inder  shown i n  f i g .  4 were 
invest igated.   In  one configuration  the  cylinder was 
t i g h t l y  packed with layers  of  1 in .  x. 1/2 in .  x 1/16 i n .  
wire-mesh, i n  a second configuration  the wire-mesh was 
replaced with four   th in  aluminum plates  spaced  inside  the 
cylinder,  and i n  a t h i r d  configuration 18 p l a t e l i k e   f i n s  
were attached  along  the radii ins ide   the   cy l inder .  The 
cylinder packed f u l l  of  wire mesh exhibited a la rge  number 
of   vibrat ion modes, bu t  it was d i f f i c u l t   t o  keep the  mesh 
in   p l ace ,  and the  packed mesh r a t t l e d  and caused a nonlinear 
behavior. The  two modifications  involving  thin  plates 
d i d  not  show the  desired modal enrichment'. 
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The f ina l   conf igura t ion  for enriching the modal densi ty  
of  the 1/16 in .   cyl inder  i s  shown i n  f ig .  7. I n  t h i s  
configuration 18 horizontal   coi ls   of  1 in .  x 1/2 i n .  x 
1/16 in .  wire-mesh are  soldered  to  the  r ing  frame, 18 
v e r t i c a l   c o i l s  of  wire-mesh are   soldered  to   the  cyl inder  
walls, and th ree  wire-mesh p la tes   a re   so ldered   to   the  
wire-mesh c o i l s .   I n  t h i s  configuration  the wire-mesh 
increases  the modal density  without  appreciably  st iffening 
and inhibit ing  the  low-frequency  vibration modes of  the 
cylinder.  Figures 8 A  and B show the  sine-sweep  response 
on the  cylinder wall and the   r ing  frame  of  the  enriched 
1/16 in .   cyl inder .  Comparison of   these  resul ts  with those 
shown for   the  bare   cyl inder ,  f i g s .  5A and B, ind ica tes  
tha t  the wire-mesh c o i l s  and p l a t e s   s ign i f i can t ly   i nc rease  
the modal density  of  the  cylinder  response a t  the  low 
frequencies. 

A s  t h e   f i n a l   s t e y  i n  the development  of  the  1/16  in. 
f i x t u r e  a 1/16 in .   layer   of  damping mater ia l  (Lord Manufac- 
tu r ing  Company LDS-501 spra.yable damping mater ia l )  was 
appl ied  to   the  outer  wall of  the  cylinder.  The i n t e r n a l  
damping loss f a c t o r s  p o f  the   bare  and damped 1/16 in .  
cyl inders   are  shown i n   f i g .  9. Application  of  the damping 
material increased  the damping loss f a c t o r  by a f a c t o r  of 
2 o r  3 over  the  entire  frequency  range  of  interest .  The 
sine-sweep  response  of  the  enriched, damped 1/16 in .   cyl inder  
wall and r ing  frame a r e  shown i n  f igs .  1OA and B, respec- 
t i ve ly .  Comparison of f igs .  1OA and B with f i g s .  6A and B 
shows t h a t  t h e   f i n a l  1/16 in .   f ix ture   conf igura t ion  shows 
high modal densi ty  and r e l a t i v e l y  small peak-to-valley 
variation  over  the  entire  frequency  range from 20 t o  2000 
Hz . 

The instrumentation  used  in  the  octave-band random 
t e s t s  of   the  f ixture  i s  shown i n  f i g .  11. The output 
of  a white  noise  generator i s  f i l t e r e d   i n  a selected 
octave  band,  amplified and used  to   dr ive  the  three shakers 
a t tached   to   the   f ix ture .  The  mean square  acceleration 
a t  a point on the   f i x tu re  i s  measured  by passing  the  output 
of  an  accelerometer  through  the  selected  octave-band  filter, 
averaging   the   f i l t e red   s igna l ,  and reading  the  level  on 
a meter. 

The measured  normalized spat ia l  variance o f  the  random 
response  ( in   decibels)  of the  enriched damped 1/16 i n .  
f i x t u r e  i s  shown i n  f ig .  12. The response  variance on the  
r ing  frame and  on the  cylinder wall a r e  comparable. 
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Development of  Other  Multimodal  Fixtures 

A second  rnultimodal f i x t u r e  was developed u t i l i z i n g  
a 1/32 in .   th ick   cy l inder  as shown i n   f i g .  13. Five  wire 
mesh p l a t e s  were  added to   en r i ch   t he  modal density  of 
t he  1/32 in .   cyl inder .  The sine-sweep  response measured 
on the   cy l inder  wall of the  enriched 1/32 in .  f i x t u r e  i s  
shown i n   f i g .  1 4 A .  The sine-sweep  response  indicates 
high modal densi ty  and peak-to-valley  ratios comparable 
to  those  obtained  with  the  enriched 1/16 in .   cy l inder  
( f ig .  8A). The sine-sweep  response o f  the  enriched 1/16 in .  
cyl inder   with a 1/32 in. layer   of  damping mater ia l  s rayed 
on the   ou ter  wall of the  cyl inder  i s  shown i n   f i g .  1 z B. 
The appl icat ion  of   the da.mping  compound s igni f icant ly  
increased  peak-to-val ley  var ia t ions  in  the frequency 
response and degraded  the  performance  of the 1/32 in .  
f i x tu re .  

A t h i r d  multimodal f ixture   configurat ion  constructed 
completely of wire-mesh, f i g .  15, was a l so   inves t iga ted .  
This configuration showed performance cha rac t e r i s t i c s  
similar to   t he  1/32 in .   cy l indr ica l   f ix ture   d i scussed  
in  the  previous  paragraph. The addition  of damping t o  
the  wire-mesh f i x t u r e   a l s o  degraded i t s  performance. 

It i s  believed tha t  wi th  the proper amount of damping 
the  performance  of  the 1/32 in .   cy l ind r i ca l   f i x tu re  and 
the  wire-mesh f i x t u r e  would have  been  comparable o r  s l i g h t l y  
be t te r   than  that  of  the  enriched damped 1/16 in .   f i x tu re  
configuration. However, the performance  of  the 1/16 i n .  
f i x t u r e  was considered  adequate, and the  scope of this 
'program e i d  not   a l low  ref ining  the 1/32 i n .  and the  wire- 
mesh f i x t u r e s  t o  t he i r   po in t  o f  optimum design. 

Fixture  Design Guidelines 

From the   r e su l t s   o f  this and a previous  investigation 
( r e f .  l), some tentat ive  design  guidel ines   for   construct ing 
multimodal fixtures  for  high-frequency  vibration  tests  of 
spacecraft  can  be  formulated. The basic  philoso.phy i n  
designing a multimodal f i x t u r e  i s  t o  b u i l d  a f i x t u r e  which 
simulates a sect ion  of   the mounting s t ruc ture   ad jacent   to  
t he   t e s t   i t em.  The quest ion  natural ly  arises, "How  much of 
the  mounting s t ructure   should the  f ix ture   phys ica l ly   re -  
semble?" The fol lowing  rule   of  thumb can  be  stated.  Define 
a charac te r i s t ic   l ength   equal   to   the   charac te r i s t ic  dimen- 
s ion o f  the  test-i tem  mounting-structure  interface.  For 
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example, the c h a r a c t e r i s t i c  dimension of the  1/2-scale 
model Nimbus spacecraft  mounting equals  the  diameter  of 
the  spacecraft   adapter.  The multimodal fixture  should 
model the mounting s t ruc tu re  a t  l e a s t  one   charac te r i s t ic  
length  on a l l  s ides   o f   the   t es t   i t em.  Thus, the  mult i -  
modal f i x t u r e s  developed fo r   t he  model Nimbus spacecraft  
physically  resenibles a sec t ion  of the Agena vehicle  
approximately  one  diameter i n   l eng th .  

The multimodal f ixture   should  s imulate   the  s t ructural  
cha rac t e r i s t i c s  which are  important  in  determining  the  high 
frequency dynamics. One guide l ine   for   rea l iz ing  t h i s  simu- 
l a t i o n  i s  t o  design  the  multimodal  fixture so that the   po in t  
force  impedance  measured a t  a number of  points on the   f i x tu re  
simulates  in  an  average  sense  the  point  force impedance  of 
t he  mounting s t ruc ture .   In   the   case   o f   the  model Nimbus 
spacecraft ,  we have  chosen the  f ixture   cyl inder   thickness  
and mater ia l  so tha t   the   po in t  impedance of   an   in f in i te  
plate  constructed  of this  thickness and mater ia l  would be 
equa.1 t o  the  point  impedance of  an inf in i te   p la te   cons t ruc ted  
from the Agena vehicle  skin.  

The major task i n  developing a small multimodal  fixture 
which s i rmlates  a l a rge  mounting s t r u c t u r e  i s  the  enrichment 
of   the  f ixture  modal densi ty   to   s imulate   the modal densi ty  
of the   l a rge   s t ruc ture .  The secondary  structure  used  to 
enr ich  the modal dens i ty   o f   the   bas ic   f ix ture  must be com- 
p l i a n t  in order   to   contr ibute  high modal densi ty  a.nd must 
be  strongly  cou9led t o  the  primary  structure.   In  the  case 
of t he  model Nimbus s;3acecraft, 1/16 in .  wire-mesh  proved 
the   bes t  compromise for   enr iching  the modal densi ty   of   the  
1/16 in .   bas ic   f ix ture   cy l inder .  The enrichment  of  the 
modal density  of  the  multimodal  f ixture i s  bas i ca l ly  a t r ia l  
and error  process,  and therefore  sine-sweep  tests  of  the 
multimodal fixture  should  be  conducted  during i t s  develop- 
ment t o  assess   the modal richness,   frequency  variation, and 
spatial  var ia t ion  of   the  f ixture   response.  

The optimum amount of damping of  the  f ixture  should  be 
such as to  approximately  yield modal overlap as indicated 
by  eq. 4. In   general   the  damping should  be  applied  to  the 
basic   f ixture   s t ructure   ra ther   than  to   the  secondary 
s t ruc tu re  o r  the  mode enriching  effect  of the  secondary 
s t ruc tu re  may be   nu l l i f i ed .  
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Excitat ion of the  multimodal  fixture  can  be  accomplished 
by  a t taching a number of small shakers t o   t h e  multimodal 
f ix tu re   o r   by  mounting the  multimodal f i x t u r e  on a la rge  
sl ip-table  configuration,  al though  the f irst  configuration 
i s  preferred  because  the s l i p  t a b l e  will genera l ly   inh ib i t  
some  modes of  the  multimodal  fixture and the  s l i p  t a b l e  
resonances may transmit  through  the  multimodal  fixture. 
The number of small shakers  used ' t o   exc i t e   t he   f i x tu re  
must be   su f f i c i en t   t o   e s t ab l i sh  a spatially  uniform 
response on the f ix tu re .  This requires  that  the  rever- 
berant   vibrat ion  f ie ld   associated with the  resonant modes 
of   the  f ixture   be  equal   to   or   larger   than  the  direct   f ie ld  
which a single  shaker would exc i t e   i n   an   i n f in i t e   s t ruc tu re .  
The  number of   shakers   required  to   exci te   the  f ixture  will of 
course  be  larger i f  t he   f i x tu re  i s  qui te   heavi ly  damped. 

The final  question  regarding  the  application  of  multi-  
modal fixtures  concerns  the  frequency  range  over which 
the  mult imodal   tes t   f ixture  will provide a r e a l i s t i c   t e s t .  
It i s  believed that the  multimodal t e s t   f i x t u r e  developed 
i n  this investigation  provides a r e a l i s t i c   t e s t   a t   f r e -  
quencies above 50 or 100 Hz. In   t es t s   involv ing   la rger  
s-pacecraft,  multimodal  test  fixtures  can  be  developed t o  
operate  a t  s ign i f i can t ly  lower  frequencies. The design 
guideline i s  t h a t  the multimodal t e s t   f i x t u r e  must operate 
well above i t s  f i r s t  few resonance  frequencies and exhibi t  
s u f f i c i e n t  modal density  in  the  frequency  range  of  interest  
i n   o rde r  t o  provide a r e l a t i v e l y  smooth frequency  response 
and small s p a t i a l  and frequency  response  variations. 

Final ly   the  mult imodal   tes t   f ixture  must be  sturdy 
enough to   withstand  the  s ta t ic   loads and fat igue  loads 
associated with the   v ibra t ion   tes t s .  This  requirement 
d i d  no t   cons t i tu te  a .problem in   the   p resent   inves t iga t ion .  

VIBRATION TEST RESULTS 

I n  this sect ion  vibrat ion  configurat ions  incorporat ing 
the  1/16 in.   enriched, damped multimodal t e s t   f i x t u r e  
a.nd the  1/2-scale model Nimbus spacecraft   are  described, 
meth0d.s of  specifying and cont ro l l ing  multirnodal v ibra t ion  
tes t s   a re   d i scussed ,   t ransfer   func t ions  from t he   f i x tu re  
to   the  model spacecraft  measured in   con t ro l l ed  sine-sweep 
and  octave-band random t e s t s  are presented, the e f f e c t  
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Description  of  Test  Configurations 

Both  sine-sweep and octave-band random t e s t s   a r e  
conducted. In   t he  sine-sweep tes t s   the   ins t rumenta t ion  
shown i n  f i g .  5 i s  used to   control   the   average  of   three 
accelerometers on the  control   surface and maintain the 
control   accelerat ion a t  a cons tan t   l eve l  as the  frequency 
i s  swept  from 20 t o  2000 Hz. In  the octave-band random 
tes t s  the  instrumentat ion shown in  f ig .  11 i s  used  to 
exc i t e   t he   s t ruc tu re  with an  octave-band  of  noise and 
the  acceleration  responses a t  a number of  points on the  
exc i t ing   s t ruc ture  and the   spacecraf t  components are 
measured. The sine-sweeis t e s t s   a r e   u s e f u l   f o r   a s s e s s i n g  
the  frequency  variations  in  the  response a t  a s ingle   po in t  
on a spacecraf t  component, whereas the  octave-band random 
tes t s   a re   usefu l   for   def in ing   the   space-average  and spatial  
var ia t ion  i n  v ib ra t ion   l eve l  on a par t icu lar   spacecraf t  
component. In   general ,   the   t ransfer   funct ions  obtained 
i n   t h e  octave-band random t e s t s   a r e  more representat ive 
since  they  represent  the  average on the   t ransfer   func t ions  
between many d i f f e rec t   po in t s .  

Two s e r i e s   o f   t e s t s   a r e  conducted with the  1/2-scale 
model spacecraf t  mounted on the  enriched damped 1/16 i n .  
multimodal f ixture   descr ibed  previously.   In   the f i r s t  
s e r i e s  o f  t e s t s ,   t h e   f i x t u r e  i s  excited with th ree  small 
(25-lb force)   shakers   in   the  radial  d i rec t ion  as shown 
i n  f i g .  2. In   t he  second s e r i e s   o f   t e s t s ,   t h e  1/16 in .  
f i x t u r e  i s  mounted on a conventional s l i p  t ab le   a t tached  
t o  a la rge  ( 3 0 , O O O - l b  force)  electrodynamic  shaker as 
shown i n  f i g .  1. The slip t ab l e   s e r i e s   o f   t e s t s   i nvo lves  
t e s t s   i n  the  longi tudinal  and each of the  two horizontal  
axes . 

Three s e r i e s   o f   t e s t s   a r e   a l s o  conducted with the  
1/2-scale model spacecraft   without  the  multimodal  test  
f i x tu re .  The adapter of  the  1/2-scale model Nimbus space- 
c r a f t  i s  very   th in  (two  hundredths  of  an  inch,  approxi- 
mately) and i n   i t s e l f   c o n s t i t u t e s  a multimodal f ix tu re .  
( I n   f a c t ,  the model spacecraf t   adapter  i s  only 3/8th the  
thickness   desired  for   1/2-scale   s imulat ion  ( ref .  7).) 
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Therefore 8. se r i e s  of  t e s t s  I s  conducted u t i l i z i n g   t h r e e  
small shakers   a t tached  direct ly   to  the Nimbus adapter. 
I n - t h e  secofid se r i e s  of t?sts, the  spacecraft   adapter 
i s ,  a t tached  direct ly  to a convent ional   s l ip   table  and 
excited alor?,g each  of  three  perpendicular axes. P. f i n a l  
s e r i e s   o f   t e s t s  i s  conducted with the   spacecraf t   adapter  
removed. In t h l s  f i n a l   s e r i e s ,   t h e   r i n g  frame  of the  space- 
craft i s  a t t ached   d i r ec t ly   t o  a s l i p   t a b l e  and exc i ta t ion  
is provided  along  each of three  perpendicular  axes.  These 
t e s t s   a r e  conducted 5.n order   to   0bts j .n   resul ts   for  comparing 
multimodal f i x t u r e   t e s t   r e s u . l t s  with the   r e su l t s  of conven- 
t i o n a l   s l i p  t a b l e  t e s t s   u t i l i z i n g  a large  shaker. 

Test   Specification and Control 

The philosophy  for  specifying and cont ro l l ing   the  
input   vibrat ion  environment   in   mult imodal   f ixture   tes ts  
i s  qui te   d i f fe ren t   than  that uti l ized  in   convent ional  
s l i p  table t e s t s .  I n  multimodal f ix ture   t es t s   the   space-  
average  vibration  environment on the   f i x tu re  i s  control led 
rather   than th.e v ibra t ion  environment a t  a s ingle   po in t  
o r  a t  a number of points  on t h e   s l i p  table spacecraft  
in te r face .  This method fo r   con t ro l l i ng  multimodal f i x t u r e  
v i b r a t i o n   t e s t s  is analogous  to the method f o r  specifying 
and controll ing  reverberant  acoustic tests. 

In   reverberant   acoust ic   tes ts ,   one  places   the  tes t  
item i n  a l a rge  room containing a reverberant sound f i e l d  
and specif ies   the  space-average  pressure  level   far  removed 
from the  tes t  i tem,   ra ther   than  the  pressure a t  the  surface 
of t he  t e s t  item. The pressure   a t   the   sur face   o f  a typ ica l  
t e s t   s t r u c t u r e   v a r i e s  a grea t   dea l  from point   to   point  
and depends upon the  exac t   de ta i l s  of  t he   s t ruc tu ra l  
surface.   Similar ly  the  v ib ra t ion   l eve l  a t  t he   i n t e r f ace  
of a s l i p   t a b l e  and a v i b r a t i o n   t e s t   s t r u c t u r e  depends 
upon the  details  of the  t e s t   s t r u c t u r e  mounting and a t  
high  f requencies   exhibi ts   large  var ia t ions  f ron  point  
t o   po in t  on the sl ip-table t e s t   s t r u c t u r e   i c t e r f a c e .  

In te r face   v ibra t ion  measurements a re   a l so   undas i rab le  
because it i s  hard t o  obtaL? a representa t ive   def in i t ion  
of an   in te r face   v ibra t ion  neasuxement  from f l i g h t  data. 
S l igh t  changes in   t he   spacec ra f t  weight or mounting  con- 
f igu ra t ion  can  have a l a rge   e f f ec t  on the in t e r f ace   l eve l s .  
However the reverberant   vibrat ion  levels  measured  on the 
space  vehicle somewhat removed from the   i n t e r f ace  remain 
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r e l a t ive ly   co .ns t an t  from f l i g h t  t o  f l i g h t  and   t hus   cons t i t u t e  
a de f inab le  and representa t ive   .v ibra t ion   envi ronment .  

Transfer   Funct ions  in  Sine-Sweep T e s t s  

The sine-sweep t e s t s  conducted with t h e  multimodal 
f i x t u r e  and spacec ra f t  mounted  on the  conven t iona l   r i g id  
f i x t u r e  as  shown i n  Pig. 1 ind ica t e   t he   s eve r i ty   o f  t h e  
f ixture   resonance  problem  associated w i t h  conventional 
f i x t u r e s .  The v i b r a t i o n  level a t  a s i n g l e   p o i n t  on t h e  
f i x t u r e  i s  con t ro l l ed  a t  a level of 1/2 "g" rms over the 
frequency  range from 20 t o  2000 Hz. The response   in  t h e  
long i tud ina l   exc i t a t ion   conven t iona l  test  a t  one o f  t h e  
p o i n t s  where t h e  mul t imodal  f i x t u r e   a t t a c h e s  t o  the f i x t u r e  
is shown i n  f ig .  16A. Tkis d a t a   c l e a r l y  shows t.he e f f e c t  
of' the f i r s t  bending  resonance of the f i x t u r e  which resul ts  
in an  amplification  of  approximately 300 i n  the mean-square 
a c c e l e r a t i o n   a t  t h e  multimodal f i x t u r e  mounting  foot a t  
a frequency o f  420 Hz, and the d a t a  also i n d i c a t e  higher  
o r d e r  f ix ture   resonances   a t   f requencies   above  400 Hz. 
Figure 1 6 ~  i n d i c a t e s   t h a t  these resonances o f  t h e  conven- 
t i o n a l   f i x t u r e   r e n d e r  the data essent ia l ly   meaningless  
a t  f r equenc ie s   g rea t e r   t han  300 Hz. 

Figure 1 6 ~  shows the sine-sweep  response of the 1/20 
s c a l e  model Nimbus s o l a r   p a n e l   i n  t h e  same tes t .  If one 
were not  aware of t h e  fixture  resonance  problems  which 
e x i s t   a t   f r e q u e n c i e s  above 300 Hz, one  might assume t h a t  
t h e  peak in the so la r   pane l   response  a t  400 Hz is assoc ia t ed  
wi th  the dynamic c h a r a c t e r i s t i c s  of the  solar   panel   and 
undertake a program t o   r e d e s i g n  o r  i s o l a t e  the so la r   pane l  
i n  o rde r  t o   e l i m i n a t e  t h e  400 cycle  peak. Thus t h e  resonan- 
ces   o f  t he  conven t iona l   l a rge   f i x tu re   u sed   t o   coup le  the 
large shaker t o  the mult imodal   f ixture   exhibi t   themselves  
i n  t h e  spacecraf t   response,   and  therefore  it is recommended 
t h a t  a mul t ip l e  small shaker scheme such as t h a t  shown 
i n  f i g .  2 be u t i l i z e d  t o  exc i te   mul t imodal   f ix tures .  

The convent ional  s l i p  table da ta   ob ta ined  in h o r i z o n t a l  
axis tes ts  of the model spacecraf3   do   no t   exhib i t   severe  
f ix tu re   r e sonances . .   F igu re  l7A shows the f ix ture   response  
a t  t h e  c o n t r o l   p o i n t  i n  a h o r i z o n t a l   e x c i t a t i o n  t e s t ,  and 
f ig .  17B shows the  sine-sweep  response a t  a single poin t  
on t h e  enriched damped 1/16 in .   mu l t imoda l   f i x tu re   i n  
t h e  same tes t .  The gain  from t h e  s l i p  t a b l e   t o  t h e  f i x t u r e  
i a  approximately 0 a t  20 Hz and Increases  t o  approximately 
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5 dB at 2000 Hz. Comparison of figs. 17B and 1OB indicates 
that the sine-sweep response of the multimodal fixture 
excited horizontally with the conventional slip-table 
and large-shaker configuration exhibits  significantly 
larger frequ.ency variations in the high-frequency regime 
than when the fixture is  excited with three small shakers 
acting b~ the horizontal plane. Therefore small ehaker 
excitation of  the multimodal fixture is also more desirable 
than large shaker and  slip table excitation of the multi- 
modal fixture from the standpoint of reducing frequency 
variations in  the multimodal fixture response. 

Sine-sweep tests are also performed with the model 
Nimbus spacecraft mounted on a multimodal fixture excited 
with three small shakers as shown in fig. 2. The transfer 
functions measured in these sine-sweep tests are not pre- 
sented in the report because the test results show  very 
little information that is not  contained in the octave- 
band transfer function based on space-average measurements 
which  are presented in the next section. 

Transfer Functions in Octave-Band Random Tests 

Figure 18 presents the transfer function from the multi- 
modal fixture to the spacecraft adapter In the octave-band 
random tests with three small shakers exciting the multimodal 
fixture and the transfer function from the conventional 
slip table to the adapter in tests with the spacecraft 
mounted on the large shaker as shown in f ig .  1. The 
transfer function from the multimodal fixture to the 
adapter is equal to  the ratio of the average of accelera- 
tion measurements at 6 points on  the adapter to the average 
of acceleration measurements at 6 points on the multimodal 
fixture, and the transfer function from the s l i p  table 
to the adapter is defined similarly. The data shown in 
fig. 18 indicate that the transfer function from the conven- 
tional slip table to the adapter is approximately 6 dB 
higher in the octave bands with center frequencies at 125 Hz 
and 250 Hz than the transfer function from the multimodal 
fixture to the adapter. In the high-frequency regime the 
transfer functions from the fixture and from the slip 
table to the adapter are approximately equal. The shaded 
range in  the curves presented in fig. 18 indicate that 
the spatial standard deviations i n  the adapter responses 
in the two tests are approximately equal. 

19 



Figure 19 presents  the space-average  transfer  functions 
from the adapter and the s l i p  table to   the  aensory  r ing 
( f ig .  2) in  the  octave-band random tests. The t r ans fe r  
funct ion from the  adapter t o  the  sensory ring is measured 
i n  mu1tiP;Odal f i x t u r e   t e s t  with small shaker  excitation, 
and the  t ransfer   funct ion from the d i p  table   to   the  sensory 
r ing  is measured i n   t h e   t e s t   i n  which the   r i ng  is mounted 
d i r e c t l y  on the  s l i p  table. The data indica te  that the 
t ransfer   funct ion from the s l i p  t a b l e   t o  the sensory ring 
is much higher than the t ransfer   funct ion from the  adapter 
t o  the sensory  ring. This r e s u l t  i s  expected,  since  the 
spacecraf t   s ignif icant ly   loads  the  l ightweight   adapter ,  
whereas  the  spacecraft has l i t t l e   e f f e c t  on the   f i x tu re  
vibrat ion  levels .  

This data emphas izes   the   d i f f icu l ty   o f   re la t ing   f l igh t  
measurements of vibration  to  conventional r igid f i x t u r e  
v ibra t ion   tes t   spec i f ica t ions .  If one  measures  the  space- 
average  vibration  level on the Nimbus adapter  during f l i g h t  
and spec i f ies  t he  l e v e l  on the  Nimbus a d a p t e r   i n  a vibrat ion 
t e s t ,   t h e   t e s t   r e s a l t s  will be r e a l i s t i c .  However if one 
measures  the  space-average  vibration  level on the  Nimbus 
adapter and then  specif ies   the  levels  on a conventional 
t e s t   f i x tu re   a t t ached   t o   t he   spacec ra f t   r i ng ,   t he   t e s t s  
would r e s u l t  in  disastrous  overtest ing.  I n  order  to specify 
and control   v ibrat ion  tes ts   on the basis of  space-average 
vibra . t ion  levels  on a reverberant  structure,  it i s  necessary 
to   insure  that the mounting f i x t u r e  impedance simulates 
t he  impedance of the i n f l i g h t  mounting s t ruc ture .  

Figures 20, 21, and 22 present  the  space-average  transfer 
functions from the spacecraf t   adapter  t o  the  sensory  r ing,  
control  box,  and solar  panels  (see f ig .  2)  for   four  d l f -  
ferent  excitation  configurations.   In  the first configuration 
the  ada.pter is exci ted   d i rec t ly  with three  small shakers, 
i n   t h e  second configuration  the adapter i s  mounted on 
the  multimodal  fixture which i s  exci ted with three  small 
shakers, i n   t h e  th i rd  configuration  the adapter is mounted 
d i r e c t l y  on the s l i p  t ab le  and excited with horizontal  
exci ta t ion,  and i n  the fourth  configuration the adapter 
i s  mounted on a multimodal f i x t u r e  which i s  i n   t u r n  mounted 
on a s l i p  t ab le  and excited with horizontal   exci ta t ion.  
The data i n  figs. 20, 21, and 22 indicate that  the t ransfer  
funct ion from the adapter to  the  spacecraft  elements when 
the  ada.pter is exci ted   d i rec t ly  with small shakers i s  
s ign i f i can t ly  less than  the  transfer  function when the  
adapter is mounted on the multimode1 f i x t u r e  or conven- 
t i o n a l  s l i p  tab le .  These data suggest that high-frequency 
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vibrat ion tests u t i l i z i n g  small shakers   to   d i rec t ly   exc i te  
an  element  of  the  spacecraft   structure may undertest   other 
elements  of  the  spacecraft. 

The t ransfer   funct ions from the  adapter  to  the  sensory 
r ing  and control  box obtained with the  adapter mounted 
on the  multimodal  fixture  excited with small shakers  are 
lower  than  the  transfer  functions  obtained with the  mul t i -  

. modal f ixture   exci ted  by a s l i p  table .  The transfer  func- 
t ions  from the  adapter  to  the  sensory  r ing,   control box, 
and solar  panels when the  adapter i s  exc i ted   d i rec t ly  
with s l i p  tab le   exc i ta t ion  and when the  adapter is mounted 
on a multimodal f ix ture   exc i ted  with s l i p  t ab le   exc i ta t ion  
a r e  similar. 

Effect  of  Excitation and Measurement Axes 

Figure 23 shows the space-ave.rage  transfer  functions 
from the multimodal f i x t u r e  t o  the   adapter   for   d i f fe ren t  
excitation  axes  in  the  octave-band random te s t s .   I n   t he  
f irst  t e s t  the multimodal f i x t u r e  i s  excited with three 
shakers  acting  along  three radii  of the  multimodal f i x t u r e  
( f ig .  4), i n   t h e  second t e s t   t h e  multimodal f i x t u r e  i s  
excited i n  the  longi tudinal   d i rect ion with a conventional 
f i x tu re ,   i n   t he  t h i r d  t e s t   t h e   m u l t i m d a l   f i x t u r e  is  excited 
along  the  x-horizontal   axis of the  s l i p  table ,  and In  the 
f o u r t h   t e s t   t h e  multimodal f i x t u r e  i s  excited  along  the 
y-horizontal   axis   of  the s l i p  table .  The data presented 
i n  f ig .  23 indicate  that the  t ransfer   funct ion from the 
f i x t u r e   t o  the adapter i n  the small shaker  excitation 
test generally  corresponds with the   t ransfer   func t ions  
In the   horizontal   exci ta t ion s l i p  t ab le   t e s t s ,  whereas 
the   t ransfer   func t ion  i n  the  longi tudinal  s l i p  t ab l e  
t e s t  differs s ign i f i can t ly  from the   horizontal   exci ta t ion 
t e s t   r e s u l t s .  

Figure 24 shows the  t ransfer   funct ions from the mount 
to   the  adapter  f o r  d i f f e ren t  mount exci ta t ion axes in 
octave-band random tes t s .   In   these   t es t s   the   adapter  
response i s  measured i n  the  ax ia l ,  radial, and tangent ia l  
d i rec t ion  a t  a s lngle   po in t  and these measurements a r e  
averaged  together  to  yield a measure of the  axis-average 
adapter  response. In  the  first t e s t ,  the adapter i s  mounted 
on the  multimodal f ix ture   exc i ted   a long   the  radial d i rec t ion  
with three small shakers and the  mount input measured 
with a horizontal  accelerometer on t h e   f i x t u r e   i n   t h e  
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second tes t   the   adapter  is mounted on a convent ional   f ixture  
exc i ted   in   the   longi tudina l   d i rec t ion  and the ingut I s  
measured with a longit.udina1  accelerometer on the   f ix ture ,  
in  the third test  the  adapter i s  mounted on a s l i p  t a b l e  
exc i ted   in  the  x-horizontal   axis and the  input  i s  measured 
with a x-axis  accelerometer on the   f ix ture ,  and i n   t h e  
f o u r t h   t e s t  the adapter is mounted on a s l i p  table   exci ted 
in   the   y -hor izonta l   ax is  and the  input  is measured with 
a y-axis  accelerometer on the   f ix ture .  The data i n  f ig .  24 
indicate  that  the  measurement-axis-average  transfer  function 
obtained with the  adapter mounted on the multimodal f i x t u r e  
exc i ted   in   the  radial direction  envelopes  the measurement- 
axis-average  transfer  functions  obtained with the  adapter 
mounted on the  convent ional   f ixture  and  on the s l i p  table .  

Figure 25 presents  the  spread of the  response measure- 
ments in   the   rad ia l ,   t angent ia l ,  and ax ia l   d i r ec t ion  on 
the  spacecraf t   adapter   in   mult imodal   f ixture   tes ts  with 
radial small shaker  excitation and i n   t h e   s l i p   t a b l e   t e s t  
with x-horizontal   axis  excitation. The da ta   ind ica te  that  
the  var ia t ion  in   tne  adapter   response  a long  the  three 
axes i s  much l e s s   i n   t h e  multimodal f ix tu re   exc i t a t ion  
t e s t   t h a n   i n  a conventional s l i p  t a b l e   t e s t .  Thus the  
multimodal f ixture   configurat ion with small shaker  excita- 
t ion  provides a response on the  adapter which i s  more 
t r i -axial   than  the  convent ional   uniaxial  s l i p  t a b l e  v ib ra -  
t i o n   t e s t .  

Maximum Acceleration  Levels  Obtainable 

The d i spa r i ty  between the  shaker   s ize   in   the  convent ional-  
f ixture   configurat ion shown i n  f ig.  1 and the  shaker size 
i n   t h e  multimodal f ix tu re   t e s t   con f igu ra t ion  shown in 
f ig .  2 leads  to   the  quest ion,  "What a r e   t h e  maximum accel-  
eration  levels  obtaina.ble on the  spacecraf t  with the  
multimodal  fixture, small shaker  configuration?"  Figure 26 
presents   the maximum obta inable   acce le ra t ion   leve ls  on 
the  model spacecraft  elements with the  multimodal  f ixture 
mounting configuration  excited wi th  th ree  small (25-lb 
force  shakers),   In  octave-band random tes t s ,   the   space-  
average  levels on the  adapter  range from 2 t o  20 g ' s  rms 
in  the  var ious  octave bands. I n   s i n e   t e s t s  a t  the   d i scre te  
frequencies  of 20, 100, and 1000 Hz the  maximum obtainable 
acce lera t ion   leve ls  on the   adapter   a re  comparable with 
those i n  the  octave band random tests. The maximum Obtainable 
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levels on the sensory ring in the sine tests range from 
approximately 1 to 3 g's .  The maximum obtainable accelera- 
tion levels on the control box and solar panels are approxl- 
mately 1/2 g rms, at the high frequencies in the sine 
tests reflecting the attenuaticn through the spacecraft 
at the  high frequencies. 

The fact that  it  is possible to obtain 1 g rms accel- 
eration levels on the spacecraft sensory ring at frequencies 
of 20, 100, and 1000 Hz indicates that in  the high-frequency 
regime, the three-small 25-3.b force shakers are almost 
adequate for simulating high-frequency vibration environ- 
ments produced by present-day space vehicles. In actual 
spacecraft test programs utilizing multlmdal test  fixtures, 
one would probably wish to use somewhat  larger shakers 
than used here, however the disparity between the 25-lb 
force shakers used in our experiments  and  the 30,000-lb 
force shaker typically used in high-frequency vibration 
tests is startling. These test results presented herein 
indicate that the need  for  very high-force shakers for 
high-frequency vlb;-ation tests is associated with the 
peculiar methods of performing conventional tests rather 
than  with requirements pertaining to the simulation of 
high-frequency vibration environments. 

SUBSTITUTE ACOUSTIC TEST RESULTS 

In the environmental checkout of aeroqace structures, 
it is becoming common practice to require full-scale proto- 
type acoustic tests. Recently acoustic testing techniques 
have been advocated as a method of overcoming problems 
associated with conventional vibration test fixture setups 
In the high-frequency regime (ref. 8). A series of experi- 
ments were conducted to determine the relative efficiencies 
of acoustical and mechanical excitations of the 1/2-scale 
model spacecraft and to determine the feasibility of utilizing 
small shakers attached directly to the spacecraft to simulate 
the response of  the spacecraft to a reverberant acoustic 
field. 

Efficiency of Acoustical and Mechanical Excitation 

Instrumentation for measuring electrical power Into 
an acoustic speaker or mechanical shaker and for measuring 
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the mechanical power transferred  from t h e  mechanical shaker 
t o  the multimodal. test f i x t u r e  is shown !-n f ig .  27. In 
the f i r s t  experinent, a large electrodynamic speaker (a 
JBL model S7 system) is  placed  approximately 2 ft .from 
t h e  1/16 in. multimodal test.fixture and t h e  fixture is 
exci ted w i t h  octave-bands of acoustic  noise.  The measured 
e l e c t r i c a l  power into %he speaker t o  c rea t e  a 1 g rms 
space-average  acceleration level on the f i x t u r e  in t h e  
octave bands a r e  shown i n  f i g .  28. (It was n o t  possible  
to obtain 1 g leve ls  on the f i x t u r e  wi th  the  speaker 
avai lable ,  so the speaker e l e c t r i c a l  power measure.ments 
shown i n  f ig .  28 a re  scaled up from low-level t e s t  data . )  
I n  t h e  second  experiment, 8 5 - l b  force shaker is attached 
d i r e c t l y  t o  t h e  f i x t u r e  and t h e  e l e c t r i c a l  power into the 
shaker  required t o  produce a 1 "g" rms space-average  rasponse 
on t h e  f i x t u r e  is  measured. The measured shake r   e l ec t r i ca l  
power i n  octave-bands is a l s o  shown i n  fig. 28. The r e s u l t s  
of these tests ind ica t e   t ha t   fo r  1 g acce lera t ion  level 
on t h e  f ix tu re ,  t h e  e l e c t r i c a l  power required t o  d r i v e  
the exc i t ing  speaker would b e  approximately 1000 times 
a s  large a s  t h e  e l e c t r i c a l  power requi red   to   d r ive  a shaker 
a t t ached   d i r ec t ly  to the f ix ture .  

11 It  

11 II 

11 I1 

In  the second experiment, the mechanical power t rans-  
ferred from t h e  shaker t o  t h e  f ixture  is measured using the 
impedance head shown i n  f ig .  27, and t h i s  data is 
a l so   p lo t t ed  In  f i g .  28. The shaker i s  approximately 30$ 
e f f i c i e n t   a t  125 cycles  and approximately 1s e f f i c i e n t  
a t  1000 Hz. To confirm t h e  measurements of mechanical 
power i n to  the f ix tu re ,  the  power dissipated i n t e r n a l l y  
i n  the f ix tu re ,  and t h e  power t ransfer red  from t h e  f ix tu re  
t o  the model spacecraft  i s  calculated for t h e  case of 
1 g rms space-average  fixture response. I1  I1 

The time-average power dissipated i n  the f ix ture  I s  
calculated from Eq. 5. 

where 9 is t h e  damping loss f ac to r  of t h e  f ix tu re  given 
b y  fig. 9, M is  the f i x t u r e  mass. and <a2>,,& I s  the 
space-average  acceleration  level of the f i x t u r e  (ref.  9). 
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The time-average power t ransferred from the   f i x tu re  
to  the  spacecraf t  is calculated  using t h e   s t a t i s t i c a l  
energy  analyslc;  relation  given by eq. 6 

where M1 is the mass of the   f i x tu re ,  M2 i s  the mass of 
the  spacecraf t  adapter, €i2 i s  the  modal separation of 
the spacecfaft   adapter,  61 i s -  the  modal separation of 
the  multimodal  fixture, <a12>s,t i s  the space-average 
acceleration  of  the  multimodal  fixture, <a12>s,t i s  the 
space-average  acceleration of the  spacecraft   adapter,  
a.nd sc12 i s  the  coupling l o s s  fac tor  from the f i x t u r e  t o  
the  adapter  (eq. 12 of  ref . 9 ) .  The coupling  loss  factor 

is calculated by modifying r e su l t s   fo r  two coupled 
plates   (eq.  36 of r e f .  4 )  to  account  for t h e  e f fec t  of 
curvature on the speed  of  bending waves i n   t h e  multimodal 
f i x tu re .  The calculated power diss ipated In the f i x t u r e  
and the  power t ransferred  to   the  spacecraf t   are  also shown 
i n   f i g .  29. The  sum of the power d i s s ipa t ed  i n   t h e   f i x t u r e  
and the  power t ransferred from the   f i x tu re   t o   t he   spacec ra f t  
i s  approximately  equal t o  the measured mechanical power 
I n t o  t he   f i x tu re  from the  shaker and therefore   the power 
balance measurements a r e  confirmed.  These calculat ions 
a l so   ind ica te  that the  power d i s s ipa t ed   i n   t he   f i x tu re  
i s  approximately equal to   the  power t ransferred to the 
spacecraf t ,  so the  1/16  in.  multimodal  fixture i s  approxi- 
mately 50$ e f f i c i en t .  

q12 

Acoustic and Mechanical  Excitation  of Model Spacecraft 

I n  the first se r i e s   o f   t e s t s   t he  model Nimbus spacecraf t  
i s  excited with a reverberant sound f i e l d  with octave- 
bands of random noise, and the  resblting  space-average 
acceleration  responses  of the  adapter, solar   panels ,  and 
control  box a r e  shown by t he  solid l i nes  i n  f ig .  29. 
The adapter and solar  panels appear t o  be the  most impor- 
tan t - rece ivers   o f   acous t ic  power. 
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In  the  second  experinlent,  one small shaker i s  attached 
t o  the spacecraf t   adapter  and a second  shaker is attached 
to  the spacecraf t   solar   panels .  The exci ta t ion   l eve ls  
f o r  these two shakers are adjusted so as to  simulate the 
calculated  response of the  adapter and so lar   pane ls   to  
acoust ic   exci ta t ion.  The acceleration  response of the 
adapter,  solar panels, and the spacecraf t   control  box 
in   t he  mechanical  excitation  experiment  are  also shown 
i n  f ig .  29. 

The r e su l t s   i nd ica t e  thet even  though the  acoust ic  
response  of  the  adapter and solar   panels   are   adequately 
simulated in the mechanical  excitation experiment, the 
spacecraf t   control  box l eve l s   a r e   s ign i f i can t ly   l e s s  i n  
the  mechanical  excitation  experiment  than in the acoustic 
excitation  experiment.  These  results  indicate that It 
i s  not   feas ib le  t o  u t i l i z e   l o c a l  mechanical  excitation 
from two small  shakers t o  simulate  the  response of the 
complete model Nimbus spacecraf t  t o  a reverberant  acoustic 
f i e l d .  

CONCLUSIONS AND RECOWNDATIONS 

The t e s t  data obtained i n  this investigation  supports 
the  following  conclusions : 

1) It is  possible   to   construct  small multimodal  vibra- 
t ion  t e s t  f i x t u r e s  t o  simulate  the  average  point 
impedance  and moda.1 density  of  large  aerospace 
mounting structures  in  the  high-frequency regime. The 
multimodal f ixture  designed i n  t h i s  invest igat ion 
r e su l t s   i n   appa ren t ly   r ea l i s t i c   t r ans fe r   func t ions ,  
r e l a t i v e l y  smooth frequency  response, and small 
spatial var ia t ions  a t  frequencies  above  aDproxi- 
mately 50 Hz. This frequency i s  well below the  
frequencies a t  which the  convent ional   f ixture  
and s l i p  table  configurations  begin t o  exhibi t  
f ixture  resonance and unrea l i s t ic   over tes t ing  
problems . 

2)  If the  rnultimodsl t e s t  fixture concept i s  employed, 
shakers ,   s ignif icant ly   snal ler   than  those  current ly  
used i n  high-frequency  vibration  spacecraft   tests 
are  capable o f  exc i t i ng   i n f l i gh t   v ib ra t ion   l eve l s  
on the   spacecraf t .  If a mult imodal   f ixture   or  
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3 )  

4) 

simulated mounting s t r u c t u r e . i s  mounted on a con- 
ventional  r ' lxture and large  shaker  configura.tion, 
the fixture  resona.nces will exhibit  themselves 
through  the  multimodal  fixture o r  mounting s t ruc tu re  
and adversely  effect  the t e s t  r e su l t s .  

If the multimodal f ixture   tes t ing  concept  I s  employed, 
a s ing le  test  can be  conducted a t  high frequencies 
and the   v ibra t ion  environment  on the spacecraft  will 
simultaneously  simulate the environment  generated 
in  conventional  tests  conductee  along  each of th ree  
perpendicu1a.r  axes,  Vibration-  tests  utilizing the 
multimodal tes t  fixture  concept w l l l  general ly  
r e s u l t   i n  a more t r i ax ia l   spacec ra f t   v ib ra t ion  
environment i n  the high-frequency  regime  than t e s t s  
performed with conventional  fixtures  excited  along 
a s ingle   ax is .  

Acoustic  excitation is a much l e s s   e f f i c i e n t  method 
of excit ing  structures  than  mechanical  excitation, 
but  the  response  of a. complex aerospace  s t ructure  
such as a spacecraf t   to   d i s t r ibu ted   acous t ic   exc i ta -  
tion  cannot,  in  general,  be  simulated by a t tach ing  
shakers   d i rec t ly   to   the   spacecraf t .  

On tk basis of the resul ts   of   the   present   invest iga-  
t ion ,  i t  is  appropriate   to  recommend tha t :  

Increased  emphasis  be placed on in f l igh t   v ib ra t ion  
measurements on reverberant   s t ructures  far removed 
from  mounting poin t   in te r faces  . Vibration measure- 
ments made on reverberant  structures  such as the 
space  vehicle  skin o r  a spacecraf t   adapter   are  In 
general  more r e l i a b l e  and subject  t o  l e s s   va r i a t ion  
from f l i g h t  t o  f l i g h t  and less var i a t ion  when the 
d e t a i l s  of the mounting configuration o r  spacecraft  
are changed s l igh t ly .  Measur.ements on reverberant 
s t ruc tu re   a l so   i nd ica t e  less frequency  variation 
and less va r i a t ion  from point-to-point  than measure- 
ments at complex attachment  points. 

2) The multimoda.1 f i x t u r e  and small shaker tes t  con- 
f igu ra t ion  be used in  the  high-frequency regime 
i n  fu tu re   spacec ra f t   t e s t  programs in  order   to  
e l imina te   the   ra ther  a r t i f i c i a l  problems  associated 
with the  u8e of  conventional  f ixture and l a rge  
shaker configurations. 
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3) Further  research be conducted  to  determine  the 
effect of mounting  point  impedance  and  vibration 
correlation  along  mounting-interfaces  on  the  power 
transferred  across the interface. It is  well 
known that  the  power  transferred  between  two  struc- 
tures  connected  at  an  interface  depends  not  only 
cn the avarage  vibration level at the  interface, 
hut on the  correlation of the  vibration  level  at 
different points along  the  interface.  Thus a rigid 
fixture  which moves coherently  wil1,transmit  Eore 
power  to a test structure  than a lightweight aero- 
space  mounting  structure  which  exhibits  incoherent 
vibration, even though  the  space-average  vibration 
levels at the  interface  are  the  same on the rigid 
fixture  and  the  flexible  mounting  structure. 

4) The  feasibility of utilizing  the  multimodal  fixture 
concept  for  simulating  'high-frequency  pyrotechnic 
shock  environments  should be investigated.  Ma.ny 
of  the  problems  associated  with  current  practices 
in high-frequency  vibration  tests  are also present 
in current  practices in high-frequency  shock  tests. 
A multimodal  fixture,  excited by any  convenient 
means  should  provide a realistic  approach  to  the 
simulation of high-frequency  shocks  such as those 
associated  with  pyrotechnic  devices  in  a.erospace 
vehicles. 

5) The  possibility of using  mechanical  shakers  to 
simulate  the  response of aerospace  structures  to 
acoustic  excitation  should be explored  further. 
The  results of this  investigation  point  out  the 
inefficiencies  of  acoustic  excitation  as a. means 
of exciting  aerospace  structures,  but  indicate  the 
difficulty in using  mechanical  sha.kers  to  simulate 
the  response of complex  aerospace  structures  such 
as spacecraft to distributed  acoustic  fields. 
These  results do not,  however,  preclude  the  possi- 
bility  of using small  shakers  to  simulate  the 
acoustic  response of uniform  aerospace  structures 
such as the  launch  vehicle  skin  or  the  shroud of 
a spacecraft. 
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FIGURE 1. MODEL NIMBUS SPACECRAFT MOUNTED ON CONVENTIONAL 
FIXTURE AND LARGE SHAKER CONFIGURATION 
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FIGURE 2. MODEL NIMBUS SPACECRAFT MOUNTED 
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SHAKER CONFIGURATION 
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FIGURE 3A. PLATE IMPEDANCE  MEASUREMENT SET-UP 

FIGURE 38. TYPICAL PLATE iMPEDANCE DATA 
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