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ABSTRACT 

The 1/5th . scale  model Mark I pressure suppression faci  l i  ty was experi - 
mental ly  analyzed in  order to  determine i t s  fundamental .modes of v ibrat ion.  

The resu l t s  of the  modal analysis  revealed seven apparent modes with frequen- 

c ies  below 100 Hz. In t h i s  report  each mode is characterized by a descr ipt ion 

of the motion, the  natural frequency, and t he  response ampli tude. The resu l t s  

ind ica te  t ha t  the  response of the  torus to  an impulsive load i n  t h e  ver t i ca l  

. direct ion i s  dominated by two modes a t  12.2 Hz and 59.8 Hz. 



I NTRODUCTIOId 

The NRC pressure  suppress ion exper imenta l  f a c i l i t y  i s  a  115 th  s c a l e  model 

o f  a  Mark I b o i l i n g  wa te r  r e a c t o r  (BWR) conta inment  system. I n  a  Mark I BWR 

t h e  r e a c t o r  i s  surrounded by a d r y  w e l l  hav ing  t h e  genera l  shape o f  an i n -  

candescent b u l b .  Vent p i pes  l e a d  f rom t h e  d r y  w e l l  i n t o  a  t o r o i d a l  we t  w e l l  

t h a t  surrounds t h e  d r y  w e l l .  Fo l l ow ing  a l o s s - o f - c o o l a n t  acc iden t  (LOCA) , a  

steam p i p e  break w i t h i n  t h e  d r y  we1 1  , t h e  a i r  and steam pass through t h e  ven t  

p ipes i n t o  a  r i n g  header i n s i d e  t h e  t o r o i d a l  we t  w e l l  and t h e n  through a  s e t  

o f  down-comer p ipes  i n t o  a  pool  o f  wa te r .  The 115th s c a l e  model c o n s i s t s  o f  

a  90" segment and a  7.5" segment o f  t h e  t o r o i  da l  w e t  w e l l .  Exper iments a re  

be ing  conducted w i t h  t h e  s c a l e  model i n  o r d e r  t o  p r e d i c t ,  t h e  dynamic behav io r  

o f  a  f u l l - s c a l e  Mark I pressure  suppress ion system dur i 'ng a  LOCA. 

Since t h e  dynamic behav io r  o f  t h e  s c a l e  model i s  o f  p r ima ry  impor tance,  

a  modal a n a l y s i s  o f  t h e  assembly was per formed i n  o r d e r  ' t o  determi  ne i t s  funda- 

mental  modes o f  v i b r a t i o n .  A  conceptual  mathematical  model o f  t h e  t o r u s  was 

used i n  o r d e r  t o  s e l e c t  app rop r i a te  l o c a t i o n s  f o r  t h e  a p p l i c a t i o n  o f  l o w - l e v e l  

impu l s i ve  loads.  The impu l s i ve  loads were c rea ted  by impac t i ng  t h e  t o r u s  w i t h  

an ins t rumented  s ledge  hammer, and t h e  hamner f o r c e  and r e s u l t i n g  t o r u s  mo t i on  

were recorded us ing  t h e  TDAC [I] computer system. The to'rus was sub jec ted  t o  

two s e r i e s  o f  impacts,  v e r t i c a l  and h o r i z o n t a l ,  f o r  two , c o n f i g u r a t i o n s ,  pa r -  

t i a l  ly. f i  l l e d  w i t h  water*  and empty. Modal ana l ys i s ,  t h e o r y  was t h e n  used t o  

combine t h e  exper imenta l  da ta  w i t h  t h e  conceptual  model t o  r evea l  t h e  n a t u r a l  

f requencies and mode shapes o f  seven apparent  modes o f  v i b r a t i o n  below 100 Hz. 

Th is  r e p o r t  p resen ts  . a  b r i e f  e x p l a n a t i o n  o f  modal a n a l y s i s  t heo ry  and i l l u s -  

t r a t e s  how t h i s  t heo ry  was a p p l i e d  t o  t h e  t o r u s  assembly. 

Modal Ana lys i  s  

A1 though modal a n a l y s i s  i s  p r i m a r i l y  an exper imenta l  technique,  i t  i s  

e s s e n t i a l  t o  c o n s t r u c t  a  conceptual  mathematical  model o'f t h e  s t r u c t u r e  t o  be 

analyzed. The model i s  used t o  s e l e c t  impact  l o c a t i o n s  on t h e  s t r u c t u r e  and 

t o  a i d  i n  t h e  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s .  I f  t h e  s t r u c t u r e  cannot be d i s -  

c r i b e d  by a model o f  t h e  p rope r  form, then  t h e  a n a l y s i s  cannot  be  a p p l i e d  w i t h  

conf idence. S p e c i f i c a l l y  , modal a n a l y s i s  can be a p p l i e d  t o  any system t h a t  

can be descr ibed  by a  s e t  o f  s imultaneous second-order l i n e a r  d i f f e r e n t i a l  

equat ions of  t h e  fo rm 

* Water l e v e l  2.4 i n .  below c e n t e r l i n e ,  



Mj?(t)  + C i ( t )  + k x ( t )  = f ( t )  

where 

f ( t )  = fo rce  vec to r  

x ( t )  = disp lacement  vec to r  

i ( t )  = v e l o c i t y  v e c t o r  . . 
x ( t )  = a c c e l e r a t i o n  v e c t o r  

and M, C, and K a r e  the  mass, damping, and s t i f f n e s s  m a t r i c e s .  I f  t h e  system 

has n  degrees o f  freedom, then  t h e  vec to r s  a re  n-dimensional  and t h e  ma t r i ces  

are n  x n. S o l u t i o n s  o f  t h e  homogeneous equa t i on  desc r i be  t h e  n  d i f f e r e n t  modes 

o f  v i b r a t i o n  o f  t h e  system. Modal a n a l y s i s  can be used t o  compute t h e  M y  C, 

and K mat r i ces  f rom exper imenta l  data.  Once these ma t r i ces  a r e  known, i t  i s  

p o s s i b l e  t o  c a l c u l a t e  t he  response o f  t h e  system t o  any a r b i t r a r y '  d r i v i n g  f o r c e  

v e c t o r  u s i n g  Equat ion 1. 

General Theory 

I t  i s  necessary t o  rev iew t h e  t h e o r y  i n  o r d e r  t o  i l l u s t r a t e  how impact  

l o c a t i o n s  a re  determined and how t h e  mode shapes can be computed. F i  r s t ,  we 

w i  11 b r i e f l y  desc r i be  some p r o p e r t i e s  o f  t h e  s o l u t i o n s  o f  t h e  homogeneous form 

of Equat ion  1.  Tak ing t h e  Laplace t r ans fo rm  o f  equa t i on  ( 1  ) g i  ves : 

B (s )X (s )  = F(s )  

where 

F ( s )  = Laplace t rans fo rm o f  t h e  f o r c e  v e c t o r  

X(s)  = Laplace t r ans fo rm  o f  t h e  d isp lacement  v e c t o r  
2 

B ( s )  = Ms + Cs + K = t h e  system m a t r i x  

s = t h e  Laplace v a r i a b l e .  

The t r a n s f e r  m a t r i x  i s  d e f i n e d  as t h e  i n v e r s e  o f  t h e  system m a t r i x  

H (s )  = B ( s ) - '  

which i m p l i e s  t h a t  

X(s) = H ( s ) F ( s ) .  

Therefore,  t h e  t r a n s f e r  m a t r i x  i s  an n  x . n  m a t r i x  



t h  
where h .  . ( s )  i s  t h e  t r a n s f e r  f u n c t i o n  t h a t  s p e c i f i e s  t h e  response o f  t h e  i- 

1 J  t h  
element due t o  t h e  f o r c e  a p p l i e d  a t  t h e  j- element.  S ince  t h e  elements o f  

B (s )  a re  q u a d r a t i c  func t ions  of  t h e  Laplace v a r i a b l e  s,  t h e  elements o f  H(s )  

a.re r a t i o s  o f  po lynomia ls  i n  s ;  i .e. ,  

where t h e  b ' s  a r e  po lynomia l  c o e f f i c i e n t s  and d e t  ( ~ ( s ) ) " i s  a  po lynomia l  o f  

o r d e r  2n. I f  t h e  r o o t s  o f  d e t  ( B ( s ) )  a r e  d i . s t i n c t ,  then  H(s) can be w r i t t e n  as 

where 
t h  

a k 
= t h e  res idue  m a t r i x  f o r  t h e  k- r o o t  

t h  t h  
pk = t h e  k- r o o t  o f  d e t  ( B ( s ) )  o r  k- p o l e  o f  t i ( s ) .  

If t h e  system i s  s u b c r i  t i c a l l y  damped, t h e  r o o t s  occu r  i n  complex con juga te  p a i r s  

o f  complex numbers, 
% 

where ok i s  t h e  damping c o e f f i c i e n t  and % i s  t h e  n a t u r a l  f requency.  For  each 

p o l e  t h e r e  i s  a  corresponding modal v e c t o r  uk which i s  a  s o l u t i o n  o f  t h e  equat ion ,  

Us ing t h e  modal vec to rs ,  t h e  t r a n s f e r  m a t r i x  can be w r i t t e n  i n  terms o f  t h e  n  

complex c n n j ~ ~ g a t . ~ !  p a i r s  n f  po les  

Each te rm i n  the  summation i s  an n x n  complex m a t r i x  t h a t  corresponds t o  t h e  

c o n t r i b u t i o n  o f  each mode t o  t h e  t r a n s f e r  m a t r i x .  

I t  can be  shown [Z-51 t h a t  u s i n g  (10)  each row and column o f  t h e  res idue  

m a t r i x  con ta ins  t h e  same modal v e c t o r  mu1 t i p l i e d  by a  component o f  i t s e l f .  

Therefore,  t h e  modal vec to rs  and p o l e  l o c a t i o n s  can be  computed f r om any row 

o r  column o f  t h e  t r a n s f e r  m a t r i x .  Th is  means t h a t  a  s t r u c t u r e  can be analyzed 



by e x c i t i n g  i t  a t  each p o i n t  and measuring t h e  response a t  one p o i n t ,  i d e n t i -  

f y i  ng a column, o r  by e x c i t i n g  i t  a t  one p o i n t  and measuring t h e  response a t  

every  p o i n t ,  i d e n t i f y i n g  a row. 

When t h e  modal vec to rs  a r e  rea l - va lued ,  then  they  a r e  e q u i v a l e n t  t o  t h e  

mode shape. I n  t h e  case o f  complex modal vec to r s ,  t h e  mode shape can be com- 

pu ted  f rom t h e  magnitude o f  t h e  res idue .  

Torus Conceptual Model 

Since t h e  purpose o f  t h e  a n a l y s i s  was t o  i d e n t i f y  t h e  r i g i  d-body modes o f  

v i b r a t i o n  o f  t h e  t o r u s  assembly, a  s i m p l i f i e d  model was cons idered.  The t o r u s  

was d i v i d e d  i n t o  a  beam composed o f  seven lumped masses, as shown i n  F i g .  1 .  

.The f i r s t ,  f o u r t h ,  and seventh masses a r e  l o c a t e d  a t  f l a n g e  j o i n t s ,  and t h e  

o t h e r  f o u r  masses correspond t o  weld- j o i  n t  1  o c a t i  ons . The c e n t e r  o f  t h e  t o r u s  

i s  cons t ra i ned  i n  t h e  X d i r e c t i o n  by a s t e e l  beam, and b o t h  t h e  c e n t e r  and end 

are suppor ted by l o a d  c e l l s .  

T r a n s l a t i o n a l  mot ion  o f  the model i n  t h e  X- and Z-axes can be desc r i bed  

by a s e t  o f  f ou r t een  simultaneous d i f f e r e n t i a l  equa t ions .  There fo re ,  a1 1 o f  

t he  modes o f  v i b r a t i o n  o f  t h e  model can be i d e n t i f i e d  by measuring t h e  response 

o f  t he  sys tem t o  seven X-axis impacts and seven Z-ax is  impacts . S i  nce t h e  

mo t i on  o f  each mass i s  measured r e l a t i v e  t o  i t s  a t - r e s t  ' p o s i t i o n ,  i t  i s  n o t  

necessary t o  cons ide r  t h e  c u r v a t u r e  o f  t h e  t o r u s .  The X-axis and Y-axis i n  

F i g .  1  correspond t o  t h e  r a d i a l  and t h e  t angen t i  a1 d i  r e c t i  ons o f  t h e  t o r u s .  

IMPACT DATA 

Equipment 

The modes o f  v i b r a t i o n  were e x c i t e d  by i r p a c t  i ng t h e  s t r u c t u r e  w i  t h  a  

2.5 kg hammer. A po lyure thane  cap was used on t h e  hanrner t o  cushion t h e  impact  

s u f f i c i e n t l y  .t.o e x c i t e  o n l y  those modes w i t h  f requenc ies  below 100 1 2 .  The 

impact  f o r c e  was measured w i t h  a  q u a r t z  f o r c e  t r ansduce r  mounted between t h e  

cap and t h e  hammer head, and t h e  t ransducer  o u t p u t  was f e d  through a charge 

amp1 i f i e r .  Two geophones were used t o  measure t h e  response o f  t h e  s t r u c t u r e  

i n t he  r a d i  a1 and . v e r t i c a l  d i  r e c t i  ons . The geophones respond t o  v i b r a t i o n s  

above 1 Hz w i t h  a  s e n s i t i v i t y  o f  approx imate ly  0.5 V/mm/s. The geophone o u t -  

p u t  d i d  n o t  r e q u i r e  any a m p l i f i c a t i o n .  A l l  t ransducers were a c c u r a t e l y  c a l i -  

b r a t e d  be fo re  they  were used. The t ransducer  s i g n a l s  were recorded  u s i n g  a 



p o r t a b l e  analog t a p e  system, and then  t h e  tapes were p layed  back and d i g i  ti zed 

us ing  t h e  TDAC computer system. Du r i  ng t h e  d i  g i  t i z i  ng process t h e  analog 

s i g n a l s  were a m p l i f i e d  by a  f a c t o r  o f  100, f i l t e r e d  a t  250 Hz (3 -po le  Besse l )  

and sampled a t  1000 Hz. Th is  cho ice  of sampl ing parameters a l l owed  accu ra te  

ana l ys i s  o f  f requenc ies  up t o  1.00 Hz. 

S ince  t h e  TDAC computer system i s  t r a n s p o r t a b l e ,  i t  i s  u s u a l l y  n o t  neces- 

sary  t o  use t h e  i n t e r m e d i a t e  s t e p  o f  r e c o r d i n g  t he  da ta  on  analog tape.  However, 

i t  was used i n  t h i s .  case, s i nce  t h e r e  was n o t  a  s u f f i c i e n t  amount o f  she1 t e r e d  

space a t  t h e  s i t e  t o  house t h e  computer. 

Procedure 

F igu re  2 i s  a  t o p  view o f  t he  t o r u s  t h a t  shows t h e  impact  p o i n t s  and t r ans -  

ducer l o c a t i o n s  f o r  b o t h  t h e  h o r i z o n t a l  and v e r t i c a l  impact  s e r i e s .  The two 

t ransducers p rov ided  a  r e c o r d  o f  t h e  r e s u l t i n g  mo t i on  i n  t h e  X and Z d i r e c t i o n s  , 
where Z  i s  v e r t i c a l  . The seven impact  p o i n t s  were thought  t o  be  s u f f i  c i e n t  t o  

e x c i t e  t h e  major  r i g i d - b o d y  modes o f  v i b r a t i o n .  Each impact  p o i n t  was s t r u c k  

t h ree  t imes w i t h  t h e  hammer, and each t ime  t h e  response was c o l l e c t e d  f o r  4  

seconds a f t e r  impact .  Th is  was t h e  amount o f  t ime  necessary f o r  t h e  v i b r a t i o n s  

t o  decay t o  t h e  ambient n o i s e  l e v e l .  

F i gu re  3 i s  a  p l o t  o f  t h e  hammer f o r c e  f o r  a  t y p i c a l  impact ;  i n  t h i s  case 

i t  i s  f o r  a  v e r t i c a l  impact  a t  l o c a t i o n  1. The waveform i s  a  2860 Newton h a l f -  

s i n e  pu l se  w i t h  a  d u r a t i o n  o f  approx imate ly  0.075 seconds. F igures  4a and 4b 

show t h e  v e l o c i  ty responses i n  t h e  Z- and X-axes f o r  t h e  same v e r t i c a l  impact .  

Both response waveforms appear t o  be composed o f  a  h  igh-. f requency component 

which decays r a p i d l y  and a  low-frequency component o f  approx imate ly  12 Hz. 

Data Reduct ion 

The f i r s t  s t e p  i n ,  t h e  data r e d u c t i o n  process was t o  conve r t  t h e  v e l o c i t y  

da ta  i n t o  a c c e l e r a t i o n .  Th is  was accompl ished by u s i n g  a  f i v e - p o i n t  numer ica l  

d i f f e r e n t i a t i o n  a l g o r i t h m .  F igures 5a and 5b show t y p i c a l  Z- and X-axis da ta  

a f t e r  d i  f f e r e n t i  a t i  on. An average t r a n s f e r  f u n c t i o n  was t hen  computed f o r  

each p a i  r o f  irnpact 1  o c a t i  ons and response d i  r e c t i  ons . 



F i  r s  t t h e  f o r c e  au to - spec t ra l  d e n s i t y  and force-response c ross -spec t ra l  d e n s i t y  

were computed f o r  each impact,  
* 

and 

where * denotes t h e  complex con juga te  and 

Fi = t h e  F o u r i e r  t r ans fo rm  o f  t h e  impact  f o r c e  

G ~ i  F~ = t h e  force au to - spec t ra l  d e n s i t y  

X .  = t h e  F o u r i e r  t , ransform o f  t h e  response 
J 

G X I F  = t h e  c ross -spec t ra l  d e n s i t y  
J i 

i = t h e  i ndex  o f  t h e  impact  p o i n t  

j = t h e  i ndex  o f  t h e  response p o i n t  

The auto-  and c ross -spec t ra l  d e n s i t i e s  were then  average f o r  t h e  t h r e e  impacts 

a t  each l o c a t i o n ,  and t h e  , t r a n s f e r  f u n c t i o n s  were computed f rom t h e  equa t i on  

where 

G~ .F = t h e  average c ross -spec t ra l  dens i  ty 

J i * 
G ~ i  F~ 

= t h e  average fo rce  au to - spec t ra l  d e n s i t y  

hij = t h e  t r a n s f e r  f u n c t i o n  f rom f o r c e  t o  d isp lacement  

g i  j 
= t h e  t r a n s f e r  f u n c t i o n  f rom f o r c e  t o  a c c e l e r a t i o n .  

The responses from t h e  f ou r t een  impacts  comhined w i  t h  Equat ion  13  a r e  s u f f i  cen t  

t o  s p e c i f y  one row o f  t h e  t r a n s f e r  m a t r i x .  The c o ~ p u t e r  program r e q u i r e d  t o  

compute t h e  mass, s t i f f n e s s ,  and damping ma t r i ces  o f  Eqaut ion  1  i s  under  de- 

velopment a t  t h i s  t ime;  however, w i t h  c e r t a i n  assumptions, t h e  mode shapes can 

be coniputed d i r e c t l y  f rom t h e  t r a n s f e r  f u n c t i o n  data.  



RESULTS 
. . 90" Torus Assembly 

F igures  6a and 6b a re  simultaneous p l o t s  o f  t h e  t r a n s f e r  f u n c t i o n  ampl i tude  
. . 

i n  gls/Newton f o r  a l l  seven v e r t i c a l  impacts.  L ikewise ,  F i g s .  7a and 7b show 

t h e  ampl i tudes f o r  t h e  h o r i z o n t a l  impacts .  Several  modes a r e  i n d i c a t e d  by t h e  

co'incident peaks i n  amp l i tude  and t h e  c h a r a c t e r i s t i c s  o f  seven o f  t hese  a r e  

summarized i n  Table 1. The t a b l e  i nc l udes  a  b r i e f  d e s c r i p t i o n  o f  t h e  t y p e  o f  

mot ion,  t h e  n a t u r a l  f requency when p a r t i a l l y  f i l l e d  w i t h  wa te r  and when empty, 

and t h e  response ampl i tude  f o r  b o t h  v e r t i c a l  and h o r i z o n t a l  impacts .  The am- 

p l i t u d e  i s  e q u i v a l e n t  t o  t h e  peak response o f  t h e  t o r u s  f o r  a  s i n u s o i d a l  1  k i l o -  

newton d r i v i n g  f o r c e  a t  t h e  resonant  frequency. 

For  s imp le  modes t h a t  a re  l i g h t l y  damped and w e l l  separated, t h e  imag inary  

p a r t s  o f  t h e  complex t r a n s f e r  f u n c t i o n s  can be used t o  c o n s t r u c t  t h e  mode shapes. 

Wi th  t h i s  assumption, t h e  mode shapes f o r  t h e  seven dominant modes were computed 

and a re  shown i n  F igs .  8  through 14. Each f i g u r e  shows t h e  d isp lacement  of  t h e  

t o r u s  f rom th ree  d i f f e r e n t  v iews; however, t h e  d isp lacements a r e  n o t  n e c e s s a r i l y  

sca led  e q u a l l y  f o r  each view. 

Modes 1  and 2 appear t o  have t h e  same mot ion  (see  F i g s .  8 and 9 ) .  Th is  

may be due t o  coup l i ng  w i t h  o r b i t a l  mot ion  about  t h e  Y-axis which, u n f o r t u n a t e l y ,  

i s  n o t  observab le  w i t h  t h i s  da ta .  .The response ampl i tudes i n d i c a t e  t h a t  both 

o f  these  modes a re  e x c i t e d  p r i m a r i l y  by h o r i z o n t a l  f o r ces .  

Again, modes 3  and 4  appear t o  be very  s i m i l a r ;  however, mode 3  a t  12.2 Hz 

i s  c l e a r l y  dominant. The ampl i tude  i n d i c a t e s  t h a t  i t  can be e x c i t e d  s i g n i f i -  

c a n t l y  by bo th  h o r i z o n t a l  and v e r t i c a l  fo rces .  

A  . f i f t h  mode appears t o  be t h e  f i  r s  t bending mode o f  t h e  t o r u s  as i f  i t 

were a  s imp le  beam. Th i s  mode does n o t  appear i n  t h e  response t o  h o r i z o n t a l  

i ~npac  t s  , and i t c o n t r i  hutes 1  i ttl c t o  t h e  v e r t i c a l  impact  response. 

! 

There i s  another  p a i r  o f  modes, number 6 a t  59.8 Hz and number 7  a t  61.8 Hz 

which have very  s  i m i  1  a r  mot ions . Number 6, a1 ong w i  t h  number 3, domi na te  t h e  

response t o  v e r t i c a l  impacts .  
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7.5" Torus Segment 

The 7.5" to rus  segment was s t r u c k  a t  f o u r  l o c a t i o n s  i n  o r d e r  t o  determine 

i t s  fundamental na tu ra l  f requencies.  F igu re  15 shows t h e  f o u r  impact l oca t i ons  

and the  three measurement d i r e c t i o n s .  The s t r u c t u r e  was s t r u c k  i.n t he  X- 

d i r e c t i o n  a t  two l o c a t i o n s  i n  o rde r  t o  determine t h e  f i r s t  t o r s i o n a l  mode. 

Table 2 summarizes t h e  modes t h a t  were f d e n t i f i e d .  Three modes appear i n  the  

X-axis data. The f i r s t  mode corresponds t o  X-axis t r a n s l a t i o n  and t h e  second 

mode i s  due t o  t o r s i o n  o f  t h e  segment r e l a t i v e  t o  i t s  supports .  A1 though the 

shape o f  t h e  t h i r d  mode cannot be s p e c i f i e d  from data a t  o n l y  two po in t s ,  i t s  

frequency was apparent a t  80 Hz. Unfor tunate ly ,  no i nformat i  on was o b t a i  ned 

f o r  t he  Y-axis mo'tion due t o  an i ns t rumen ta t i on  f a i l u r e .  The fundamental 

'frequency i n  t h e  Z-axis appeared. t o  be approximately.  50 Hz. 

CONCLUSIONS 

The n a t u r a l  f requencies o f  seven modes o f  v i b r a t i o n  o f  t he  to rus  assembly 

have been i d e n t i f i e d  by ana lyz ing  the  s t r u c t u r a l  response t o  a se r ies  o f  hammer 

impacts. I n  add i t i on ,  t he  mode shapes a t  those frequencies were a l s o  computed 

w i t h  t h e  assumption t h a t  t h e  modes were s l i g h t l y  damped and w e l l  separated. 

The r e s u l t s  i nd ica te  t h a t  the  to rus  dynamics are dominated by modes a t  12.2 
I 

and 59.8 Hz; however, i n  both cases the  response ampl'i tude i s  l e s s  than 1.0 g/ 

k i  lonewton. 
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TABLE 1  - MODAL ANALYSIS RESULTS ON THE 115 SCALE 90" TORUS ASSEMBLY 

Response kpl i tude g/kN 
Natura l  Frequency V e r t i c a l  Impact Ho r i zon ta l  Impact 

Mode Desc r i p t i on  o f  t h e  Motion F i l l e d  Empty V e r t i c a l  Hor izon ta l  V e r t i  ca l  Ho r i  zon t a l  

1  Ho r i zon ta l  Ro ta t i on  5.0 5  .O - 0.040 0.006 0.150 

2 Hor i  zon ta l  J o t a t i o n  8.0 . . 8.0 - , O  .025' 0.009 0.110 
- - - - - - - - - - - 

3  V e r t i c a l  Ro ta t i on  + 12.2 12.7 0.410 0.180 0.200 0.073 
V e r t i c a l  Transl  a t i o n  + 
Hor i zon ta l  Ro ta t i on  

4  V e r t i c a l  Trans1 a t i o n  + 13.9 14.5 0.095 0.085 0.100 0  ...I 70 
Hor izon ta l  Ro ta t i on  + 
Hor i zon ta l  Transl  a t i o n  

5  ~ ' e r t i  ca l  Bending 
--- - - - - - - -- - 

6  V e r t i c a l  Trans1 a t i o n  + 59.8 64.9 0.210 0.900 0.060 0.230 
Hor i  zor.ta1 T r a n s l a t i o n  

7  V e r t i  c z l  Trans1 a t i  on + 61.8 74.0 0.084 - 0.080 0.230 

Hor izon ta l  Ro ta t i on  



Figure  1 - A Lumped-?.lass Flodel ~f t h e  99" Torus S e g ~ e n t  



c a t i o n s  

F igu re  2a - V e r t i c a l  Impa.ct ~ ~ c a t i o n s  

ti ons 
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P F i g u r e  3 - Hammer ~ o r c e  Wave Form f o r  a  V e r t i c a l  impact a t  L o c a t i o n  1. 



Figure 4a - Z-Axis Velocity Response a t  Location 7 f o r  a Ver t fca l  
Impact a t  Location 1. 

- .  
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Figure 4b - X-Axis Velocity Response a t  Location 7 f o r  a Ver t ica l  
Impact a t  Location 1. 
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Figure 5g - Computed Z-Axis Acceleration Response a t  Location 7 
for a Vertical Impact a t  Location 1. 

- - - --- -- - - - - - .  
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Figure 5b - Computed X-axis Acceleration Response a t  Location 7 
fo r  a Vertical Impact a t  Location 1. 
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Figure ba - Absolute Value of the Z-AXIS Transfer Functiohs far 
Seven Vertical Impacts. 

- _ - - - . I - - . _ -- -_ - ..-. - 

APRIL 26. 1977 8:53:45 

$ e-e 

, 

Figure 66 - Absolute Value of the X-Axis Transfer Functfons Par 
Seven Vertical Impacts. 
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Figure 7a - Absolute Value of the ZmAkis Transfer' Functions for 
Seven Horizontal hnpacts , 

Figure 7b - Absolute Value of the X-Axis Transfer Functions for 
Seven Hori sontal Impacts. 

















Figure 15 - 7.5" Segment I ~ p a c t  Locat ions .  

Tablc 2 - 7.5^ SEGMCf4T FlODES 
t 

Response hpl i tude 
Axi s 'Frequency, Hz g Uni t s / K i  lonewton 

X 9 1.8 
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