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A BSTRAC T  

Dev e l opme n t  of effec t i v e  procedu res  f o r  recovery f r om t h e  1 97 9  

acc i dent  at t h e  Th ree M i l e  I s l an d  2 n u cl e ar s t at i on requ i re s  a d e t a i l ed a n d  

q u an t i t at i ve  d e s c r i pt i o n o f  t h e  p o s t ac c i dent  con f i g u r at i o n of  t h e  c o re . 

Th i s  r eport d e s c r i be s  t he  t ec h n i q u e s , e qu i pment , and  p roc e d u re s  u s e d  f o r  

mak i n g prec i s e u l t r a s on i c ,  s o n ar - l i k e  me a s u rement s  of t h e  c av i ty  l ef t  i n  

t h e  u pper  c ore  r e g i on a s  a re s u l t of t h e  acc i dent  a nd det a i l s  t h e  p r i mary 

re s u l t s  of t he  me a s u rement s . 

Th e system deve l oped  f or t he  me a s u rement s u s e s  c omp u t e r  t e ch n i q u e s  f or  

t he  command  and  contro l of  remote  mec h an i c a l  and  e l e ctron i c  e q u i pmen t ,  an d 

for d at a  acq u i s i t i on and  r ed uct i on .  Th e sys tem was  d es i g n e d , f abr i c ated , 

and  t e s t e d; proce d u r e s  deve l oped; and  personne l t r a i ned  i n  4 - 1 /2 mont h s . 

Th e p r i mary r e s u l t s are  d et a i l ed topog raph i c  m aps  of t h e  c av i ty .  A v a r i ety 

of v i s u a l  a i d s  was deve l oped  to  s u p p l emen t the maps  and  a i d i n  i n terpret i n g  

c omp an i o n v i d eot ape s u rveys . 

Th e me a s u reme n t s  re v e a l  a c av i ty of 9 . 3 m
3

, approx i mate l y  2 6% o f  t h e 

t ot a l c ore  v o l ume . Th e  c av i ty occ u p i e s mos t of t he  f u l l d i ameter  of  t h e  

core t o  an  average  depth  of ab out  1 . 5  m a n d  approac h e s  2 m  i n  p l ace s . No  

more t h an two  of t he  c ore 1 s  177 f ue l a s semb l i e s appear  to b e  t ot a l l y  

i n tact , a nd  on l y  42 f u e l a s s emb l i e s h ave  any fu l l - l en g t h  f u e l rod s 

r ema i n i n g .  Co n s i derab l e  d eb r i s are s u s pended  from t h e  u pp e r  g r i d  p l at e  a nd 

l i n e s  t h e  wa l l s  of t h e  c av i ty .  Debr i s a l s o  l i tter  t h e  r u b b l e - s trewn f l oo r  

o f  t h e  c av i ty .  Th e  r e s u l t s o f  th e s e  me as u rement s i nc l u d e  e n o u g h  det a i l t o  

a s s i s t great l y  i n  c l ar i fy i n g  t he  acc i d ent  sequence  w i t h i n  t h e  c or e . 

i i 



A CK NO W L E DGM E NTS  

Ta l e n t  a nd  s k i l l  from a w i d e  v ar i ety of e n g i neer i n g ,  s c i ent i f i c ,  an d 

o t h e r  d i s c i p l i n es , emp l oyed w i t h  cooper at i on and  e n t h u s i a sm , were  nece s s ary 

f o r  t h e  s uc c e s s fu l comp l et i on of t h e  c or e  t opography  d at a acq u i s i t i on 

p r o j e c t  i n  s u c h  a remark ab l y  s h ort  t i me . Th e s e  peop l e  are  amon g t ho se  wh o 

m ad e  i mport ant  profes s i o n a l  contr i b ut i on s  t o  t he  s u c c e s s  of t h e project , 

a n d  t h e i r  work i s  g r atefu l l y ac k n ow l edged : 
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R .  
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M . R .  Mart i n  ( Project  Man ager ) ,  B .  B .  K a i ser  ( Proj ect  En g i neer ) , 

Bowe r , J . L .  C l app , B .  E .  Empey , D .  S .  Fee , H .  R .  H e n d r i c k s ,  

H o l m ,  E .  I .  I n gram , F .  C .  J one s , V .  D .  K l i n g l er , J .  L o n g h u r s t , 

Mach acek , K .  G .  Mag i l l ,  R .  D .  Me i n i n ge r , K .  D .  Metc a l f , 

M i ke se l l ,  H .  G .  M i l l er , J r . ,  J .  D. Mud l i n ,  D .  E .  Owe n ,  J .  R .  Pattee , 

Rog e r s , A . M .  Rohm , J . W .  R h u dy ,  G. D. Se i fert , J .  A. Seyde l ,  

Tay l or ,  D .  M .  Tow , M .  E .  W h i t ak e r . 

I n  add i t i on ,  t h e  cooperat i o n and  p art i c i p at i o n of a l ar g e n umber  o f  

G P U N uc l e ar Corporat i o n personne l i n  operat i on s  a t  TM I -2 are a l s o 

g r atefu l l y ac k n ow l edged . 
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D E S IG N  A N D  O P ER A T I ON O F  TH E COR E  TOP OGR APH Y 

D A TA A CQU I S I T I ON S YSTEM FOR TM I -2 

I NTR O D UC T I O N  

D ev e l o pment  o f  effec t i ve  p roced ure s  f or r ecovery f rom t he  1 97 9  acc i dent  

at  the  Th ree  M i l e  I s l and  2 (T M I -2 )  n uc l ear  s t at i o n req u i re s  a det a i l ed 

k now l ed g e  of  t h e  c ore c onf i g u rat i on fo l l ow i n g  t h e  acc i d ent . R emote v i deo  

s u r v eys  of l i m i ted  scop e  i n  t he  s ummer of 1 982  revea l ed a c av i ty i n  the  

u pper  c ore  r e g i on t h at seemed t o be a bout  1 . 5 m d eep , extend i ng o ut  t o 

p e r h a p s  two-t h i rd s  of t h e  core r ad i u s . A c l earer , more  det a i l e d ,  an d  

q u a n t i t at i ve d e s cr i p t i on  of the  p o st ac c i dent  c ore c onf i g u r at i on was  needed 

to  p l an  d ef ue l i n g  proced u re s . 

Th i s  work  d e sc r i be s t h e  tec h n i q u e s  u sed  f or  p rec i se u l t r a s on i c ,  

s o n ar - l i k e me a s u rements  of t h e  core  vo i d  and  d et a i l s  t h e  p r i mary re s u l t s . 

Th e o ver a l l o b jec t i ve  of t h i s effort  was  t o s u r v ey t h e  TM I -2 c ore 

c av i ty i n  s uff i c i e nt  det a i l t h at accu r at e  maps  of t h e  po st acc i den t 

c o nf i g u r at i on c ou l d  be  mad e . Th e s e  m aps , au gme n t ed by v i deo  s c an s , wou l d  

p r o v i de t h e  maj o r i ty of t h e  i nformat i on needed  both  for  d e ve l op i n g  adequ at e  

c o r e  rec overy proc ed ur e s  and  f or a s semb l i n g a s c e n ar i o of  t h e acc i dent  

s eq u e n c e  i n  t h e  core  and  i t s  o utcome . Th e project  s c hedu l e  a l l otted  f i v e 

m o n th s f r om s t art of t he  c ore t opogr aphy d at a acq u i s i t i on ( C TO A )  system 

d e s ig n  t h r o u g h  procu reme n t , a s s emb l y ,  a n d  t e st i n g ,  fo l l owed by p ac k ag i n g 

f o r  s h i pment . 

Th e p r i nc i p a l  o perat i n g con str a i nt  was  t h e  l i m i ted t i me i nterv a l  

a v a i l ab l e  to  perform a s u rvey . Eq u i pme n t  s e t u p , d at a  acq u i s i t i on ,  an d 

e q u i pment  r emova l were  t o  be  p erformed i n  a n e i g h t -h o u r  p er i od .  O ther  

o p e r at i ng req u i reme n t s  s p ec i f i c a l l y addre s sed  i n  t h e  de s i g n are  re l ated  t o 

p rec1 s1 on o f  p os i t i on i ng , s erv i c e  i n  a r ad i at i on e n v i ro nment , and h i g h 

re l i ab i l i ty of eq u i pment  to  be l oc at e d  i n  t h e  cont a i nmen t  b u i l d i n g . 



Th e d e s i g n c on s tr a i n t s  gover n i ng  the  over a l l d at a acq u i s i t i on sys t em 

i nc l u ded  re q u i reme n t s  t h at t he  me a s ur i ng dev i ce : 

1 P a s s  t h ro u g h  a 38 -mm ope n i ng  l eft  by r emo v a l  of  t h e l e ad s c rew i n 

a contro l -rod  dr i ve mec h an i sm ( C RDM )  

• Use  o n l y o ne c oax i a l c a b l e f or d at a t ransm i s s i o n  f rom t h e 

c on t a i nme n t  b u i l d i n g t o  r emote l y  l oc ated i n s trume n t at i o n  

1 U se e x i st i n g w i r i n g f or any add i t i o n a l  c ontr o l  p u rpo se s 

• W i t h stand  t h e  genera l cont a i nment  b u i l d i n g e n v i ronmen t 

( r ad i at i o n ,  t emperat ur e ) 

• 

• 

• 

• 

• 

To l er at e  r ad i at i o n f i e l d s u p  to  1 0
6 

R/h r ( i n -ve s s e l  e q u i pme n t  

o n l y ) 

Oper at e  i n  w at er b etwee n l 5 ° C  and 6 0° C  ( i n -v e s s e l e q u i pment o n l y )  

Per f orm  at u p  t o  1 2  m be l ow the  serv i c e str uc t u re 

P rov i de 40 -mm - l at er a l  and  1 2 -mm-range  r e so l u t i on 

Ref l ec t  a s  l ow a s  reasonab l y  ac h i e v ab l e  (ALARA ) po l i c i e s  f o r  

r ad i at i on e x p o s u r e  t o  p ersonne l i n  t he  c o nta i nment  b u i l d i n g 

1 Mea s u r e  a c av i ty of u n k nown s i ze , geometry , a nd  s u rf ac e  

c h ar acter i s t i c s . 

2 



P R OJ EC T  AND  S YSTEM DE S CR I P T I ON  

Th e requ i red  p rod uc t s  of  t h e  CTDA sy stem were  ( a ) topogr aph i c  map s 

a cc u r at e ly d ep i c t i ng  th e  c ontours  o f  t h e  c av i ty and  any s truc t ur e s  w i t h i n  

i t  a n d  ( b ) det a i l ed sc a l e mod e l ( s ) b u i l t  from t he  maps . Th e b a s i c  

t ec h n i q u e  c h o se n  t o  g at her  d at a  for t he  maps  was  p u l se -ec h o  u l t rason i c s, 

where  t h e  t rave l t i me for  s hort pu l se s  of u l t ra s ou n d  i s  t h e  me a s u r e  of th e 

d i s t a n c e  or  r ange  from t he  u l tr a so n i c  tran s d uc er t o th e  f i r st  c av i ty 

s u rf ac e  encou ntered  by t he  so u n d  beam . Th e t ran sd uce rs  were de s i g ned t o  

p rod uc e  a n arrow and  we l l -co l l i mated s o u n d  b e am, much  l i k e t h at o f  a 

s e ar c h l i g h t . A sc an n i ng mechan i sm mo ved  an  arr ay of t h e s e  t ra n s d ucers s o  

t h at, a t  t h e  c omp l et i on o f  a s u rvey, o ne or more s o u n d  b e am s h ad been  

p o i nted  at a l l port i o n s  of the  c av i ty s u rf ac e  v i s i b l e  f rom t he  probe an d 

t h e i r l oc at i on s  meas ured . 

Th e l ar ge v o l ume of d at a  requ i red t o  make  acc u r at e  maps  by th i s  

met h o d, t ogether  w i th  t he  req u i reme nts  p l aced  o n  mea s u reme n t  prec i s i o n an d 

o v er a l l acc ur acy, d i c t ated  the  u s e  of computer tec h n i q u e s  for  c ontro l and 

d at a  acq u i s i t i o n and  red uct i on . 

A b r i ef descr i pt i on  o f  the  equ i pment and  i t s o per at i o n i s p r e sented 

h ere  for pers p ect i ve . Su b seque n t  sect i o n s  of  t h i s report  prov i d e mor e 

d et a i l . 

P robe and  Mec han i c a l  Sy s tem 

Th e probe  was 35 mm i n  d i ameter and  about  0 . 7  m l o n g, o n t h e  end  of a 

l o n g  b oom exte nd i n g from the  upper  s u pport  s truct u r e  t hrough  a contro l -rod  

d r i v e mec h a n i sm (C RDM ) and  the u pper p l e num  i nto  the  c ore c a v i ty ( see 

F i g u re 1 ) .  Th e pro be c o nt a i ned 1 2  t ran sd ucers  wh i c h  po i nted i n 6 d i fferen t 

d i rect i o n s  r an g i n g from stra i g h t  d own, t hroug h  h or i zo n t a l, to 45 degree s 

f r om t h e  u pward  d i rect i on .  T e n  of t he  tran sd ucers  were arr ayed ser i a l ly  

a l o n g  the l e n gth  of the  p robe, wh i l e  two po i nted s tr a i g h t  d own from th e 

l ower t i p .  

3 



A m ec h an i sm o n  t h e  u pper  s u pport  s truc t ure rot ated t h e  b o om a nd p robe  

abo u t  i t s ax i s  ( sweep i n g  the  s o u n d  be am s  t h ro u g h  a ho r i z o n t a l  p l a ne ) an d  

m ov ed i t  i n  t h e  v ert i c a l  d i rec t i o n .  Th ese m ovem en t s  were  perform ed by 

s tepp i n g  m ot o r s  u nder  c om p u t e r  c o ntro l . D i g i t a l  po s i t i o n e n c o d e r s  p rov i de d  

p rec i s e me a s u r em e n t s  o f  t h e  v er t i c a l  a nd  h or i z o n t a l  po s i t i on o f  t h e p r o be 

at a l l t i mes . 

B ec a u s e  c a l i b r at i o n o f  t h e  sys tem for r an g e  m e a s u r ement s  d ep e nded  o n  

t h e  effect i v e s p e e d  of s o u n d  i n  t h e  water o f  t h e  c o r e  ( a n d  t h u s o n  i t s 

t em pe r at ure  a n d  c on c e n t r at i o n s  of  d i s s o l ved s o l u te s  a n d  s u s pe n d e d  

part i c l e s, n o n e  of wh i c h were  we l l  k nown ), i t  was  n ec e s s ary t o p rov i d e fo r  

p rec i s e me as u r ement  of  t h e  s peed of  s o und  i n  s i t u .  

D at a  Ac q u i s i t i o n System 

Th e c omm a n d, co ntro l, d at a  ac q u i s i t i on, and  d at a  st o r ag e f u n c t i o n s  wer e  

p rov i ded  b y  a m i n i c omp u t er l oc ated  o ut s id e  o f  r eactor c o n t a i nme n t, a bo ut 

120 m f r om t h e  pro be . Remote i nterf ac e  e l ectro n i c s  wer e  l oc at e d  at  t h e 

work i n g face  o n  t h e  u pper  s u pport  s tr ucture . An over a l l s i g n a l - t o- n o i se 

rat i o exceed i n g  30  dB for t h e  wea k e s t  s i g n a l s of i nt e re s t  was ach i e v e d  

u n der  t h e se c o nd i t i on s . 

D at a  P roce s s i n g Sys tem 

A t h ree - s tep  proc e s s  w a s  u se d  f or  d at a  red uc t i o n an d  a n a l ys i s .  I n  t h e 

f i r s t  s tep, t h e  r aw d at a  were re ad i nt o  a ma i n fram e  c omp u t e r  w h i c h 

c a l c u l ated  t h e  a b s o l u t e  l oc at i o n s  o f  e ach of  t h e  f i r s t - s u r f ac e  e c h oe s ; 
5 

t h ere were  abo ut  5 x 1 0  of  t h e se . Th e se l oc at i o n s  were  t h e n  m ap pe d  by  

the  c omp ut e r  onto  l arg e - sc a l e p l ot s  t h at s h owed t h e  l oc at i o n s  of  a l l s uc h  

1 1 h  i t s .. w i th i n  n arrow s l i c e s  of  th e  c ore  v o l ume . Comp l ete  s e t s  o f  s 1 i c es, 

5 1  mm w i de, we r e  t a ke n  p a r a l l e l t o  e ac h  of t h e  t h ree st and ard  o r t h ogon a l  

p l ane s a n d  i n  f u l l - d ep th  a n g u l ar ( p i e - s h aped ) s l i c es, two  d egree s w i de .  

about  t h e  core  vert i c a l  ax i s . 

4 
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Next, data from all four presentations were correlated manually to 

eliminate most ultrasonic artifacts, to interpolate into and between 

partially-shadowed areas, and to generate altitude contours ( in the 

horizontal plane ) . These were entered into a computer-aided drafting (CAD) 

system by a tablet-entry facility. 

Finally, the data were manipulated within the CAD system into a series 

of topographic maps representing the floor, walls, and top of the cavity. 

Individual contours were used for making a physical model of the cavity. 
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SYSTEM D ESIGN 

Thr e e  po s s i b l e u l tr a s o n i c  a ppr o ac h e s  for c or e t opogr aphy d at a  

ac q u i s i t i o n wer e  eva l u ated from a st a n dp o i n t  o f  c urr e n t  dev e l opmen t  st at u s, 

a dd i t i o n a l  wor k  needed, an d  ov er a l l  c o s t . Th e se  wer e  s i de - l ook i n g s o n ar, 

synt h et i c  aper t ur e  f oc u s i n g  tech n i q ue, a nd  1 1 S e ar c h l i gh t 1 1 b e am met h od s .  

B oth  t h e  s i de - l ook i n g s o n ar an d  th e  syn th et i c  aper t ur e  foc u s i n g  t ech n i q u e  

h ad t e c h n i c a l  dr awb ac k s  or u nc er t a i n t i e s w i t h  a s s oc i at ed  r i s k s i n  fur t h er 

d ev e l o pme n t  f or th i s  app l i c at i o n .  A l s o, ov er a l l c o s t s  for e i th er wer e  

e st i m at e d  t o b e  h i g her t h a n  t h at of  t h e  mu l t i tr an s d uc er s e ar c h l i gh t  beam 

c o n f i g ur at i o n s e l ec ted . Th e fo l l ow i n g  d e s cr i pt i on o f  t h e  sys tem and  

c omp o ne n t  de s i g n t o uc he s  o n  s ome of t h e  de s i g n c o n s tr a i n t s .  

T r an sd ucer Se l ec t i o n 

Th er e  wer e  two maj or con s i der at i on s  i n s e l ec t i o n  of tr a n s d uc er s  for 

t h i s sy st em .  Th e f ir s t  was  t he  u l tr as o n i c  pr opert i e s, w h i c h depe n d  o n  

fr eq u en cy ; t h e  sec ond  was  t h e  effec t i v e d i ameter o f  t h e  s o u n d  b e am, wh i c h 

d eterm i ne s t h e  r e so l ut i o n of t h e  system . 

Th e a t te n u at i o n of  s ou n d  i n  w ater  i s  s tr o n g l y  fr eq u e ncy d epe n dent, 

r i s i n g  s h a r p l y  w i t h  fr e q uency . S u s pe n de d  p a rt i c l e s  c ou l d  a l s o  b e  exp ecte d 

t o  a ffec t  atten u at i o n .  P ar t i c l e  s i ze a n d  c oncen tr at i on wer e  u n k nown an d  

d ep e n d e n t  o n  t h e  h i story o f  pr i or oper at i o n s  a t  TM I -2 ; t h o s e  p ar t i c l e s 

w h i ch wou l d  r ema i n s u s pended  for  mor e  t h a n  a few h our s  cou l d  b e  expected  to 

h a v e  t h e ir g re at e s t  eff ect at h i g h fre q ue n c i e s a l s o . Th e s e  c o n s i der at i o n s 

t o ge t h er s et an  u pper l i m i t o f  r o u gh l y  1 0  MH z  o n th e  u l tr as on i c  freq u ency 

t h at c o u l d  be  u se d  r e l i a b l y . Ref l ec t i v i ty of  t h e  s u rf ac e s  o f  th e cav i ty i s  

a l s o a comp l ex  f u n ct i on o f  fr eq u en cy ( or w av e l ength ) an d  o f  t h e  r e l at i v e 

r o u gh ne s s  a n d  a ng l e  of i nc i dence  of  t h e  s o u n d  b eam o n  t h e  s ur f ac e s . I n  

g e n er a l, o n e  i s  mor e  l i k e l y to o b t a i n  a s tr on g  r ef l ect i o n  at t h e  h i g h er 

f re q u e n c i e s  fr om r o u g h  s ur f ace s, and  at l ower fr e q ue n c i e s fr om smoot h 

s u r fa c e s  w h i c h ar e not  per pen d i c u l ar t o  t h e  d ir ect i o n o f s o u n d  pr opagat i o n .  
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Howe ver, t h e  l o ad i n g of  s u s p e n d e d  p ar t i c l e s, t he  r e l at i v e r o u g h ne s s  o f  th e  

s ur faces, an d  t h e  a n g l e o f  r ef l ect i v e s ur faces of t h e  c av i ty w i th r e s pect  

to  t h e  d ir ect i o n  of t h e  beam c ou l d  not  be  k nown s uff i c i e n t l y  we l l i n 

a dv ance  to  a l l ow an u n amb i gu ou s  c ho i c e  of fr equ ency . Th e s o l ut i on w as a 

two-fr e q ue n cy system w i t h  t h e  two fr e q uenc i e s be i n g  s uff i c i en t l y  f ar ap ar t 

t o  cov er mo s t  of  t h e  poten t i a l  c on d i t i o ns . 

The l ater a l  r e so l ut i o n of an  u l tr aso n i c  mapp i ng sys t em o f  t h e  typ e  

d i s cu s s ed  h er e  i s  s i mp l y  h a l f  o f t h e  e ffect i v e d i ameter of  th e  s ou n d  b eam 

at t h e  p o i n t  wher e  i t  s tr i ke s  a t arget . Good over a l l r e s o l u t i on r equ ir e s  

t h at t h e  s o u n d  b eam h av e  a m i n i mum d i ameter thr ou gh ou t  i t s  u s ab l e  r an ge . 

Th e d i ameter i s  determ i ned  by d i ffr act i o n at the  tr an sducer aper t ur e  an d i s  

a f u n ct i on o f  tr an s ducer d i ameter, d, and  t h e  wav e l en gth  of  s o u n d, A. 

Th e s ou n d  b eam fr om a f l at-faced  tr an s d ucer can  b e  appr ox i mated  by  t h e 

s h ape  s hown  i n  F i g ur e  2 .  Ther e  ar e two pr i nc i p a l  r eg i on s  of  i n ter e st . 

Fr om t h e  tr an sd uc er face  t o  what  i s  ca l l e d the  far -f i e l d po i n t ( F F P ), 

d ef i n e d  by ( d2� 2 ) /4A, t h e  b eam i s  n ear l y  par al l e l, w i th a d i amet er 

about  eq u a l  to  t hat  o f  t h e  tr an sducer . Th e b eam b eg i n s  to  d i v er ge b eyond  

the  FFP . Exten s i v e  c a l c u l at i on s  s h ow that  the  beam d i ver g e s  w i t h  an  

i n i t i a l h a l f - an g l e t h at appr ox i mate s  K A 
11 2

; d, wh er e  K i s a con s t an t . 

I d e a l l y  o ne  w ou l d  c h oo s e  a d i ameter an d fr eq uen cy wh i ch p l ac e  t h e  FFP  

at  the  m ax i mum  r equ ir e d  r an g e . I n  th e pre sen t  c ase, th i s  wou l d r equ ir e  

e i th er a tr an sducer wh i ch i s  too l ar ge to b e  accommodated  i n  a pr ob e  wh i c h  

p as se s  t hr ou g h  a 35 -mm ope n i n g  or a fr equen cy wh i c h i s  t o o  h i g h f or 

r e l i ab l e  tr an smi s s i o n u n der t h e  expected  con d i t i on s . Th e compr omi s e  de s i gn  

for best  r e s o l ut i o n was  a 1 9 -mm d i ameter  tr an sducer hav i n g  a fr equen cy of  

1 0 . 0  M Hz . Th e s econd  tr an sdu cer sys tem w as chosen  to h av e t he  s ame 

d i ameter an d a fr eque n cy of  2 . 2 5 MHz . T h e  beam pr oper t i e s of both  ar e  

s h own i n  Tab l e  l .  

Th er e  wer e  two a l t i t u d e -me as ur i n g  tran sdu cer s  wh i ch po i n ted  s tr a i g h t  

down . The s e  wer e  9 . 5  mm i n  d i amet er, a t  1 0 . 0  an d 2. 25  M H z  r e s pect i v e l y, 

l o cated  s i de by s i de at  t h e  b ottom o f the  pr obe . 
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F i gur e 2 .  Appr ox i mate s h ape o f t h e  s ou n d  b eam . Th e cr os s s ect i o n o f t h e 
b eam h as c ir c u l ar symmetry  i n  a p l ane per p en d i c u l ar to the 
p age . Th e a ppr ox i mate divergen ce  a n g l e for t he  f ir s t few 
far -f i e l d d i s t an c e s  i s  kA 1 / �j d . 



TAB L E  l .  PROP ER TI E S  O F TH E ULTRASON I C  BEAM S 

Tr an sd u cer  Far - F i e l d D i v ergence  
D i ameter  Fre q ue n cy Po i n t  H a l f -An g l e 

( mn) ( M Hz ) ( mm ) ( O eg re e s ) 

1 9  l 0 . 0  600 0 . 5 5 
1 9  2 . 2 5 140 1.2 
9 .s a 1 0 . 0  1 50 l . l 
9 . 5 a 2 . 2 5 34 2 . 4 

a .  Tr an s d u cer s for a l t i t u de  me as ureme n t .  

10 



F i g u r e  3 i s  an o ut l i n e d r aw i n g  of th e pro be . 

P robe  Sys tem De s i gn 

Th e o v err i d i n g con s i derat i o n s  for th e probe  s ys tem de s i g n were 

( a ) m ec h a n i c a l  re l i ab i l i ty, ( b ) ade q u ate  s o n i c  c ov e r a g e  o f  th e core c av i ty, 

a n d  ( c ) r e produc i b l e  a n d  accur ate probe  po s i t i on i n g for  both  a n g u l ar s weep  

a n d  vert i c a l  t r an s l at i o n . Th e p r i nc i p a l  c ompo nen t s  o f  th e s ys tem were  th e 

p rob e ( s earch  h ead ), t h e  prob e s u s pe n s i o n b oom, t h e  h or i z o n t a l  r ot at i on 

mec h a n i sm, th e vert i c a l  traver s e  mec h a n i sm, an d t h e  s u pport  s tr u ct ures . 

Th e e n t i r e s ys tem w as des i gned for q u i ck i n s t a l l at i o n an d  r emov a l  to 

m i n i mi ze p e r s o n ne l expo s ure  to  r ad i at i o n w i t h i n t h e  r e actor  con t a i nmen t 

b u i l d i n g .  

P r o b e  

Des i gn of  t he  probe s tron g l y emph as i z ed t h e  n eed  for  b o t h  adeq uate 

s o n i c  c o v e r a g e  and mec h an i c a l r e l i ab i l i ty .  Th e r e s u l t  w a s  a n  arr ay of  

t r an s du ce r s  ( s i x  pa i r s ) f i xed i n  1 1 po ck ets 1 1  m i l l ed a t a ppropr i ate  a n g l e s  in 

a 7 5 -cm l en gt h  o f  s t a i n l e s s  s tee l bar . Th ere  were s i x  b e am an g l e s : 0 ,  3 5, 

6 0 ,  9 0 ,  1 2 0 ,  a nd  1 3 5 degrees  w i th r e s pe ct t o  th e  s tr a i gh t -d own d i rect i on .  

Two t r a n sd u c e r s  ( one  of e ach  frequen cy ) wer e p l ac ed  s i d e by s i d e for each  

p o i n t i n g  d i r ect i on ( See  F i gu r e  4 ) . Th e s eq uence  o f d i r ect i on s  a l on g th e  

p r o b e  w a s  c h o sen  for  opt i mum c o v erage . Sc an n i n g  co verage  i s  p r ov i ded  b y  

r o t a t i n g  a n d  t r an s l at i n g  t h e  en t i r e probe  a s s emb l y .  

Th e p o l ar  an g l e s  i n  wh ic h th e i n d i v i d u a l  t r an sd ucer s were  po i nted  an d 

t h e i r  s eq uence  a l on g t h e  probe wer e c h osen  to pr ov i de o pt i mum cov er age o f 

c av i ty s u rf ace s v i s i b l e from th e i n s ert i o n l oc at i o n, u n der  a s er i e s o f  

d i ffer en t  a s s umpt i on s  abou t p o s s i b l e  s i z es  an d s h ape s of th e  core  cav i ty .  

F o r  examp l e, t h e  tran s d ucer  w h i c h p o i n ted  i n  t h e  h o r i zon t a l  d i rect i on c o u l d 

b e  e x pe ct e d  to  prod u ce t he  mo s t  i mpor tan t i n format i on u n der a l mo s t  any 

a s s ump t i on s  of c av i ty s i ze and s h ape . I t  was p l ace d  a t  th e l ower en d of 

t h e  probe, where  i t  eme r ge d  f i r st from t h e  p le n um ( an d gathered  max i mum 

ll 



i nformat i on from s h ort  c av i t i e s ) an d h ad th e l on ge s t po s s i b l e v e rt i c al 

t r av e l  d i s tance  u n der any con d i t i o n s . Th e l ea s t  im portan t tr an s d u cer w as 

exp ect e d  to  be th e 1 20-degree  tran s d u c e r  ( 30 degree s abov e t he  h or i z on t a l ); 

i t  wou l d  gath er u n i q u e i n fo rmat i on  on l y  s h ou l d th e  cav i ty e xte n d  to  n earl y  

f u l l c o r e  r ad i u s  an d be  n e ar l y  1 . 5 m i n h e i ght . Th i s  t r an s du c e r  w as p l ace d 

u ppermo s t  on  t he  prob e, where  i t  emerged  l as t fr om th e p l en um .  

Th e r e l at i v e  c overag e s  o f  th e pro b e  tran sd ucer s are s h own i n  F i g u re  5 

f or an  a s s ume d  cav i ty d e pt h  o f  1 . 5 3  m (60 i n ch e s ) a t t he  l ocat i o n of  pr ob e 

i n ser t i on .  As c a n  b e  seen, prov i s i on wa s  made to  s urvey 1 1V a l l eys 1 1  i n  th e 

c av i ty f l oor i n  certa i n  l oc at i on s  at l eas t 0 . 5  m b e l ow t h e  l ev e l  o f t h e  

pro be  t i p  a t  i t s i n sert i o n po i n t . I t  w il l  a l s o  b e  note d  t h a t  th ere  i s a 

1 1b l i n d 1 1 c i r c l e cen tered  b e l ow t he  t i p o f th e  probe; t h e  c i r c l e h as a r ad i u s 

of a b o u t  0 . 2 5 m for  a probe  h e i gh t  o f  0 . 1 5  m abov e th e r u bb l e  b ed . Th e 

c i r c l e i s  b l i n d  except  for  t h e  a l t i t ude -read i n g  po i n t  a t i ts  cen ter . 

Th e two a l t i t u d e -me as u r i n g  t r an s d ucers  wer e rece s sed  abou t 90  mm i n to 

c yl i n dr i ca l cav i t i e s at  t h e  t i p  o f t h e  prob e . Mach i n ed  l edges  

c i rc umscr i be d  th e ex i t  apert u r e s  o f  th e c av i t i e s  to  prov id e sma l l t ar get s 

i n terce pt i n g  t h e  e dge s  o f  t h e  s ou n d  b eams at f i xed d i s ta n c e s  fr om t h e  

tran sd ucers . Th e s e  t arget s  wer e u s e d  to  meas u r e  t he  effect i v e  s pe e d  o f  

s ou n d  i n  t h e  l i q u i d  con ta i n ed b etween th e tran s d ucer an d l edge . Th e s i de s  

o f  t h e  c av i ty were s l ott e d  t o  a l l ow e s c a p e  of a i r an d exc h an ge o f  l i q u i d  a s  

t h e  prob e w as l owered . 

Th e n eces s ary R /G - 1 74 coa x i a l  cab l es ( one  for each tr an sd ucer ) were  

f i tted  i n t o  m i l l ed s l o t s  i n  t h e  probe  b ar . Th e a s semb l y  w a s  th e n  

b ack f i l l ed w i th e po xy r es i n  t o  pr otect t h e  cab l es .  Th e cab l es wer e 

cont i n u o u s  w i t ho u t c o n n ectors  from th e tr an sd ucer  throu g h  th e prob e an d 

bo om to th e e l ectron i cs en c l o s ur e  on  t he  u pper s upport  s t r u ct u r e  to r ed u ce 

the  pos s i b i l i ty o f  troub l e  a s s oc i ated w i th w ater  l e ak age . Th e p r ob e an d 

b oom d i ameters  wer e 3 5  mm, permi tt i n g  pa s s age t hrou gh t h e  3 8-mm d i ame ter 

ope n i n g  l ef t  by  remo v a l  o f  a C R DM l ead sc rew . 
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Mechanical System 

The principal capabilities needed by the system were: 

• Horizontal rotation of at least 360 degrees at constant speed 

• Vertical translation of 1.8 m in 0. 1-mm increments, reproducible 

up to 12 m below the system base (the CRDM mounting flange) 

• Capability for rapid assembly and test in order to comply with the 

ALARA policy on personnel exposure. 

In the assembled system, the probe was attached to a segmented tubular 

boom extending downward from the drive mechanisms and support structure. 

The segments were joined to one another and to the probe by screw fittings, 

pinned at installation. Cables from the 12 transducers were prethreaded 

through the boom and gathered into a polyethylene sheath for mechanical 

protection. The boom-and-probe assembly was shipped in its own aluminum 

container, ready for assembly on top of the reactor (See Figure 6). 

The horizontal rotation mechanism, consisting of a 1.8-degree Slo-Syn 

stepping motor and a right-angle gearbox for rotation, was clamped to the 

boom with a secure quick-release mechanism. This assembly was suspended 

from a motor-driven vertical translation device, described below. For 

horizontal (angular) position readout, a miniature timing belt joined the 

output shaft to an optical incremental digital encoder. The angular 

reference was a boom from the horizontal mechanism to the hand railing on 

the core upper support structure. Angular travel was limited by switches 

at the 0- and 368-degree locations. 

Vertical motion of the probe system and the horizontal traverse 

mechanism during the core scan was powered by a second 1.8-degree Slo-Syn 

stepping motor through a right-angle gearbox and a linear chain drive. The 

lower end of the chain was attached to a spring-loaded takeup reel to 
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F i g u r e  6 .  B oom a nd  prob e as s emb l y w i th s h i pp i ng c on ta i ner . T h e  b oom a n d  
probe  a s s emb l y  i s  s h own f u l l y  as semb l ed to  th e r i gh t  of th e 
c o nta i n er . Spe c i a l  too l s for as s emb l y an d  i n s ta l l at i o n ar e  
s h own between t h e  two . T h e  t o p  o f  th e boom i s  i n  th e 
f or eg r ou n d . (E G&G I d a h o  ph oto 83- 6- l - 3 . ) 



a s s ur e  t he nece s s ary t en s i on. Pos it ion re adou t equ i pmen t  wa s  th e s ame a s 

f or an g u l ar mot i on .  The mec h an i sm s  are s h own in F ig ur e  7 .  

Th e s u ppor t in g  t owe r  for t h e  sy s tem w as c on s t r uc t e d  o f tw o  par a l l e l 

a l um in u m  t u b e s, wh ic h s er ve a s  ed ge g u i de s  for  th e  h or i z on t a l  tr av e rs e  

m ec h an i sm .  At t h e  u ppe r  en d, a s pacer  p l ate s er ve d  a s  a mo un t in g  b a s e  fo r  

t he  vert ic a l t r a n s l at i on mot or . At th e l ower end, a sys tem  moun t i n g p l a te  

w h ic h  mate d to t h e  av a i l ab l e  C R DM f l an ge w as att ac h ed to  th e  tow er w i th  

c am - ac t i on c l amps . 

P hys ic a l  a s s emb ly b egan  w i th attac h men t o f th e  moun t i n g  p l ate to t h e  

C RDM f l ange . Th e tower, w i th th e v er t i c a l  dr i ve, w a s  th e n  e r ec te d  an d t h e  

h or i z on ta l  t r av er s e  mec h an i s m a ttac h ed . Ne xt, t h e  prob e w as  attac h ed to 

t h e  f i rs t  boom s ec t i o n an d in s erted  thr ou gh th e C R DM o pen i ng, l e av in g 

en ou gh o f  on e e n d  e x po s ed to  pe rmi t a d d in g an other  s ec t i o n  c on v en i e n t l y .  

The exp o s e d  port i on w a s  d o u b l e -c l amped  for s afety an d r i g i d i ty, u s i n g  

s pec i a l l y-m o d i f i e d  V i s e - Gr i p  c l amps . In s eq uenc e, t h e  c ab l e s wer e t h r ea de d  

t h r o u g h  e ac h s u b s eq uen t s ec t i o n of  th e bo om, th e boom w a s  t h r eaded  on t o  t h e 

d o u b l e -c l ampe d  s ec t i o n, t h e  t h r e a de d  j o in t  p i n n ed, t h e  tw o  b oom c l amp s 

r e l e a s e d  s e q u en t i a l l y, an d th e exten ded boom s ec t i on w i t h  p r o b e  ag a in 

l owered  i n to t h e  c o r e . Th e o pe r at i o n s  were r epe a te d  u n t i l th e  e n t i r e 

system w a s  a s semb l ed . 

Th e c omp l eted  a s s emb l y i s s h own i n  F i gu re  8 .  

Th e f i n a l s te p  w a s  to  tes t th e v er t ic a l an d h or i zon t a l mot i on s  

q u an t i tat i v e l y, a s  an i n te g r a l  te s t  o f mec h an i sms, c i rc u i try , c ab l i n g, an d  

l i m i t dev ic e s . 

I n s t r umen tat i o n  an d Contro l  

Th e in s tr umen t a t i on an d c on tr o l  fu nct i on s  ar e t h e  h ea r t  o f an y  

u l t r a son ic me as u r in g  sy s te m . F o r  th e TMI - 2  c or e  topogr a p h y  d a t a  

ac q u i s i t i on effo r t, t h e  n ec e s s ary eq u i pmen t i s c ompr i s e d  o f e l ec t r on ic gear  

an d a m in ic omputer .  Th e in s t r u men t at i on f un ct i on s  wer e : 

18 



Fi g ur e  7 .  H or i zon t a l  and v er tic a l  dri v e  mech ani sms , i n s t a l l e d  i n  t he  
su pport  tower. ( EG&G I d ah o  ph oto 83- 1 9 - 1- 3 . ) 
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F i g u r e  8 .  As semb l ed mech a n i sms on th e mock u p s ervice  s tr u ct ure . 
( E G&G I d ah o  ph o to 8 3 - 19 - 1 - 1 . )  

20 



• U l tr a s on i c pu l s e ge n e r at i o n an d t i m i n g  

• Mu l t i p l ex  s i gn a l  d i s tr i b u t i o n an d con tro l 

• Re t u r n  s i gn a l con d i t i on i n g  an d  proce s s i n g  

• An a l og -to-d i g i t a l  d at a  conv e r s i on 

• D a ta  s tor age a n d  arch i v i n g  

t Pr e l i m i n ary d at a  proce s s i n g  an d d i s p l ay 

• C omm and  o f  a l l me ch an i ca l  an d e l ect r on i c  t e s t  a n d  o pe r at i o n 

f un c t i o n s, on  a s e l ect i v e programmed b as i s 

• C on tr o l  of  a l l r e pe t i t i v e  mech an i ca l  a n d  e l ect r i ca l / e l ectron i c  

f u n c t i on s  for th e u l tr as o n i c  s c an  

• C o n tr o l  of  a l l fu n ct i on s  r e l ated to  d ata  a cq u i s i t i o n, proces s i n g, 

s t or age, an d on - l i n e d i s p l ay . 

Th e m i n i compu ter, w i th i ts per i ph er a l s an d s u ppor t i n g e l ectron i c  

dev i ce s  for  d at a  acq u i s i t i on, h and l i n g, an d s t or a ge, was  l o cated  outs i d e 

t h e  r e a ct o r  conta i nmen t . Ot h er pr oce s s  an d con tr o l  e l ectron i c s were 

i n st a l l e d o n  th e r eactor s u p p ort  s t r u c t ure . D at a  t r an smi tt a l  b etween th e 

t wo i n s t a l l at i on s  was v i a  a s i n g l e co a x i a l  cab l e .  Con tro l  s i g n a l s wer e 

r o uted  o n  ex i s t i n g  CRD M  pos i t i on readout  c ab l i n g .  Th e v ar i ou s  compon en t s  

a n d  t h e i r  s pe c i f i e d l oca t i o n s are  i den t i f i e d  i n  F i gu r e  9. The o pe r at i o n a l  

s e q u e n c e  o n  wh i c h th e e l ectron i c  sys tem de s i g n w a s  b as e d  i s  descr i bed  b e l ow . 

l .  P u l s e s  at a c l ock ed r e pe t i t i o n freq uency ar e  pr ov i ded  by a t i mi n g  

g e ner ator . Th e s e  syn c h ro n i z a t i on  p u l s e s  are d i recte d  to  the 

a pp r o pr i ate  pu l s er -rece i v er s  for i n d i v i d u a l  t r an s du cer s, s e l ected  

remote l y through  a mu l t i p l ex er  ( M UX ) . 

21 



2 .  Th e  M UX, o pe r at i n g  a s a two - l ev e l  matr i x ,  a l s o d i r ec t s  t h e 

rece i v er o u t p u t  from th e ret urn i n g  ec h o  to  th e s i gn a l  con d i t i on i n g 

sy s tem and  th en to a n  an a l o g -t o -d i g i ta l  co n v er ter  ( AD C ) . 

Oper at i o n o f  th e ADC  i s  s yn c hron i z ed  w i th  th e r e t u r n i n g  s i g n a l by 

m ean s o f  t i m i n g gen er ator pu l s es wh i ch e s tab l i s h an i n i t i a l d e l ay .  

3 .  Ou t p u t  from t h e  ADC, togeth er  w i t h  d i g i t a l  pos i t i on v a l u e s  from  

h or i z on t a l  ( an gu l ar ) a n d  v er t i ca l pos i t i o n enco der s, i s t h en  r e a d  

i n t o  th e comp u t e r  memory . 

4 . Th e n ext t r an s du ce r  i s  s e l ect e d  by t h e  M U X ,  an d  t h e  o v er a l l 

s e q uence  i s  r e p e at ed . 

5 .  Th e  d ata  are  reta i n ed i n  memory u n t i l comp l et i o n o f a h or i z o n t a l  

s c an, t h e n  recorded  i n  a s i n g l e d i s k  f i l e .  Th e r e c o r de d v a l u e s  

a r e  r e a d  a n d  compared  w i th th e or i g i n a l v a l ue s  i n  me mory, 

b i t -by-b i t, an d any error s enc oun tered  are note d . 

Th e  recorded  u l t r as on i c  d a t a  ar e compu ter -proce s s e d  to  pr o v i de o n - l i n e 

p l ot d i s p l ays, s peed -of - s o u n d  c a l c u l at i o n s, an d prob e v er t i c a l  p o s i t i o n  

i nfor ma t i on .  A d e s cr i pt i o n o f t h e  act u a l  e l ectron i c  s ys tem i s g i v en h ere  

i n  t erms o f  th e major  f u n ct i on s  performed . Th e a p p l i c ab l e c a t egor i e s ar e 

( a ) s i gn a l co n d i t i o n i n g, (b ) t i mi n g a n d  syn chron i z at i on, ( c ) motor  a n d  

mech a n i sm  con t r o l, ( d ) d i g i t a l  commu n i c at i on, an d ( e ) d a t a  p r o c e s s i n g . 

Sys tem pack a g i n g  a n d  i ts r at i o n a l e are  a l s o  i n c l ude d i n th i s  d e s cr i pt i o n, 

s i n c e  i t  repre s en te d  a n  e s sen t i a l  por t i o n o f  th e de s i g n effort . A b l oc k 

d i a gr am o f t h e  s ys tem i s  s h own i n  F i gu r e  10. 

S i gn a l  Con d i t i o n i n g  

Eq u i pmen t  for t h i s  f u nct i o n i s  l oca ted b oth a t  th e  wor k i n g  face  o n  t h e  

TM I - 2 u pp e r  s u pport  s t r u ct ure  ( remote ) an d at  th e con s o l e o u t s i de th e 

r eactor  con ta i n me n t  b u i l d i n g .  Each  t r an s du cer h as i ts own 

p u l s e r / r ec e i v e r . Th e s e  twe l v e  u n i t s  ar e contr o l l e d by a two - l ev e l M U X  

( 4 -b i t  par a l l e l code, r ee d - s w i tch  o pe r at i o n ) wh i ch ( a ) p rov i de s  d i r ect  
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t i mi n g p u l s e s ynchron i z at i on to  th e s e l e cted  p u l s er an d ( b ) fee d s th e 

am p l i f i e d ret urn s i gn a l from t h e  r ece i v er i n to a 50 -o h m  co a x i a l  cab l e  to 

t h e  c o n s o l e .  At th e con s o l e, two rece i v er - amp l i f i er s  p rov i de f i l ter i n g an d 

man u a l l y- s e l ectab l e  ga i n . Th es e  amp l i f i er s  ar e s e par ate d by a compu ter 

c o n t ro l l ed atten u ator  ( 64 d B i n  0 . 5  d B s te p s, reed  s w i t c h  o per at i on ) wh i c h 

m a tc h es  s i g n a l  ga i n  for each  of t h e  s e l ecte d c h an n e l s .  Th i s  s te p  i s 

ma nd ated  by  d i fferen c e s  i n  r an ge, t ar g e t  r ef l ect i v i ty, an d tr an s d ucer  an d 

p u l s er / r e ce i v er ch ar acter i s t i cs . An 8 - b i t  a n a l o g -t o -d i g i ta l  f l as h 

c o n v er t e r  ( ADC ) proce s s e s  th e con d i t i o ned  s i gn a l ,  s am p l i n g a 3 0 - p s  apert u r e  

a t  pr edeterm i n e d  i n te r v a l s of 50  n s  to 5 u s, i n  a 1 , 2, 5 mu l t i p l i er 

s eq uence . Th e d i g i t i z ed  o u t pu t i s  a cc u mu l ated  i n  a 1 02 4-word, o n -boar d 

b u ff e r  memory, wh i c h i s  i n terrogated  by th e comp u t er . 

T i m i n g  a n d Syn chron i z at i o n 

Fo r  any u l tr as on i c  r an g in g  s ch eme, t i me me a s ureme n ts ar e c o n v erted  to  

d i s t an c e s  b y  mean s o f  k n own pro p a g a t i on v e l oc i t i e s .  Ac c u r a te t i m i n g  i s  

t h er e fo r e  e s s en t i a l . Th e two-par t  t i mi n g  cyc l e u s e d  h er e gov er n s  phys i ca l  

me a s uremen t an d d at a  h an d l i n g  for  each  tr an s d u c e r  s i gn a l . 

Th e ov er a l l t i m i n g  cyc l e for each  t r an s du cer  i n  a s eq u en ce i n v o l v e s  two 

ne s te d  l oo p s  ( repet i t i v e  t i min g  cyc l e s ) wh i c h ar e e s t ab l i sh e d  by  a 

t i me - b as e  ge n er ator . Th e l ength  of b ot h  l oo ps i s  s et  d i g i ta l l y  by t h e  

s oftw ar e . Th e i n ner  l oo p  of  th e t i me -b as e  g e n er ator  def i n e s  a n  i n i t i a l 

d e l ay from  t h e  sys tem syn ch r on i z at i o n  pu l s e ( t h e  t i me -zero  pu l s e from t h e  

g e n e r at or, wh i c h tr i gger s t he  s e l e cted  p u l s er ) t o  th e s t ar t  o f th e ADC  dat a 

a cq u i s i t i o n cyc l e . Fo l l ow i n g  th e  ADC cyc l e, t h e  s oftw ar e i n terrogate s  t h e  

c o n ten t s  o f  th e ADC bu ffer  memory, s e l e c t s  th e M U X  c h an n e l  corres pon d i n g t o  

t h e  n ext c h an n e l  i n  th e s eq uence, a n d s ets  t h e  ap pr o pr i ate a tten u at i o n for 

the c h an n e l . At th e en d of  th e t i me -b a s e  g e n er ator • s  o u ter  l oop, typ i c a l l y 

f rom 9 0  to 1 00 ms, i t  pu ts ou t a n ew s yn ch r on i z at i o n  p u l s e, an d  t h e  s ys tem 

r ecyc l e s w i t h  th e n ew l y - s e l ecte d tr an s d ucer . 

Th e tot a l  t i me, wh i ch i s  th e me a s u r e  o f r an ge to  t ar ge t, c o n s i s ts of  

t h e  t i me b e tween  th e syn c hron i z at i on p u l s e an d th e ADC  memory l oc at i on 
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w h i ch r ecor ds th e retur n i n g  e ch o .  T h e  t i me i s  th en ( i n i t i a l de l ay ) + ( AOC 

memory l oc at i o n  n umber ) * ( ADC s amp l i n g  per i od ) . Note  th a t  th e i n i t i a l d e l ay 

a l l ows  t h e  s ys tem to 1 1 S k i p  ov er 1 1 ar eas  of n o i n teres t n ear t h e  tran s d u cer 

and  d i s t r i b ute  th e Aoc • s  1 02 4 -wor d s i gn a l  s amp l e at f i n e  s c a l e r e s o l u t i o n 

a b ou t a ny part i cu l ar r an ge r eg i o n o f  i n teres t .  T h e  l en gt h  o f t h e  o u ter 

l oo p  ( between  t r an s d ucer s ) s e t s  th e s p at i a l  s amp l i n g  i n terv a l  a t  c on s ta nt  

p rob e rota t i o n  s pe e d . 

A s i n g l e  comp l ete d ata  cyc l e for one  tran s du cer i n  on e  l oca t i o n  

i n v o l v e s  th e f o l l ow i n g  s te p s : 

• At t = 0, p u l s e r  i s  f i r ed ;  s oftw ar e r ea ds th e h or i z on t a l  po s i t i o n 

r eg i s te r  

• I n i t i a l d e l ay e s tab l i s h ed a n d  ADC cyc l e s tar ted  

• D at a  i n terr o g a t i o n ( s oftw are ) for e s t ab l i sh i n g  p u l s e  pro p a g at i o n 

a n d  e ch o t i me 

• Next  c h an n e l  s e l ecte d 

• At ten u at i o n o f  n ext c h an n e l  s e t  

• I n i t i a l  d e l ay f o r  next  c h an n e l 

• Ou ter l oo p  t i me o u t compl eted . 

T h i s t i m i n g  cyc l e i s  d i a gr amme d  i n  F i g ure  1 1 . 

M otor an d Mech an i s m Con tr o l  

Tw o  motor c o n t r o l l er s  a r e  r eq u i r ed  for o pe r at i n g th e  h or i z on t a l  s weep  

and  th e v er t i c a l  t r a n s l at i o n s tepp i n g  motors . Each  generates  a p u l s e 

t r a i n, a s  pres cr i b e d  by t h e  compu ter s o ftw ar e, wh i ch s pe c i f i e s : 
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ss sc ss 

T i m e-base _n n n_ 
generator 

I n i t i a l  d e l ay ---j -I ( i n n e r  l oop) 

Total  cyc l e  t i m e  (o uter  l oop) 

sc EOC 

ADC n n 1-- 1 024 x per iod --1 
ss EOC ss 

I nterru pts n n n_ 
to C P U  

Software 

F i g ure  1 1 .  

Set cond i t i o n s  o r  

next chan n e l  

and n e x t  cyc l e  
Read A D C ,  Set 

Read hor izontal  f ind echo Se lect  Set i n i t i a l 
pos i t i o n  Wai t  t i mes M UX atte n u ator  d e l ay Wait  

I N EL 4 3640 

Ti mi n g  d i a gram for  d at a  acqu i s i t i on cyc l e .  Abbrev i at i on s : SS  = sys tem s yn ch ( t = 0 ), 
S C  = s tart  c o n v er s i on, EOC  = e n d  o f c o n v er s i on . Approx i mate t i me s  are : tota l cyc l e ( b e twee r ,  
SS ), 900 ms ; i n i t i a l d e l ay, 4 0  ll s ;  AD C cyc l e, 5 ms . 



1 Mov e men t d i rect i o n 

1 Ramp -u p a n d  r amp-d own t i me for t h e  pu l s e tr a i n  

1 Steady-s t at e  p u l s e  r ate  

1 To ta l n umb er o f  pu l s es . 

C o n tr o l l er o per at i o n  s to ps on  act u a t i o n  of a l i mi t  s w i tch  i n  t h e  d i r e ct i o n 

of t r av e l . 

I n d i v i du a l  motor dr i v er s  co n v ert  t h e  pu l s e tr a i n  to motor  dr i v e  

s i gn a l s .  A s t ab l e c l ock  permi ts  extreme l y c l o s e  con t r o l  o f th e  p u l s e r at e  

a n d  h en ce t h e  motor rot a t i o n  s pe e d . 

Po s i t i on readout s  for  b ot h  an g u l ar an d v er t i c a l  tr av er s e s  u s e 

t wo -t r ack, d i g i ta l - i n creme n ta l - po s i t i o n encoder s me ch an i ca l l y  d r i v en by 

each  f u n ct i on .  A q u ad r at u r e  decoder  sen se s  th e po s i t i on c h an g e  an d 

d i r ect i o n a n d  prov i de s  th i s  i n format i o n to b i d i r ect i o n a l  r e g i s te r s . Th e 

comp u ter  i n terr o gates  th e reg i s ter to  e s t ab l i s h th e mech an i sm • s  s p a t i a l  

p os i t i on .  

D i gi ta l C ommu n i c at i o n s  

Des i gn o f co n s o l e -t o -c o n ta i n me n t  commu n i ca t i o n  r eq u i r e d  s ome c ar e 

bec a u s e  o f  h i g h l ev e l s o f  u n c o n t r o l l ab l e  p l an t -gener ate d e l e c tr i c a l  n o i s e, 

w i th a v ery r e a l  po ten t i a l  for o b s c u r i n g  s i gn a l s fr om t h e d a t a  a cq u i s i t i o n 

proce s s . Th e on l y  av a i l ab l e c ab l i n g for  d i g i t a l  s i gn a l s c on s i s te d o f  

e x i s t i n g  s tr a i gh t -w i r e, CR OM p o s i t i o n -readou t cab l i n g . Be c a u s e  t h es e  wer e  

not  tw i s te d -pa i r, th ey on l y  added  to  th e no i s e pr ob l ems . 

A l l d i g i t a l  commu n i ca t i o n s b etween  the  con so l e an d t h e  co n t a i n me n t  

e l ectron i c  en c l o s u r e  wer e c arr i e d o n  a c urren t - l oo p sys tem .  I n pu t  an d 

o ut pu t were  s tandard  TTL s i gn a l s, b ut  t h e  tr an smi s s i o n i n v o l v ed v ery 

l ow - i mped an ce, 2 0 -mA s i gn a l s between  mod u l ar s e nder s  an d r e ce i v er s . 
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E x pe r i en ce w i th th ese  c i r cu i ts h as s h own th a t  t h e  v ery l ow i mpe dan ce an d 

t h e  u s e  o f  c u rren t  as  th e v ar i ab l e  mak e i t  v ery d i ff i c u l t for  no i s e to  

i n du ce s i gn i f i c a n t  s i g n a l s on these  l i n e s . S uch  c i r cu i ts h av e b een  u s e d  

s u c c e s s f u l l y  i n  oth er  a p p l i c at i on s  w i t h  u p  t o  500 -m c ab l e l en g th s  i n  v ery 

n o i sy e n v i r o n men ts . Th ey perfo r me d s u cce s s fu l l y  i n  th e pres e n t  a pp l i cat i o n . 

D at a P r oce s s or 

Th e cen tr a l  proces s i n g  u n i t  (CP U )  w as  a Di g i t a l  Eq u i pme n t  Cor por at i o n 

( D E C ) L S I - 1 1 / 2 3  i n  Camac format, w i th  an  i n teg r a l  C ama c crate  c on tr o l l er .  

Th e C PU i n c l u ded  f l oat i n g  po i n t  h ar dw ar e  a n d  2 5 6  k i l obyt e s  o f r an dom-acce s s  

memory . Mas s s tor age  for progr ams an d d at a  was  p r ov i de d by a two - u n i t, 

s i n g l e - s i de d, d u a l -den s i ty, 8 - i n .  f l oppy d i s k sys tem .  

Th e o p er ator • s  termi n a l was  a Tek tron i x  40 1 0  s tor a g e  gra ph i c s  d i s p l ay 

w i th h ar d  c o py u n i t .  Th i s  comb i n at i o n a l l owed  for b oth  a l ph an umer i c  

c o mmu n i c at i on s  an d v ector  graph i c  ou t p u t  i n  n e a r -r e a l  t i me w i t h  h ard  co py . 

An a dd i t i o n a l  r as ter termi n a l ( D EC  V T - 1 02 ) w as  u s e d  for s oftw ar e 

d ev e l o pmen t . 

P a ck a g i n g  

De s i gn o f  pack ag i n g  f o r  th e s ys tem w as i n f l u e nced  by b oth  t h e o pe r at i n g  

e n v i r o n men t an d th e need  t o  w i t h s t an d  l on g -d i s t an c e  s h i p p i n g .  Th e 

e l e ctron i c  componen ts a t  t h e  co n so l e, e xce pt for t h e  d i s k  sys tems and  th e 

r ec e i v e r  amp l i f i ers, were  a l l i n  a s i n g l e C amac  cr ate . Two m i l i t ary-type  

s h i pp i n g  c o n t a i n er s  (F i gu r e  1 2 )  wer e u s ed  to  en s ur e  a deq uate  s h ock an d  

v i b r at i on con t r o l . Th ey w i thstood  a r ou g h  s h i p p i n g  e n v i r onmen t v ery we l l . 

T h e r emote  (i n -con ta i n men t )  e l e ct r on i cs wer e pack a ge d  i n  tw o  modu l es . 

Th e c on t a i n men t  e l ectron i c  en c l o s u r e  w a s  a N EM A  Typ e  1 2  b o x  wh i ch con t a i n e d  

t h e  p u l s er/ rece i v er s, mu l t i p l exer, mo tor d r i v es, an d  d i g i ta l  con�u n i cat i o n s  

s e n d e r / r ece i v er s . Th i s  u n i t  wa s  s e a l e d  a ga i n s t  con t am i n at i o n  b u t  con t a i ne d 

a n  i n te r n a l f an  to c i r cu l ate a i r  an d i mpr ov e h ea t  d i s s i pa t i o n . T h e  

i n t e rn a l  d i s s i pat i on gav e the  u n i t  a l 7 ° C  temper at u r e  r i s e ab ov e amb i e n t  

d ur i n g  o pe r at i o n . 
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F i g u r e  12. I n s tr ume n ta t i o n  con so l es . Th e C amac cr ate c o n ta i n i n g mo s t  o f 
th e d i g i t a l  e l ectron i c s i s  l oc ated at  th e to p o f th e l eft 
c o n ta i ner . Th e compu ter ( DEC  L S I - l l /2 3 ) a n d  c r ate c o n tr o l l er 
occu py th e f i v e  r i gh t -h an d  s l ots . Th e bottom h a l f o f th e 
c o n ta i ne r  h o l ds termi n a l b oar ds  a nd  con nector  s tr i p s . At t h e  
to p  o f  th e r i gh t -h an d  con t a i ner i s  th e d i s k  u n i t . Be l ow i t  are 
t h e  u l t r as on i c  amp l i f i e r s  and A-scan d i s p l ay .  Th e  c o n ta i n er s  
ar e s h ock -moun ted, m i l i t ary -s ty l e u n i ts  s u i t ab l e  f o r  s h i pp i n g 
a n d  u s e . Th ey ar e  ab ou t  0 . 8  m h i gh .  ( EG&G I d ah o  ph oto  
8 3 - 62 - 1- 3. )  
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Th e  motor  s u pp l y  w as pack age d s epar ate l y  i n  a fan -coo l ed  a n d  u n sea l ed  

u n i t; i t  was  not  po s s i b l e to  decon t am i n ate  i t  fo l l ow i n g  u s e . 

Th e  cab l i n g  s ys tem u s e d  ca pt i v e AN - s tyl e conn ector s throu gh o u t . The  
c o n n ector s  were  n u mbered, co l o r -coded, an d s e p ar ate l y k eyed fo r q u i ck 

a s s emb l y  a n d  to r e d u ce the  po s s i b i l i ty o f mak i n g  i mpr o per conn ect i o n s .  

S i gn a l c ab l i n g  between th e en c l o s u r e  an d th e pr ob e mech an i sm  w a s  se par ate d 

p hys i ca l ly f r om mo tor an d en co der cab l i n g  an d  e l ect r o s tat i ca l ly s h i e l ded . 

Meas uremen t Tech n i q u es 

Th e h ar dw ar e  an d software systems were de s i g ned  to  i mp l emen t a s pec i f i c 

s e r i e s o f  me th ods  for s ur veyi n g  t h e  core cav i ty .  Th es e me th ods  ar e 

d e s c r i be d  i n  th i s  s ect i on . 

M ea s u r emen ts of  Ran ge 

R an ge mea s ureme n ts w i th the  C TDA ar e  def i n ed as th ose  i n v o l v i n g  

me a s u re men t o f  th e ( s l ant ) d i s t an c e  from a t r an s ducer  t o  s ome t arget  

r e pr es en t i n g  t h e  s ur f a ce of  th e cav i ty .  Mea s ureme n ts of th e  a l t i tude  o f 

t h e  p r o b e  ab ov e  th e f l oor  of  th e c av i ty were made i n  th e s ame way as a l l 

o t h er mea s ur eme n ts o f c av i ty s ur face l ocat i o n s .  Th e meas ured  q uan t i ty i s 

t h at o f  t i me -to -target  echo; i t  i s  converted  to  a me as uremen t o f  d i s t an c e 

t h r o u gh a s epar ate l y-me as ur ed s pee d  o f s ou n d, a s d i s cu s sed  b e l ow .  

I n  e ac h  r an ge me as urement, t i me s t ar t s  w i th  th e s ys tem  s yn c h r on i z a t i on 

p u l s e  from t h e  t i me -b a s e  gen er ator . After an i n i t i a l de l ay wh i ch i s  ch osen 

by  th e o perator, th e ADC recor d s  th e rece i v e d  an d amp l i f i e d ech o waveform 

b y s amp l i n g  i t  i n  1 02 4  eq ua l  i n cremen ts and s tor i n g  i t d i g i ta l l y  i n  a 

b u ff e r  memory .  For r an ge meas uremen ts, th e t i me o f  occurr en c e  o f  th e  e c ho  

i s  d e f i n ed a s  t he  t i me wh en th e s i gn a l f i r s t eq u a l s or exc eeds  a f i xed 

amp l i t u de t h r e s h o l d .  F o u r  s uch  t hresh o l d s  were u sed . Th es e wer e set  a t  

2 0, 4 0, 6 0, a n d  80% o f  A D C  fu l l  s ca l e .  Imme d i ate l y fo l l ow i n g  th e  en d of  

ADC  c o n v er s i on, th e software tes ts  th e bu ffer  memory an d recor d s  th e memory 

l o ca t i on  { p r o port i o n a l to the  t i me ) corres po n d i n g  to th e f i r st cros s i n g  o f 
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each  t h r e s h o l d .  Th er e ar e th u s  fou r se par ate me a s u remen t s  o f  r an ge a t  e a c h  

p o i n t; t h e  s epar ate me a s ur eme n ts carry d i ffe ren t  i n forma t i o n wh i ch i s  

u s ef u l  i n  de tect i n g  ar t i facts  an d e l i m in at in g  no i se . 

To s ee h ow th i s  i s  s o, i t  i s n ece s s ary to  d i s cu s s  t h e  ma n n er i n  wh i ch 

amp l i t u d e / atten u at i o n ( g a i n ) s ett i n g s are made . S i gn a l  amp l i t u d e  de p en d s  

o n  t h e an g l e o f  t h e  ref l ect i n g  s ur fa ce w i th res pe ct t o  th e  s ou n d  b eam, on 

t he  ro u gh nes s o f  th e s urfac e r e l at i v e to  th e w ave l en g th  o f  s o u n d, an d on  

t h e  r an ge . No n e  o f t h e s e  q uan t i t i e s  co u l d b e k nown i n adv ance  o f t h e  

s u r v ey o f  th e c av i ty, an d prov i s i o n h ad t o  be  made  t o  acce p t  d a t a  ov er a n  

e xcee d i n g l y w i de r an ge o f amp l i tu de s . Th e s ys tem h as i ts  h i gh e s t  po s s i b l e 

se n s i t i v i ty for detect i o n o f  l ow - amp l i t u de s i gn a l s wh en  i ts l owe s t 

t h r es h o l d b ar e l y e xceeds  th e n o i s e  l ev e l  of th e  s ys tem;  sys tem g a i n  was  

adj u s te d  t o  th i s  con d i t i o n for  th e f i rs t  s ur veys . S i n ce n o i s e  h a s r an dom  

amp l i tu de, i t w i l l  occas i o n a l l y  e xceed  th i s  t h res h o l d, h owev er . W i th 

r e as o n ab l y  c ar ef u l  adj u s tment, th e s ame no i s e s p i k e  doe s  n o t  n orma l l y  

e xc e e d  h i gher  t h r es h o l ds . 

Th e pr i n c i pa l  ar t i fact  troub l i n g  th ese  me a s u r emen ts i s t h a t  o f mu l t i p l e 

ref l ect i on s . Wh en th e s u rface  o f  th e t arget  i s  u nev en, an d i n  p ar t i c u l ar  

w h en i t  con s i s ts o f  an  ar r ay o f rods, for e xampl e, a s ou n d  p u l s e w i l l  b e 

s u b j ected  to  mu l t i p l e r e f l ect i on s  b etween  r o d s  an d ev en t u a l l y  work  i t s way 

b ack to  the  t r an s d u cer . I t  ar r i v es l ater in  t i me, b eca u s e  o f t h e  mu l t i p l e 

ref l ect i o n s, th an  a s i gn a l  from th e f i rs t  rod  en counter e d i n  th e s eq u en ce . 

S u ch mu l t i p l e  r ef l ect i o n s  for m  1 1g h os t 1 1  i ma ge s b eh i n d  t h e  f i r s t s u r f a c e . 

Exper i men t s  s h ow th at  i n  mos t  s u ch c a s e s  th e gh os t s i gn a l  i s  s i gn i f i c an t l y  

s tr on ge r  t h an th at  fr om t h e  f i r s t  rod  enco u n tered, pres umab l y  b eca u s e  th e  

s ou n d  b e am s tr i k e s  th e f i rs t  r o d  i n  t h e  s er i e s t o  on e s i d e  o f  i ts c e n t e r  

l i n e . Th u s, a map  o f 1 1 h i t 1 1 l ocat i o n s  made from d a ta tak en  a t a l ow 

thre s h o l d w i l l  g e n er a l l y  s h ow th e f i rs t  s urface  en countere d i n  th i s  

s i tu a t i o n, wh i l e  maps  from h i gh er t h r e s h ol ds con ta i n  add i t i on a l s ur f a ce s  

wh i c h ar e gh os t s . A comp ar i s on  of ma p s  made from data  a t  d i ffer en t 

t h res h o l ds  w i l l  t h u s  r ev e a l  th e pre sen ce o f n o i s e an d  a s i gn i f i c a n t  

fr act i o n o f  an y mu l t i p l e  r e f l ect i on ar t i facts . 
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At t h i s  po in t  i t  i s  u s e fu l  to  d i s cu s s  th e way in wh i c h sys tem g a in 

adj u s tmen t s  affec t effect i v e  r e s o l u t i on .  Th e s oun d  beam s h a pes  d i s c u s se d 

e ar l i e r  r efer, con v en t i on a l l y, t o t he  h a l f -ampl i tu de po in ts on th e  s i de o f 

t h e  s o un d  b e am .  Th e s i des  of  th e s o un d b eam h av e  a f in i te s l o pe; they ar e 

n o t  v er t i ca l,  ev en th ou gh th ey ar e  q u i te s tee p .  Th u s  t he  a ppar en t  w i d th of 

t h e b eam, as meas ured  at a f i xe d  amp l i t u d e  thresh o l d, de pen d s  on  s i gn a l  

amp l i tu de a n d  on sys tem ga in . I f  t h e  ga i n  i s  exc e s s i v e, a g i v en sma l l 

t ar g e t, s u c h  as  a s in g l e rod, w i l l  b e  1 1 S me ared 1 1  ov er  a w i der  an g u l ar 

d i men s i o n  th at  i t  wou l d be at  a l ower g a i n . At h i gh er ga i n  ye t, an 

i s o l ate d t ar get  g i v e s  th e appear an ce o f  be i n g  ben t i n to  an  ar c c en tere d  at  

t h e  t r an s du cer l ocat i on .  Th i s, a l s o, i s an u n de s i r ab l e  ar t i fact th at can  

be detecte d by com p ar i s on  of d at a  from s ev er a l  f i xe d  t h r e sh o l d s . For b e s t  

r e s u l ts, t h i s  par t i cu l ar ar t i fa ct mu s t  b e  detect e d  an d  e l i min ated  d ur in g  an 

i n i t i a l r e c on n a i s s an ce s urvey o f  th e core  c av i ty, before  th e f i n a l  s urvey 

i s  maae, a s  d i s cu s s ed b e l ow i n  t he  s ect i o n Data Acq u i s i t i o n at TM I -2 . 

Me as ureme n t s  o f  Vert i c a l  Po s i t i on 

A l l mea s ur eme n ts of v er t i ca l l oca t i o n wer e r eferred to th e  po s i t i o n 

e n c oder  o n  th e vert i c a l  tr av er s e  mech an i sm, wh er e th e ov er a l l acc uracy of 

m ea s ur eme n t w as of the order  of ten th s of  a m i l l i me ter .  Th e z er o  pos i t i o n 

o n  th i s  d ev i ce was  a t  a l i m i t  s w i t c h  a t  th e u p per  en d o f tr av e l . At th i s  

l o ca t i o n  t h e  l ower t i p o f t he  probe  was  n omi n a l l y  1 6 mm b e l ow t h e  l ower 

s u rface  of th e u pper gr i d  p l ate . 

A l t i t u d e  me as ur emen ts r efe r to r an ge me as ur emen ts of th e  d i s tan ce from 

t h e  l ower  t i p of  th e probe  to  th e f i rs t  ref l ect i o n ob t a i ne d  from th e f l oor 

of t h e  cav i ty d i rect l y  b e l ow th e prob e .  Th e a l t i t u de was me as ured  

a ut omat i c a l l y  i mmed i ate l y f o l l ow i n g  each  c h an ge i n  v er t i c a l  p os i t i on .  Th e 

m e as ureme n t  w as made pr i mar i l y a s  a preca u t i on to prev en t  d r i v i n g  th e  prob e 

i n to  th e f l oor  o f  th e c av i ty; th e meas uremen t w a s  u s e d  q u an t i ta t i v e l y on l y 

i n  l oc a t in g  t h e  e l ev at i on of  t h e  cen ter o f  th e  b l i n d  c i rc l e d i rect l y  b e l ow 

t h e  p r o be . 
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Meas uremen ts of  th e Spee d o f Sou n d  

Th e s peed  of s ou n d  i s  t h e  b as i c  c a l i b r ati on for the  s ys tem, an d  
temperature  u ncer ta i n t i e s p re sen ted th e l arges t poten t i a l  s o u r c e  o f error . 

Th e  tempe r ature  coeff i c i e n t  o f t h e  s pe ed of s ou n d  i n  water i s abo ut  

0 . 1 5%/ ° C n e ar 2 0 ° C; an y  err or s from th i s  s o urce affect a l l me as uremen t s  

p roport i on ate l y .  Av a i l ab l e  i n format i o n  fr om TM I s u gge s te d  t h at t h e  w ater 

temper at ure  m i gh t v ary from l e s s  th an 20° C to  a h i g h approach i n g per h a ps  

7 0 °C, d e pe n d i n g  o n th e h i s tory o f r ecov ery o pe r at i o n s  a t  TI� I i n  th e  few 

week s or mon th s prece d i n g  me as uremen ts  wi th th i s  sys tem . Th e i n format i o n  

a l s o s u gge s te d t h a t  t h e  temper ature  m i ght  v ary by f i v e  or t e n  degrees  ov er 

a per i od o f  s ev er a l  h o ur s . Th er e wer e add i t i on a l  u ncerta i n t i es con cern i n g 

t h e  magn i tude  o f  e ffe cts  d u e  to s o l utes  and  s u s pe n ded  s o l i ds, an d  

con vect i on v er s u s  s tr at i f i c at i o n i n  w ater temper at ures . 

I t w as th u s  n e ce s s ary to  mea s ur e  th e s peed of s ou n d  i n s i tu i n  th e  

c av i ty an d t o  prov i de th e c a p ab i l i ty t o  measure  i t  a s  a f un ct i on o f  

v ert i ca l  po s i t i o n . Th e mea s uremen ts were made w i th the  0 -d e gr ee 

( down w ar d - l ook i n g ) t r an s d u c er s i n  th e geometry d i s c u s sed  ab ov e . Th i s  

g eome try prov i de d s i n g l e  tar ge ts rou gh l y 90 mm from the  faces  of  t h e  

tran s d ucer  h ou s i n gs . 

To mak e prec i s e  me a s uremen ts i n  th i s  geome try, i t i s n ece s s ary t o k now 

both  th e effect i v e  s oun d f l i gh t  path  an d any t i me de l ays b e tween  th e s ys tem 

syn c h r on i z at i o n p u l s e ( o ccu r r i n g  at t = 0, by def i n i t i on ,  for  t h e  compu ter 

an d i n s tr u men t s ys tem ) an d th e effect i v e  t i me of  em i s s i on of th e s oun d w av e  

f rom t h e  t r an s ducer . Wh i l e  t h e  d i s tan ce from tr an s du cer  f a ce to t arget  

l ed g e  c an b e  me as u r e d  pr ec i s e l y ,  i t  i s  not  c l e ar h ow to def i n e  th e f l i gh t  

p ath f r om s ome part  o f t h e  t r an s du cer t o  t he  l edge , wh i ch i s at th e  v ery 

edge  of th e b e am, no r  wh er e w i th i n  th e tr an sducer  as semb l y  th e s oun d w av e 

i s  e ffe ct i v e l y emi tted; an e po xy wear face o f u n k n own th i ck ne s s  on t h e  

tr an s d ucer  comp l i c a t e s  th e s i t u at i on . Ti me de l ays o f  s i gn i f i c an t  mag n i tu d e  

occu r i n  s i gn a l  pr o pa ga t i on  t h r ou gh n ear l y  2 00 m of cab l e ; i n  r i s e t i me s  i n  

th e d i g i t a l  commun i c at i on s  s e n der/rece i v ers, MU X , an d p u l s e r  tr i g ge r; an d 

i n  th e pro pa ga t i on  o f  th e pu l s er  s i gn a l a cros s t h e  fa ce o f th e  t r an s d u cer 

i t s e l f .  Th ere  ar e oth er t i me de l ays i n  th e sys tem as  we l l . 
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Th e s i tu a t i o n can  b e  mo de l ed  by 

X c = 
t "€  

wh ere  t i s  t h e  ob s er ved  t i me o f e ch o retu r n, an d x ( t h e  effe ct i v e  f l i gh t  

p at h ) and  e: ( th e de l ay t i me ) ar e con s t an t s  t o  b e  determ i ne d by 

c a l i b r at i on . Th i s  i s  don e by meas ur i n g  t a t  two  d i ffe r en t a n d  prec i s e l y 

k n own s pe e d s  o f  s o un d, c, th en s o l v i n g  s i mu l t aneou s l y  for th e two u nk n ow n 

c on s ta n ts . Th e s peed  o f s ou n d  i s  ch an ge d s i mp l y by ch an g i n g  t h e  

temper ature  o f  p ure  water ; th e s peed  o f  s ou n d  as  a f un c t i on o f  temper at u r e 

i s  w e l l k nown i n  t he  l i ter ature . Th e r es u l t i s  a mea s ureme n t  o f th e  s pe e d  

of  s oun d wh i ch i s  v a l i d  to at l e as t th e f i r s t  or der  for � l i q u i d  w i th i n  

t h e  mea s u r eme n t  cav i ty, a n d  w h i ch cor rects  a utoma t i c a l l y  ( a ga i n  to f i r s t  

order ) for  th erma l expan s i o n o f  th e c av i ty .  F u r th er, i f  th e c a l i br at i on i s  

d on e  w i th t h e  s ame e l ectron i c  c l ock s ( t i me -b as e  gen er ator an d ADC ) t h at are  

u sed  d ur i n g  r an ge me as urement, sys temat i c  i n accurac i e s i n  th e c l o ck s  do  no t 

a ffe ct t h e  s ys tem c a l i b r at i o n, prov i de d th at th e  c l ock s are  s tab l e . 

Secon d -order  error s o f  sma l l ma gn i t u d e  ar i s e i f  th e temper ature  coeff i c i en t  

o f  t h e  co n ta i n e d  l i q u i d  i s  r ad i ca l l y  d i fferen t from t h at  o f p u r e  w ater . 

Th e t i me of  occurren ce o f  th e echo, t, i s  def i n e d  as  th a t  o f th e 

h a l f -amp l i tu de po i n t  on  t he  l e a d i n g  e d ge o f th e  s i gn a l  r etur n i n g  from t he  

l e d g e  t ar get . Th e h a l f - amp litude  po i n t  s o  def i n ed  y i e l d s  an e l a psed -t i me 

m ea s ureme n t  wh i ch i s  i n de pen den t o f s i gn a l ampl i tu de an d  o f s i gn a l  r i s e 

t i me .  I t  i s  me as ured  by  recor d i n g  th e s i gn a l  a t  50-n s s am p l i n g  i n terv a l s, 

f i n d i n g  t h e  s i gn a l max i mum, an d l i n ear l y  i n ter po l at i n g  b etween  t h e  two 

50 -n s  s amp l e s  t h a t  boun d th e h a l f - amp l i t u d e  po i n t  on  th e l ead i n g e d ge of 

t h e  s i gn a l . Te s ts s h owed t h at t h i s  procedure  w as a ccur ate a n d  r eprodu c i b l e  

t o  l e s s  th an  3 n s  wh en th e s i gn a l amp l i t u d e  was  c h an ge d  by  as  mu ch  as 

20 d H. Th e me a s ur emen ts were  made w i th s i gn a l av er ag i n g  to r educe  

c o n tr i b u t i on s  from  sys tem n o i se . 

C a l i b r at i on  was perfo rmed a t  2 0°, 3 0°, an d 40° C, a n d  r ep l i cated  to 

ob t a i n s t a t i s t i c s on prec i s i on . Temper at ure s  were me as ured  w i t h  a d i g i ta l 
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t h ermometer  wh o s e  c a l i b r at i on  was  t r a ceab l e  to th e Na t i o n a l  Bu r e a u  o f 

St an d ar d s . S t at i s t i c a l  an a l ys i s  o f  th e re s u l t s  i n d i c a t e d  a wo r s t - c as e 

e rror  o f  0 . 1 6% ov er t h i s  tempe r atu r e  r an ge , u s i n g  t h e  der i v ed c o n s ta n t s  for  

x a n d  £ • 

Core  C av i ty Sur vey 

Th e  de s i gn treated  d a ta a cq u i s i t i on as  a s er i e s o f i n de pe n de n t 

hor i zon t a l  s c an s , i n  wh i c h d a t a  wer e acqu i re d  d ur i n g  a f u l l r o t a t i o n o f t h e  

p r ob e ,  p rece de d  a utoma t i ca l l y  by  a p re se l ected  v er t i ca l  i n cr eme n t . Each  

h or i zon t a l  s c an  acqu i re d  r an g e  d at a  from 2000  an g u l ar p o s i t i on s  wh i c h we r e  

d i s tr i b uted  s eq uen t i a l l y  amon g  a l l  s e l ected  t r an s du cer  c h an n e l s ;  t h e  

o p e r ator  c o u l d s e l ect  from one  t o  f i v e  ch an ne l s t o  b e  a ct i v e o n  any on e 

h or i z on ta l  s can , a n d  s e t  t h e  atten u a t i on  an d i n i t i a l de l ay i n de pe n de n t l y 

for  e ach . F i v e  tr an s d ucers , c ov er i n g  th e  f u l l comp l emen t o f  f i xe d  p o l ar 

a n g l es a t  a s i n g l e  t r an s du cer  freq uency , was th e s tan d a r d . Th e  o pe r ator  

h ad th e o p p or t u n i ty  t o  c h an g e  an y p ar ameter , i n c l u d i n g  th e v er t i c a l  

i n c remen t ,  b efor e  b eg i n n i n g a n ew s can . 

Th e d at a  f i l e  for  each  s c an c on s i s te d  of  ( a ) u n i q u e  i d en t i fy i n g  

i n fo rmat i o n  for th e s can , ( b ) a l l  par ameter  s ett i n gs , i n c l u d i n g  t h os e  o f 

the  ADC , (c ) th e u l t r a s o n i c a l l y-me as ured  a l t i t u d e  an d v er t i c a l  en c o d e r  

r e a d i n g ,  an d ( d ) a tab l e  o f 2 000 d a ta s eq uences  co n s i s t i n g  o f t h e  a n gu l ar 

e ncoder  r e ad i n g  an d bu ffer memory l oc at i on s c orres pon d i n g  to  e a c h  o f th e 

f ou r  t h re s h o l d cros s i n gs .  At t h e  con c l u s i on of th e  s c a n  t h i s  f i l e  wa s  

wr i tten  to  th e d i s k ,  t h e n  th e d i s k  w a s  read  an d i t s con ten ts  comp ar e d  

b i t -for -b i t  w i th memory con ten ts t o  v er i fy t h at i t h ad b ee n  wr i tte n 

correct l y .  Th e f i l e  for  each  s c an s tood  a l o ne ; i t  c o u l d b e  r e t r i ev e d 

i n de pen den t l y u n der con d i t i on s  wh ere pr i or or  s uccee d i n g f i l es m i gh t h av e  

bee n d amaged  o r  l os t  for  some r e ason . 

At t h e  co n c l u s i o n o f e ach  s c a n , t h e  o pe r ator h ad t h e  o ppo r t u n i ty t o 

p l ot  t h e  d a t a  from any c h an n e l d ur i n g  that  s c an . Th e p l o t s  wer e  i n  po l a r  

f or m  an d con s i s ted  o f r an ge -t o -f i r s t -s urface p l o tte d a ga i n s t a n gu l ar 

bear i n g  for  a s e l e cted  t hre sh o l d .  Th e p l o t s  c o u l d b e  s c a l e d  arb i tr ar i l y  a t  

t h e  o pe r ator ' s  d i s cret i on .  
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M e a s ureme n t  of t h e  s pe ed o f s ou n d  co u l d b e  s e l ecte d as  th e n ext 

o p e r at i on fo l l ow i n g  an y h or i zon t a l  s c an , at th e o perator • s  d i s cret i on .  Th e 

r es u l t i n g  s pe e d  of s ou n d  w as a u toma t i ca l l y  e n tered  i n to th e  d ata  f i l e  for 

a l l s u cceed i n g  s c an s  u n t i l i t  w a s  me as ured  a g a i n .  P r o c e d u r e s  c a l l e d for  

m ea s ur i n g  the  s peed  o f s ou n d  o ften  enou gh to e s tab l i s h  t h e  v er t i ca l 

temp e r at ur e  p r o f i l e .  ( Th e wors t c as e  wou l d b e  temper ature  s t r at i f i c at i o n ; 

t h i s  wou l d  c a u s e  r efr act i o n wh i ch wou l d b en d  t h e  s ou n d  b eams i n a w ay t h at 

wo u l d  b e  d i ff i c u l t to  correct . S l ow convect i on u n d e r  s t ab l e  c on d i t i on s  

w ou l d c a u s e  l i tt l e d i ff i cu l ty . Con v ect i on co u l d b e  i n ferred  from a h i gh er 

temp e r at ur e  at th e l ower e l ev at i on s . Rate  o f  convect i on c ou l d be i n ferr e d  

f rom d i ffe ren ces  i n  me as ured  s pe e d  o f s ou n d  b etw een s u c ce s s i v e  me a s ur eme n ts 

at  a g i v e n  e l e v at i on . ) 

Th e  l owes t permi s s i b l e  a l t i tu de was  1 5 0 � 2 5  mm fr om t h e  t i p o f th e  

p r o b e  t o  th e f l oor o f  th e c av i ty d i r e c t l y b e l ow i t .  Th i s  e l ev a t i on w a s  

s e l ected  to  en s ur e  t h a t  t h e  pr ob e w as n ot  a cc i den ta l l y  d r i v en i n to th e  

f l oor  o f  th e c av i ty .  Comp l ete s ur v eys s t arted  a t  t h a t  po i n t  an d proceede d 

u pward . S i n ce th e b oom a n d  pr ob e a s s emb l y  d e s ce n de d o n l y  u n der  t h e for ce 

of  g r av i ty ,  an d th ere  rema i ned  th e pos s i b i l i ty t h a t  th e u p pe r  p l en um 

a s s emb l y  h ad b een d i s tor ted  d u r i n g  t h e  acc i den t  a n d  m i g h t  i n terfer e w i th 

t h e  mot i on o f  th e boom , u pward  mot i on u n der  motor  power  was  con s i dere d t o  

p res en t  t h e  greate s t  l i k e l i h ood o f o b ta i n i n g  u s ab l e  d ata  u n der adv er s e  

c o n d i t i on s . 

Th er e  were  two par ts to a s ur v ey .  Th e f i r s t  w as  a r eco n n a i s s an ce 

s u r v ey o f  l i m i te d  s cope , de s i gned  t o  e s t ab l i s h th e pr i n c i p a l  d i men s i on s  an d 

c on f i gu r at i o n  of  t h e  cav i ty ,  a n d to o pt i m i z e  tr an s du cer s e l ect i o n and  

o p e r at i n g  p ar ameter s . Th e secon d p ar t  was  th e det a i l e d s urvey  i t s e l f .  

S p a t i a l  Samp l i n g 

Th e v o l ume to b e  s amp l ed w as s c a n n ed i n  l - i n . v er t i c a l  i n creme n ts an d  

3 68-degree  h or i zon t a l  r o t at i on .  Th e comb i n at i on o f  r o t a t i on a l ov er l a p for 

e ach s c a n  a n d  s ou n d  b eam cov er age ov er l ap on s u cce s s i v e  s can s en s ur ed th at 

e s s e n t i a l l y a l l of th e c av i ty b o un d ary w a s  adeq uate l y s amp l ed . 
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Th e n omi n a l an gu l ar i n te r v a l  for s amp l i n g by e ach tr an s du cer  i s 

0 . 9  degree , i . e . ,  400 s am p l e s  per  tr an s ducer , or  s l i gh t l y greater  th an  on e 

s amp l e per res o l u t i o n  e l eme n t  ( d e fi n e d  i n terms of th e  s ou n d  b eam a n g l e :  

approx i mate l y 1 . 2 degr e e s  for  th e 2 . 2 5 MHz tran s ducers ) . W i th i n  th i s 

i n ter v al , f i v e  tr an s d u cer s o f  d i ffe r i n g  or i en ta t i on prov i de d  

t i me -to -f i r s t -ech o i n format i on f o r  a n  an g u l ar sector  o f  th e c av i ty .  Th e 

o vera l l s amp l i n g  r ate for t h e  en t i re cav i ty , b eca u s e  o f r ed u n dan cy o f 

coverage  r es u l t i n g  from th e l - i n . v er t i c a l  i n cremen ts  an d ov er l a p o f  

c ov er age from d i ffe r en t po l ar an g l es , av er age s ab ou t two pe r r e s o l ut i o n 

e l emen t , an  accep t ab l e , b u t  s p ar se , v a l ue .  

Da ta Acq u i s i t i o n So ftw ar e 

Th e  o per at i n g  s ys tem s oftw ar e  was  Di g i ta l  Eq u i pmen t Company  ( D E C )  

RT - 1 1 ,  con f i g ured  for th e DEC  LS I - 1 1 / 2 3  mi n i compu ter . Th e as semb l y 

l an gu a ge ( u s ed for t h e  i n n er d ata  a cq u i s i t i on  l oop  an d  mo s t  o f t h e  

l ow - l ev e l  dr i v er s ) was  Macro - 1 1 . A l l e l s e was  wr i tten  i n  FORTRAN .  

A l l  o per at i n g  par ame te r s  of t h e  s oftw ar e , i n c l u d i n g  t r an s du cer  

s e l ect i on , atten u at i on s , i n i t i a l d e l ays , con s t an t s , s c a l i n g  factors , etc . , 

were  l o ca te d  i n  a defau l t  t ab l e  th at w as comp i l ed a s  par t o f t h e  

app l i c at i on s  progr am . An y  an d a l l o f  t h e se  v a l u e s  c o u l d b e  mod i f i e d  b y  t h e  

o per ator at  a n y  t i me . 

Th e  ma i n  app l i ca t i o n s p r o gr am w as me n u -d r i v en ; at th e  co n c l u s i o n o f 

any operat i on th e o per ator  w a s  pre s en te d  w i th  a men u of  po s s i b l e  f u n c t i on s  

f rom wh i ch to c h oos e . C h o i ce o f a major  ope r at i on  ge n er al l y  pr e s en te d t h e  

oper ato r  w i t h  an  add i t i on a l s ub men u o f  deta i l e d cho i ce s  referr i n g  to  th a t 

o pe r at i on . I n  each  c as e ,  o n e  or mor e  o f  th e  men u i tems permi tted  c h an g i n g  

a defa u l t -t ab l e v a l ue . 

Th e  ma i n  fu n ct i o n s  o f  th e ap p l i ca t i o n s  pro gr am , w i th s h or t  

descr i p t i on s  o f  t he i r  o per at i on , ar e g i v e n  b e l ow . 
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I n i t i a l i z e 

Th i s  f u n ct i o n was gener a l l y  t h e  f i r s t  s te p  i n  s t ar t i n g  th e  system 

o p e r at i on .  Th e program dr i v e s  t h e  two mot i on s  o f  t h e  system con t i n uo u s l y 

i n  t h e  d i rect i on of t he i r  z ero-pos i t i on l i m i t s w i tch e s . On r each i n g t he  

l i m i t s w i t c h e s , h ardwar e gener at e s  an  i n terrupt  ( t e l l i n g t he  program tha t 

t h e  mot i o n h as reached  i t s l i m i t s ) , a n d  t h e  s oftware  c l ears  t h e  pos i t i o n 

r e g i s t e r s , s e tt i n g  them t o  the i r  zero  po s i t i o n s . 

M e a s ur e Speed  of  So und  

Th e program exec u t e s  t h e  r out i ne d e s c r i bed  e ar l i er for  me as ur i n g t h e  

s pe e d  of  s o u n d . Th e rout i n e  e n d s  w i t h  a d i s p l ay l i k e  t h at s h own i n 

F i gu r e  1 3 ,  g i v i n g t he  waveform o b t a i ned  from t he  t arget  ( to  a s s ur e  t h e  

o p e r at o r  t h at th e operat i o n ha s  been  performed proper l y ) , t h e  c o n d i t i on s  o f 

t h e  me a s ureme n t , and  i ts r e s u l t s . P roced ures  c a l l e d for  mak i n g at l east  

three  s uc h  me a s u remen t s  s ucces s i ve l y  each  t i me th e r o ut i n e  was  u sed . Th i s 

g i v e s  c omb i n e d  e st i mate s  of s t at i s t i c a l  prec i s i o n a nd  of po s s i b l e  r at e of  

c o n v ec t i on .  Th e l as t  v a l u e  ob t a i ned  i s  entered  i n t o  the  defau l t  t a b l e 

a u tomat i ca l l y .  

Mo v e  Vert i c a l l y  

Th e o per ator may accept  t h e  c urrent  content s  of  t h e  defau l t  t ab l e , or 

h e  m ay s p ec i fy a new v a l u e  for d i rect i o n ( + or - ) an d th e d i s t an c e  t o  b e  

mov e d . On comp l et i o n of  t he  s pec i f i ed  moveme n t , t h e  program d i s p l ays t he  

r e s u l t s of  t h e  meas ureme n t  i n  th e form  s h own  i n  F i g u r e  1 4 ,  wh i c h a ga i n 

g i v es t h e  w av eform , cond i t i o n s  o f  me a s u r eme n t , a n d  i ts r e s u l t .  

Hor i zo n t a l  S can  

Th e s oftware performs a h or i z o n t a l  s can , a s d e scr i bed  abov e , u s i n g t h e  

c u r r e n t  conten t s  of  th e def au l t t ab l e .  Th e s pec i f i ed v er t i c a l  movement  i s  

f i r s t made  w i th  a n ew a l t i tude d i s p l ay a s  i n F i g u r e  1 4 ,  a n d  t h e  h or i zonta l  

s can  i s  t h e n  m ade . At  t he  end  of  th e s c an t he  d at a  ar e recorded  o n  d i s k  

a n d  v er i f i ed .  
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two t i ck -mar k s at  th e b as e l i n e b e l ow th e t a r g e t  s i gn a l  s h ow t h e  
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.. -----A·_.�' •'��-. •• ��•r-.d�E����-• .. n�I�S�' �e��·�•'•n_.t�ft�'�n�sw•a.A' .. a •'_. ... �D� --------------�.· 

.01$ .  TO · BOTT • 3-f .  92.ti60 It4CH 
11AXP • 255 .. 0000 S£TPOI,.,T • 
0£. LA"� T .  .350 • 0000 CHAN 

nrE 1RM.€.L - t. . 410oi000E a3 
127 .. 5&80 s.ztt � ata 
1. ?ERLuD • 5. 00030a 

F i gu r e  1 4 .  Al t i t u de me as uremen t d i s p l ay .  Th e l ar ge s p i k e  o n th e  s i gn a l 
t r a c e  i s  th e e c h o t r om  t h e b o t t o n: o f  t h e c av i t y d i r e c t l y b e l ow 
t h e  probe . De l ay t i me ( T ) and per i o d ( AO C )  ar e  g i v en i n 
m i cros econ d s . 
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Di sp l ay Dat a 

Th i s  fu n ct i o n produ ce s  a po l ar p l ot  o f r an ge -a n d -bear i n g  d ata  d i s cu s s e d  

above . Th e o per ator  c an s e l ect  any  c h an n e l  ( or a l l c h an n e l s s u cces s i v e l y ) 

a n d  t h e  t h r es h o l d d e s i r ed ; h e  may a l s o s e l ect an ar b i tr ary s ca l e an d  d e f i n e  

the  l oc at i on o f  th e p l ot  o n  th e s creen  area . An examp l e from TM I - 2 i s  

s h own i n  F i gur e  1 5 .  P l ots are n orma l l y  made w i th d ata fr om t h e  prece d i n g  

h or i zon t a l  s c an , wh i ch i s  s t i l l  i n  memory un t i l a new s c an commen c e s ; a 

s e par ate r ou t i n e  w as u s ed to  s pe c i fy a n d  pl ot  a f i l e  res i den t o n  th e  d i s k . 

Th e pr oced ures  c a l l e d for  p l ott i n g  th e h or i zon t a l -tr an s d u c e r  d at a  

f o l l ow i n g  e ach  s can ; t h i s  i s  t h e  on l y  tr an s du cer for wh i ch th e  d ata  ar e  

easy to  i n terpr e t  i n  th e r an ge -and -b e ar i n g  form . Th e  proced u r e s  c a l l e d fo r 

p l ott i n g  a t l ea s t  o n e  a dd i t i o n a l , a n d  d i fferen t ,  c h an n e l  fo l l ow i n g  e ach  

s c an . Th i s  w a s  u s e d  to  v er i fy c h an n e l  oper at i on an d th e adeq u a cy o f g a i n 

a n d  d e l ay s ett i n gs on  a con t i n u i n g  b as i s . 

Support  an d Tes t F un ct i on s  

Th i s  category o f s oftw are pr ov i de d  a m i s ce l l an eo u s  co l l e ct i on of 

f unct i on s  wh i c h wer e u s e f u l  i n  tes t i n g  th e sys tem an d d i a g n o s i n g  fa u l ts . 

Am on g  t h e s e  fu n ct i o n s  wer e : 

( a )  Te s t  t r an s du ce r . Se l ect  a s pe c i f i e d t r an s du cer  an d f i r e  i t 

r e pe t i t i v e l y . 

( b )  I n i t i a l i z e  a n d  v er i fy d i s k .  Th i s  fu n ct i o n wr ote th e  t i mi n g 

i n format i on o n  a new d i s k  an d v er i f i ed t h a t  i t s en t i r e are a  c o u l d 

b e  u s e d . P ro cedure s  c a l l e d for remov i n g  an d  des troyi n g a n y  d i s k 

t h a t  h ad an y  b ad ar e as . 

Re l i ab i l i ty ,  Ma i n ta i n ab i l i ty ,  an d  Av a i l ab i l i ty 

Th e  ov er al l ob ject i v e o f  s ys tem de s i gn i n  a l l i ts h ar dw ar e , s oftw ar e , 

proced ur al , an d per s on n e l  as pects  w as to  en s ur e  a s  n e ar l y a s  pos s i b l e t h e  
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F i gur e  1 5 .  Typ i c a l  on - l i n e r an ge -a n d -bear i n g  p l ot fr om TM I -2 .  C h an n e l  3 
i s  th e 90-degree ( hor i zon t a l l y-po i n t i ng ) tran s du cer . " Se t 
P o i n t  1 00 " refe r s  to the s econ d  thres h o l d .  Sc a l e factor ( F )  6 
i s  an arb i tr ary s c a l i n g  factor pro port i on a l  to th e s i z e o f the 
p l ot on the s creen . Speed o f . s ou n d  ( S } i s g i v en i n 
i n ch e s / second . D i s t an c es "from top " an d "from bottom " ar e 
g i v en i n  i n ch es o f  tr av e l  fr om th e t o p  l i mi t  s wi tch and th e 
u l trason i c a l l y-me as ured a l t i t u de , respect i v e l y .  Th e s c a l e b a r 
a t  the l ower l eft i s  1 2  i n c h e s  l on g ,  w i th t i ck -mar k s  each four 
i n ch es . Th e cros s a t  th e cen ter s h ows th e prob e l oc at i on . 
Four a x i a l  power s h api n g  r ods appe ar at t h i s  a l t i tude a t 
l ocat i on s  between th e probe an d c av i ty w a l l s ;  th e s tr u cture i n  
t h e wes t - s ou thwes t d i r ect i o n , aw ay from t h e  w a l l s ,  i s s een as 
in array of f u e l  r o d s  i n  F i g u r e  2 1 . 
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a cq u i s i t i on o f  s uff i c i en t u s ab l e  d ata  i n  s p i te o f anyt h i n g  t h at co u l d go 

wron g before , d ur i n g , o r  after th e me as urement s . " Th i n g s th at  c o u l d g o  

wron g "  i n c l u ded  me c h an i ca l  or  e l ectron i c  f a i l ures , s oftw ar e o r pr oce d u r a l  

b u gs , i n correct  as s ump t i on s  a b o u t  c on d i t i on s  a t  TM I ,  h uman  fa i l ur e s , an d a n  

a cc i den t to  or  d i s ab i l i ty o f k ey pe r s on ne l . Th e en t i r e pr o gr am w as  k eyed 

to  e n s ur i n g  th e av a i l ab i l i ty an d pro p e r  o perat i o n o f  th e s ys tem d ur i n g  t h e 

c ru c i a l d ata  a cq u i s i t i o n  per i o d .  

Re l i ab i l i ty 

R e l i ab i l i ty i s  i n  l ar ge me as ure  a des i gn fu n ct i o n ,  s u ppor t e d  by 

t horou gh tes t i n g  a t  a l l po i n t s . Th e b as i c  des i gn ph i l o s o phy  w a s  

c on s er v a t i s m ,  u s i n g  compo n en ts an d me t h ods of pr ov en r e l i ab i l i ty ,  e xt en d i n g  

them as  n ece s s ary for th e a p p l i c at i on . 

W i th t h e  s o l e e xc e pt i o n o f  th e r emo te pu l s e r / re ce i v er s ,  t h e  e l e ct r o n i c  

and  computer  sys tems wer e de s i g ned  to  u se  i n s tr u men ts , mod u l e s ,  an d 

t e ch n i q ues  of  k nown h i gh re l i ab i l i ty w h i ch h ad b een demon s tr a te d  i n  s i m i l ar 

u s e  at  I NE L . Th e mech an i c a l  s ys tems were de s i g ned  i n  a s i m i l ar l y  

s t r a i gh t forwar d  a n d  con ser v at i v e  man n er . 

Th e tes t i n g  pr o g r am , des cr i be d  i n  mor e det a i l b e l ow ,  w as e x ce pt i on a l l y  

t h or ou gh . I t w as d e s i gn ed  to  te s t  each  fu n ct i o n , i n ter act i on ,  a n d  

i n terface  i n  deta i l t o  en s ur e  con formi t y  t o  des i gn an d free dom from  

u n ex pe ct e d  b u g s . 

A m od i f i e d  fa i l ur e modes  a n d  e ffe cts  an a l ys i s  ( FM EA )  w a s  perfo r me d  for 

e ach  sys tem . Th e  an a l ys i s  con s i der e d  each  sys tem componen t down to  th e 

m odu l e l ev e l , i ts po ten t i a l  f a i l ur e  mo des , an d for  each o f  t h es e t h e  

con s e q u e n c e s  an d reme d i a l act i on s  th at  w o u l d b e  n ece s s ary t o  con t i n u e  

o per at i o n . I n  a few c a s es , t h e  FM EA  i den t i f i e d  w eak s po ts i n  t h e  d e s i gn s ;  

t h e s e  wer e ch an ge d  a s  n ece s s ary t o  i n cr e ase  sys tem r e l i ab i l i ty .  I n  o th e r  

c as es , t h e  res u l ts o f  t h e  FM EA were  u s e d  t o  des i gn f a  1 1 - b ack  or " f a  i 1 - s o ft "  

met h od s , u s u a l l y  i nv o l v i n g  s o ftw ar e c h an ges , wh i c h w o u l d perm i t con t i n u e d  

o p e r a t i on , a l t hough  a t s omewh a t  l es s  e ff i c i en cy o r accur acy i f n eed  b e ,  
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s h ou l d  a p art i c u l ar d i ff i c u l t t o  r epa i r  compon en t f a i l . Th e FM E A  a l s o  

i de n t i f i e d t h e  mo s t -needed  s pa r e s , an d h e l pe d  i n for mu l a t i n g  a s pares  and  

m a i n te n an c e  s tr ate gy . 

M a i n ta i n ab i l i ty 

Mod u l ar i ty p l aye d  t h e  major  r o l e i n  des i gn for r ap i d  an d  r e l i ab l e  

m a i n ten an c e  o f  th e sys tem . Th e C ama c s ys tem , wh i c h i s  i nh er en t l y  mod u l ar , 

m a k es i t  par t i cu l ar l y e a s y to i s o l ate an d r e pa i r  f a i l ur e s . I n  a n umb er o t 

c a s e s  o n -b o ar d  s p ar e s  wer e i n s t a l l ed ,  r eq u i r i n g  on l y  q u i ck ch an ges  i n  

c on n ect i o n s  to  per mi t con t i n ue d  o pe r at i o n . I n  oth er c a s es , s l i de - i n  

r e p l ace men t mod u l e s  wer e av a i l ab l e .  F a u l t i s o l a t i on an d d i a g n o s i s  rou t i ne s 

w e r e  b u i l t  i n to th e s oftw ar e a n d  ge n er a l l y  av a i l ab l e  for h ar dw ar e  a s  we l l .  

A comp l e t e  s et  o f  a l l man u a l  an d s ch emat i c  d i a gr ams w a s  av a i l ab l e 

d ur i n g  a l l o pe r at i o n s . Do cumen ta t i on  i n c l u ded  a comp l ete s et  o f 

i n t e r c o n n e c t i on d i a gr ams , i n c l u d i n g  w i r e  l i s t s  an d s i gn a l  1 1 r o a d  ma ps , 11 t o  

a s s i s t  i n  fa u l t i s o l at i o n a n d  r e pa i r .  Ma i n ta i n ab i l i ty d u r i n g  t h e  cr uc i a l  

d at a  a c q u i s i t i on per i od w as as s i s te d  b y  requ i r i n g  th a t  th e pr i n c i pa l sys tem 

d es i gn er s b e  av a i l ab l e  a t  TM I .  

Th e major  d i ff i cu l ty w i th ma i n ta i n ab i l i ty w as  as s oc i a te d  w i th those  

c ompo nen t s  t h a t  wer e l oc ated  w i th i n  th e  r eactor  con t a i nmen t b u i l d i n g .  

R e pa i r  o r  r e p l aceme n t  o f t h es e  wou l d b ecome v ery d i ff i cu l t ,  i f n ot  

i mp os s i b l e , due  to  th e t i me requ i red  t o  p l an  an d mak e a n  en try an d t he  

d i ff i cu l ty o f  mak i n g  repa i r s  wh i l e  wear i n g  t h e  req u i red  an t i con tami n at i o n  

c l o th i n g ,  p ar t i c u l ar l y for th e e l ectr o n i c  compon en ts . Th e ma i n ta i n ab i l i ty 

o f  t h e  i n -c o n ta i nme n t  e l ectron i c  sys te ms w as th u s  n ear l y  n i l . Th e des i gn 

r e l i ed ,  i n s tead , o n  red u n d an cy an d fa i l - s o ft c on s i der a t i on s . 

Av a i l ab i l i ty 

Appr a i s a l o f  prob ab l e  av a i l ab i l i ty o f t h e  f i n a l sys tem s h owed a 99 �  

c h an c e  o f  comp l et i n g  a tes t s e q u en c e  w i th i n  an  e i gh t -h o u r  i n terv a l  w i th ou t 

f a i l ur e . For any fa i l ur e , t h e  e s t i ma ted  t i me -fo r -retu r n -t o - s er v i ce was 

a p prox i mate l y two h ours . 
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I n  pr act i ce , t h e  s ys tem e xceeded 2 00 h of fu l l  o pe r at i o n  d ur i n g t e s t 

and u s e  at  TM I - 2 ,  p l u s  an  add i t i on a l  200 h or mor e  of p ar t i a l o perat i on 

d ur i n g  a s s emb l y  a n d  s ys tem i n te gr at i on w i th ou t fa i l ure . Th i s  r ecor d  

approac h e s  th e es t i mate d me an - t i me -between -fa i l ures , b u t  w a s  n o t  l o n g  

e n ou gh to tes t i t  fu l l y .  
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TEST I N G  A ND TRA I� I N G  

Throughout this program testing and training were closely integrated. 

The purposes of both operations were to ensure a properly operating system, 

operated properly by the personnel . In general, the personnel who designed 

a system or component were the same ones who fabricated and assembled it, 

made it work, developed the operating procedures, and were scheduled to 

operate it at TM I . This rule included procedures and techniques, with the 

same level as detail as the hardware and software. 

Testing Dur ing Fabrication and Assembly 

All modules h ad a thorough receiving inspection. This included visual 

inspection for workmanship, along with detailed functional performan ce 

tests in the system which used them in nearly all cases. In addition to 

checking the performance, th i s  procedure also allowed a thorough test of 

each interface and developed a knowledge of quirks, idiosyncrasies, and 

performance limits. 

Software paced th is process. I n  v iew of th e  sh ort fiv e-month 

schedule, the software was begun earl y, before th e final computer had b ee n  

delivered . Software was dev e l oped in a series of mainly sin gle-function 

modules which were available when needed to test th e hardware modules as 

t h ey b ecame availab le as part o f a sub system. Th e software was subjected 

to th e standard 1 1desk checks , 1 1 to fun ctional ch ecks during subassembly and 

interface assembly an d testi n g, an d to ov erall system tes ts at th e  

conclusion of assembly. Th e modular test routines in general became at 

least the logical framework of th e fin al programs and were available as 

fault diagnostic routines during system testing and operations. 

The probe assembly was s ubjected to a series of special tests. The  

manufacturer was requ ired to supply frequency spectra and field pattern 

measurements obtained both before and after a temperature-cycling test. 

This test plunged th e prob e assembly into water at 6 5 ° C for a prolonged 

p eriod, and then allowed it to cool slowly. Th e test was designed to 
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s i mu l ate  wors t -c as e  th erm a l  ex p an s i on con d i t i on s  e xpecte d  a t  TM I an d t o  

e n s ur e  t h e  i n te gr i ty o f t h e po tted  cab l e  an d  t r an s du ce r  a s s emb l i e s  u n der 

th e s e  con d i t i on s . L abor atory tes t s  v er i f i e d th e  acc u r a cy o f th e 

man u fa ct urer • s  me as uremen ts an d wou l d  h av e de tected  s h i pp i n g  d ama ge , h ad 

there  been any . L abor at ory tes t s  were a l s o  made w i th  th e i n ten t i on o f 

v er i fy i n g  t h e  s pe c i f i e d  po l ar an g l es  for t h e  prob e tr an s du cer s ;  t h e  

ac o u s t i c axes  o f  tr an s d u c e r s  ar e common l y  s ev er a l  de gr e e s  o f f s e t  from  t h e  

mech an i ca l  a xe s  of t h e i r  c a s es . Th e pre c i s i on of t h es e  t e s ts w as l i m i te d 

to a b o u t  one  degree  by  th e r e l at i v e l y  sh ort  water  path , l e s s  th a n  0 . 5  m , 

a v a i l ab l e  i n  t h e  l ab or atory a ppar atu s . 

At th e con c l u s i on o f  sys tem a s s emb l y an d i n te g r a t i on , a l l a s pects o f 

t h e  h ar dw ar e  a n d  s oftw ar e s ys tems h ad been t h orou gh l y  t e s te d ,  a n d  many  o f 

t h e  proced ur e s  h ad been  at  l e as t p ar t i al l y  tes ted . Beca u s e  o f  i t s s h e ar  

s i z e (mor e th an 1 2  m i n  l en gt h , r eq u i r i n g  a wa ter p a th a t l e a s t 2 m i n 

l en gt h  t o  tes t me as uremen t s  at  f u l l r an ge ) , th e ov er a l l s ys tem c ou l d no t b e 

t e s te d  d i rect l y  i n  a l ab or atory . 

Sys tem Oper at i on Tes t s  

Th e f i n a l  s ys tem tes t s  wer e performe d  i n  a TM I moc k u p  l o c a te d  a t t h e 

S P ER T- I I  f a c i l i ty a t  t h e  I N E L .  Th e mo ck up was  des i g ned  ( a ) to  s i mu l a te th e  

e nv i r o n men t o f  th e u pper  s erv i ce s tr u cture  a t  TM I - 2  wh ere  th e s ys te m  w o u l d 

b e  as s emb l ed a n d  i n serted  i n to t h e  reactor an d ( b ) to pr ov i de a 

w ater -f i l l e d  c h amber  o f  l arge  s i ze ,  h av i n g  s urfaces  an d  s tr u ct u r e s  wh i c h  

a re i n ten de d t o  mock u p t h os e  wh i ch m i gh t b e en cou n tered  w i th i n  th e  core  

c av i ty at  TM I - 2 .  

Th e mo ck u p  s er v i ce s tr ucture  was  a de ta i l ed co py o f t h at a t TI� I - 2 ,  

exc e p t  t h at  on l y  a fract i on o f  th e CR OM f l an ge  s tr u ct u r e s  ( th os e n e ar th e  

c en tr a l  cor e l oc a t i o n ) wer e mo ck ed u p .  

Th e tes t ch amb e r  w a s  1 . 8 x 2 . 5  x 2 . 5  m ;  i t  was  former l y  th e s u m p  

b e n eath  t h e  S P ERT- 1 1  rea ctor . Th e con ten ts of  t h e  p i t were  d e s i gn e d  to 

mock  u p  th e k i n ds o f  t ar g e t s  an d r e f l ect i n g  s u rfaces  t h a t  m i g h t  b e  ex pe c te d 
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w i th i n  th e c av i ty a t  TM I - 2 , a t b oth  n ear  an d far d i s ta n ce s  from t he  prob e .  

F i g u r e  1 6  s h ow s  th e tes t c h ambe r  b e for e f i l l i n g  w i t h  water . Th e p i t 

c on ta i n ed l oo s e  arr ays of s ta n d i n g  1 1f u e l 1 1  r ods  ( mo ck ed u p by t u b i n g ) ,  

j ac k s t r awe d r o d s  both  s t an d i n g  an d l y i n g  o n  th e f l oor  ( more  t ub i n g ) , brok e n  

1 1 f u e  1 b un d l e s  1 1  ( compact  arr ays o f tub i n g ) ,  a n d  s u s pe n de d  rod  fr agmen ts 

( w h i c h d o  n o t  s h ow i n  th e f i g ur e ) .  Th er e wer e s u s pen de d  f l a t  s urfaces  i n  

a d d i t i o n to  t h e  wa l l s  of th e p i t ,  mock i n g  u p f u e l  e n d b oxe s  an d  

c o r e -for mers , res pect i v e l y .  Cr u sh e d  gr av e l  o n  th e f l oor  o f  th e p i t an d o n  

t h e  t o ps o f  t h e  b rok en fu e l  b un d l e s  s i mu l ated  th e debr i s  t h en k nown to l i e 

at  th e bottom  o f  th e c av i ty at TM I - 2 .  Th e g r av e l  o n  th e f l oor  w as arr aye d 

i n  h i l l s a n d  v a l l eys to par t i a l l y  s i mu l ate th e s u s pe cte d  co n f i gu r at i on a t 

TM I - 2 .  

Th i s  arr an geme n t  prov i ded  t h e  f i r s t  fu l l - r an ge te s t i n g  o f th e  sys tem . 

Mo s t  det a i l s  o f  sys tem adj u s tmen t an d o perat i on wer e work e d  ou t  i n  th i s  

g eome try , a n d  procedur a l  det a i l s  were re f i n ed .  

Th e  s erv i ce -s tr u cture  mock u p  pr ov i ded  th e o p por t u n i ty for  tr a i n i n g th e 

p er son n e l ,  a n d  th e i r  b ack ups , wh o wou l d  do  th e act u a l  a s s emb l y  a t TM I - 2 . 

Det a i l s  o f  th e a s semb l y proced u r e  wer e wor k e d  ou t b e fore  con ta i n men t en try 

b y  t h e  as s emb l y crew , d own to t h e  l ev e l  of t h e  e xa c t  l ocat i on s  on th e  

s erv i ce s tr u c t ure  a t  wh i c h i t  w a s  des i re d  to  s ta ge th e com pon en ts . Th e 

f i n a l p roce d u r e  amo u n ted  n ear l y  to a compl ete ch oreo gr aphy o f th e  proce s s ; 

t h i s  w a s  n e c e s s ary to  m i n i mi z e per s on n e l  ex p o s u r e  t o  r ad i at i on an d max i m i z e  

t h e  t i me av a i l ab l e  for o pe r at i o n s .  Th e f i n a l few a s s emb l y o pe r at i on s wer e 

p e r f or me d  i n  comp l ete  an t i contam i n at i on c l o th i n g . 

A d e l i b er ate effo r t  was  made to mock  u p t h e  e l ectr i ca l  n o i s e  

c h aracter i s t i c s that  m i gh t b e  ex pected  a t  TM I . Th i s  i n c l uded  a mocku p of  

t h e  e x i s t i n g  l en gth o f  TM I - 2  cab l i n g  t h at w ou l d be  u s ed for d i g i ta l  

c o mmu n i c at i on s  between th e con s o l e an d th e s u pport  s tr u cture  i n  

c on ta i n men t . ( Th i s  w i r i n g  con s i s te d  o f ab o u t a k i l orne ter of # 1 4  h eavy -d u ty 

e x t e n s i o n cord ,  n e ar l y ev ery b i t av a i l ab l e i n  E as ter n I d aho . ) Th i s  c ab l i n g 

w a s  c o i l ed a n d  o th erw i s e  ar r an ge d  to pr ov i de t h e  max i mum o ppor t u n i ty for 

i n d u ct i ve , r a d i a t i ve , an d e l ectr os t a t i c n o i s e p i ck u p . S P ERT- I I  i s  n ow a 
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F i gu r e  1 6 .  C h amb er for sys tems o per at i on s  te s t .  Th e s ump b e l ow t h e  former 
S P ER T- 1 1 reactor  i s  s h own after i n s t a l l at i on o f tes t t ar ge t s  
a n d  b efore  f i l l i n g  w i th water . Fu e l  b u n d l e s  a n d  i n d i v i d u a l  
fu e l  r o d s  on  th e f l oor an d s tack e d  i n  th e c o r n er o f  th e p i t are  
mock ed  u p w i th s ma l l -d i ameter t ub i n g  an d  p i pe . Crus h e d  g r av e l 
on  th e f l oor an d th e to p s  of  fu e l  b u n d l e s moc k  u p  k n own 
d ebr i s .  Th e p i t meas ured  2 . 44 x 2 . 44 x 1 . 8 m . ( EG&G I d ah o  
ph oto  8 3 - 6 - 2 - 9 . ) 
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m ach i n e - s h o p  f ac i l i ty ; i ts d a i l y  r ou t i n e  i n c l u ded  u s e  o f ma ch i n e  too l s , 

l ar g e  motors , an d ar c we l ders . W i t h  s ome wor k , th e sys tem pas sed  th i s  

n o i s e  tes t .  Th e res u l ts d i d s h ow , h owev er , t h at th e 1 0 -M Hz tr an s du cer s 

wou l d h av e  mar g i n a l s i gn a l /no i s e  r at i o  i n  th i s  env i r onmen t . 

Th e d a ta obta i n ed d u r i n g  th e  s ys tems o pe r at i o n s  tes ts wer e u s e d  to 

v er i fy th e i n ten ded an a l ys i s  proced ure s . ( Th e s e  ar e deta i l e d i n  th e 

Res u l ts a n d  D i s cu s s i o n  s ect i on b e l ow . ) 

Person n e l Tr a i n i n g 

S u c ce s s  o f  th e TM I - 2  d ata  acq u i s i t i on effor t depen de d u l t i mate l y  on t h e  

o per at i n g  per son ne l  s e l ected  for t h e  pr oj e ct an d dev e l o pmen t o f th e  

nece s s ary s k i l l s throu gh  i n ten s i v e  tr a i n i n g . 

Th e o pe r at i n g  c rew con s i s te d  ma i n l y  o f t h e  pr i n c i pa l des i gner s of th e  

eq u i p men t . Th ese  i n d i v i d u a l s ,  abov e a l l oth ers , c o u l d b e  ex pecte d  t o  k n ow 

t h e i r p ro du ct we l l from a s tan d po i n t  o f o pe r at i n g ob je ct i v es , e n v i ronme n ta l  

l i m i t a t i on s , des i g n requ i remen t s  an d as s umpt i on s , h ar dw ar e  de ta i l s ,  an d th e 

o pe r at i o n a l  ph i l os ophy emb od i e d  i n  th e s pe c i f i c comb i n at i on of h ar dw ar e  an d 

s oftw are . Th ey a l s o  repr e s ented  th e mos t l i k e l y grou p w i th both  k n ow l ed ge 

a n d  i n cen t i v e  to mak e t h e  s ys tem w or k as r eq u i red . 

Both  forma l an d i n formal  oper at i on a l tr a i n i n g  pro gr ams wer e c on du cte d 

i n  p ar al l e l a s  par t o f t h e  en t i r e  tes t i n g  s eq uence . A d e l i b er ate e ffor t  

w a s  m a d e  to  pr ov i de b o t h  cross -tr a i n i n g  an d i n d i v i d u a l  b ack u p  cap ab i l i t i e s  

f or a l l k ey fu n ct i on s .  As s ta te d e ar l i er , t h e  eq u i pmen t b e i n g  te s ted w as 

u s e d  by  t he  per s on n e l  be i n g  tr a i ned , to  th e benef i t  o f both . 

Th e f i n a l por t i on  of t h e  tr a i n i n g  e ffor t took  p l ace at TM I - 2 . Th e  

n at u r e  o f  th e env i r on men t mand ate d o n -s i te r ad i at i on an d con t a i n men t en try 

t r a i n i n g  to mee t  TM I - 2  wor k er s afe ty r eq u i reme n ts . I n  ad d i t i on ,  t h e  crew 

perfected  th e i r  o per at i n g  pr oce d u r e s  u s i n g  a det a i l e d mock u p o f  th e  TM I - 2  

r e a ctor . 
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DATA ACQU I S I T I U N  A T  TM I - 2 

As des cr i be d  i n  th e pr ev i ou s  s ect i o n o f  th i s  re port , cer t a i n  

p re par atory o per at i o n s  were con du ct e d  a t Tfvi l before  th e a ct u a l  cor e 

topogra phy d a t a  acq u i s i t i o n began . Th e s e  operat i on s  i n c l u de d  ( a ) eq u i pmen t  

c h eck ou t ,  ( b ) p rocedure  reh ear s a l s u s i n g  th e  TI� I mock u p  o f th e  reactor  

u pp e r  s u p por t s tr u ct ure ,  an d ( c )  f i n a l per s on n e l  r eh e ar s a l s an d tr a i n i n g . 

Th e i n - reactor  o pe r a t i on s were  con du cte d u n der mor e  re l a xe d  t i me 

con s tr a i n t s t h a n  h ad pr ev i ou s l y  been  ex pected , b u t  wer e e as i l y  comp l e te d i n  

t h e  t i me or i g i n a l l y  a l l otte d . Ea ch  o pe r at i o n  i s  des cr i b ed b e l ow .  

Th e i n i t i a l c on t a i nmen t en try , equ i pmen t setup , an d tes t i n g were 

c omp l eted  i n  4 5  mi n u te s , w i th l es s  per son n e l  e xpo s ur e  to r ad i a t i on t h an h a d  

b ee n  e s t i mated . Equ i pmen t te s t i n g  i n c l u ded  a r a p i d ,  b u t  v ery  th or ou g h  

s er i e s of  c h e ck s wh i ch v er i fi e d t h at a l l fu n ct i o n s  of t h e  s ys tem were , i n 

fact , o per at i n g  correct l y  before  i n ser t i on o f  th e pr ob e i n to th e  r e actor . 

Th e c h e ck s  i n c l uded  q uan t i ta t i v e  me as ur emen ts of th e  s en s i t i v i ty o f e a ch 

tr an s d ucer  an d i t s e l ectron i c s . A reconn a i s s an ce s urvey  f o l l owed , t o 

d e fi n e t h e  ma i n  fea tures  an d mak e s co p i n g  me a s ur emen ts w i th i n  th e  core  

cav i ty an d t o  a l l ow o p t i mum p ar ame te r  sett i n g s for  th e det a i l e d s tu dy . Th e 

r e con n a i s s an ce s ur vey con s i s ted o f t h ree par ts . Th e f i r s t  w as to  v er i fy 

th e expecte d r e l at i on sh i p  between  th e i n i t i a l prob e  l o c a t i on  a t  i ts u p pe r 

z e r o  po i n t  a n d  t h e  s tr u ct u r e  o f t h e  l ower p l en um .  Th i s  r e l a t i o n s h i p  i s 

s h own i n  F i g u r e  1 7 .  Th e me as uremen t was  done  w i th  th e 1 0  M Hz , 9 0 -de gr e e  

( h or i z on ta l l y-po i n te d )  t r an s du cer . I t  was con c l u de d  t h a t  t h e  p red i ct e d  

l oc at i on s  wer e accurate  t o  th e a ppro x i mate l y  8-mm r e s o l u t i o n o f th e 

u l tr ason i c  methods  u s e d  to  v er i fy i t .  

Th e s econ d  p ar t  o f  t h e tes t wa s  a car efu l s ur vey o f th e  r e ce s s  i n  th e 

u pper  gr i d  p l ate  i n  wh i c h th e u pper  en d o f  a fu e l  box  former l y  r e s i ded  

( Se ct i on G -G  i n  F i g ure  1 7 ) . S i n ce th i s  r e ce s s  w as or i e n te d  par a l l e l  to t h e  

c a r d i n a l  d i r ec t i on s  o f  th e r e actor  a s semb l y  ( b as i c a l l y ,  p l an t n or th ) , th i s  

t e s t prov i de d  a c a l i b r at i o n o f  t h e  or i e n ta t i on of t h e  pr ob e s ys tem . 
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Careful measurements showed that the probe system orientation had been 

rotated 6.43 degrees clockwise from the intended direction. Th e last part 

of the reconnaissance survey consisted of a survey of the cavity with 

vertical increments of roughly 2 50 mm. All transducers were tested during 

this survey. 

There were difficulties. There was significantly more electrical noise 

on the 10-MHz channels than had been expected. There was enough noise to 

prevent their use at ranges much beyond 500 or 600 mm; there were no 

structures within the cavity this close. The unexpectedly large noise 

contribution is attributed to the ground arrangement within the existing 

TMI-2 cabling. The survey had to be made completely with th e  2.2 5-MHz 

transducers. In spite of the full-system checkout before insertion in th e 

reactor vessel, two of these transducers failed to produce usable output 

during the reconnaissance sur vey. 

The reconnaissance survey established that the cavity was rough ly 

cylindrical, with a depth between 1.5 and 2 m  and a diameter of about 3 m . 

The reconnaissance survey also established that the temperature of the 

water in the core was about 35°C, and that it was about l°C warmer at th e 

bottom of the cavity than at the top, with very slow convection. Th ese 

were roughly the expected conditions for best operation of the system. 

Measurements made over two successive days showed stable temperature 

distributions, contrary to what had been expected. 

A full-cavity survey was made with the three fully operative 

transducers. A model of the cavity was made by stacking 

electrostatic-transparency copies of the plots from the horiz ontal 

transducer between previously-prepared layers of transparent plastic . This 

model enabled visual ization of the basic features of the cavity except for 

its floor and major portions of the top ; it could be determined that there 

was a significant amount of material hanging from the upper grid plate, 

however. 
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A s econ d s ur vey w as pe rforme d  t h e  fo l l ow i n g  d ay ,  a n d  i t w as fo u n d  th at 

the two 2 . 2 5 -MHz  tr an s d ucer s  wh i c h h a d  not work e d  th e f i rs t  day wer e f u l l y  

o per at i v e . Th i s  compl ete s ur v ey was  u s e d  i n  t h e  f i n a l an a l ys i s .  Th e 

r e as o n s for  th e i n i t i a l fa i l ur e s  o f  th e two c h an n e l s  ar e n ot  f u l l y  

u n de r s to od ,  n or i s  the  reas on for th e i r  retur n to s er v i ce ;  i t i s s pe cu l ate d  

t h at t h erm a l  ex p an s i on an d /or v i br a t i on  w i th i n  th e h i gh l y-compact  remot e  

p u l s er / rece i v er s ,  c a u s i n g  s h or t  c i rcu i ts , w a s  pr ob ab l y  to b l ame . 

Th e i n -con ta i nmen t sys tems wer e remov e d  d ur i n g an  en try on a th i r d  

d ay .  To t a l  man - h ou r s  i n  t h e  con ta i n me n t  b u i l d i n g  an d c u mu l at i v e  r ad i at i on  

expos ure s  to p er s on n e l  wer e s u b s t an t i a l l y b e l ow or i g i n a l  es t i mates . Th es e 

r e s u l ts r e f l ect t h e  po s i t i v e e ffe cts  o f  t h e  team • s  commi tme n t  to  ALARA 

p o l i c i e s t h r o u gh o u t  th e project . 
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DATA R ED UCT I O N  AND ANAL YS I S  

F i n a l proces s i n g  o f  th e data  w a s  don e a t  th e I N E L . A three - s t e p  

p ro ces s ,  i n v o l v i n g  compu ter i z ed s ampl i n g  a n d  red i s tr i b u t i on , m an u a l  

con d i t i o n i n g , an d compu te r -a i de d draft i n g  ( CAD ) , y i e l de d a matr i x o f 

c on tour  maps  of  th e cor e cav i ty .  Th es e map s cou l d b e  cor re l ated  w i th v i deo 

sc an s  o f  th e c av i ty an d pr ov i de d  an adeq uate  b as i s  for con s tr u ct i n g  a 

p hys i ca l  mode l . 

D ata  Samp l i n g  an d Re d i s tr i b ut i o n 

Th e f i r s t  proces s i n g  s etu p was  pe rforme d  on a C DC - 1 7 6  ( Cyber ) 

comp u ter . G i v en th e h or i zon t a l  an d v er t i c a l  pos i t i on s  o f  th e pr obe , i t s 

p o i n t i n g  d i rect i o n s ,  an d i ts geome try , th e  th ree -d i men s i o n a l l ocat i o n s  of  

al l u l tr as on i c  r e f l ectors  wer e c a l c u l ated . Approx i mate l y 5 x 1 05 

i n d i v i du a l  mea s uremen ts wer e  pro ce s s ea .  Th ese  l oca t i o n s  wer e t h en p l otted  

i n  both  or th o gon a l  an d po l ar modes . 

Th e  orth o go n a l p l o ts con s i s te d  o f 5 1 -mm t h i ck s l i ce s  i n  t h r ee mu tu a l l y  

perpen d i c u l ar d i r e ct i on s . E ach  s l i ce i den t i f i e s th e geometr i c  l o c at i on s o f  

a l l  r ef l e ctor s ( 1 1h i ts 1 1 ) w i th i n  th at  v o l ume . A fourth  p l o t or i e n ta t i o n  

prov i de d  2 -de gr ee  v o l u me s e ctor s ab ou t th e cor e  v er t i c a l  a x i s  o r 

c en ter l i n e .  Each  p l ot  e xten ded  fr om top  to b ottom o f t h e  cav i ty .  

At th i s  po i n t  th er e rema i ne d  th e prob l em of  i n accur ate  v a l u es for t h e  

p o l ar po i n t i n g  an g l es  o f  s ev er a l  o f t h e  tr an s du cer s .  Th es e wer e 

redeterm i ned  from i n format i on con t a i ned  w i th i n  th e d ata . At a n u mb e r  o f  

l o ca t i on s  t he  s ame r e l i ab l y-i den t i f i e d ref l ect i v e s ur fa ce co u l d b e s een by 

two or  mor e tr an s ducers , i n c l u d i n g  th e  90-degree ( h or i z on t a l l y - po i n t i n g ) 

t r an s du cer . Th ese  1 1C a l i b r at i on 1 1 t ar ge ts were a l w ays ch os en to b e o n 

vert i c a l  s ur faces . I t  c an b e  s h own t h at , un der th e s e  c on d i t i on s , t h e 

actu a l  po i n t i n g  a n g l e o f t h e  9 0 -d e gr ee tr an s du cer does  n ot  ma tter , t h at t h e  

ret urn i n g  ech o a l w ays f o l l ows a p a t h  wh i ch i s  per pen d i c u l ar to  th e t ar ge t  

( i . e . ,  t h e s h ortes t p at h ) a n d  t h erefore  i s a ccu r ate l y  h or i z on ta l , e v en 

thou g h  th e maj or  por t i on o f  th e beam may not  b e  exact l y h or i z on t a l . G i v e n  
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t h e  a p p ar en t l ocat i on s  of th e c a l i b r at i on  tar ge ts  an d th e i r  error s r e l at i v e 

to  th e 90 -degree  tr an s d ucer , an g u l ar po i n t i n g  err or s  wer e determ i ned . Th e 

e rror s v ar i e d  from 0 . 5  to ab ou t 2 . 0 de grees . Th e f i n a l p l ots wer e made 

w i t h  th e s e  corrected  v a l u e s . 

Man u a l  C on d i t i o n i ng 

M an ua l  o pe r at i o n s  on th e d a ta wer e  ar t i fact r emov al , v i ew corre l at i on , 

an d c on t our  c h eck i n g . After computer  proces s i n g , a v ar i ety o f ar t i fa ct s  

s t i l l  r ema i n e d  i n  th e data . Th e i r  r emov a l  w a s  n ece s s ary i n  or der to 

max i mi z e th e v a l u e  of  d a t a  an d mak e i t s u s e  eas i er . On l y  man u a l  meth od s 

were  e ffe ct i v e ,  s i n ce t he  s or t i n g  p r o ces s i n v o l v ed j u d gmen t  c a l l s :  

• For thr e sh o l d compar i s on s , i den t i fy an d e l i m i n ate  no i s e . 

• Fo r  mu l t i pl e  b ou n ce gh os ts , i den t i fy t h e  geome try wh i ch c a u s ed 

them an d e l i m i n ate  th em . 

• Wh ere cor ner tr aps ar e i n d i c a ted , are th ey r i d ge or v a l l ey ?  

V i ew Corr e l at i on 

O n e  d i ff i cu l ty w as encoun tered  d u r i n g v i ew corre l at i o n  amon g  th e  fou r  

p l o tt i n g  or i en tat i on s . At l on g  d i s t an ces  from th e pr obe , th e 1 1h i ts 1 1 ten de d 

t o  b e  s pa r s e ,  as a r es u l t of l ar ge r an ge an d u n fav or ab l e  r e f l e ctor 

or i en t at i on .  ( I de a l l y ,  th e s urface  o f  i n teres t s h o u l d b e  a s  n e ar l y a s 

p os s i b l e  per pen d i cu l ar to t h e  s l i ce b e i n g  e xami n ed . ) Th e act u a l  

c orre l a t i o n  proces s i nv o l v ed  tr an s fer o f  l oc at i on s  t o  th e  a ppropr i at e 

h or i z on ta l  p l anes . For adeq uate cov er age i t  was  often n eces s ary to 

i n t erpo l ate  b e tween b l ank  ar eas  from k n own  d ata . Cov era ge o f  some sh adowe d  

a re a s  w as ach i ev ed by i n terpo l at i o n o r  e xt r apo l a t i o n , a s r eq u i red . 

Con t o u r  C h eck s 

W i th i n  a g i v en h or i z on ta l p resen ta t i o n , two  c h e ck s  wer e a l w ays 

p erformed . F i rst , th e contour  mus t b e  con t i n u o u s . Second , th e con tou r 
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m u s t b e  cre d i b l e  i n  t h e  con te xt o f a dj a ce n t  s l i ce s . Al l  co n tou r s  wer e 

tr aced  an d c heck e d  to e n s ure  th a t  th e s e  r eq u i remen t s  were  me t an d 

c ros s -compar ed w i th or i g i n a l s l i ce p l ots . 

Computer-Ai ded  Dr aft i n g 

Th e ob j e ct i v e  o f  th e CAD  oper at i o n w a s  to prod u c e  a s er i e s o f  f i n a l  

c on to u r  maps  wh i ch , i n  comb i n at i on , wou l d prov i de t h e  n ee de d  i n for mat i on  

for  d ama ge  ev a l u at i o n an d core  recov ery efforts . Man u a l l y  c on d i t i one d  

c on to u r  d a t a  wer e  i n p u t  t o  t h e  CAD s ys tem v i a  a tab l et -e n try fa c i l i ty t r ack  

b a l l . I n d i v i d u a l  con tour s  wer e th en s c al ed  an d corr e l ated . F i n a l l y  th e  

r e s u l ts wer e  s umme d  a n d  p l otte d i n  t hree grou ps . Th e l ea s t con fu s i n g  o f 

t h e  g r ou ps  w a s  s e l ected  for th e f i n a l ma ps , an d f i n i sh i n g  n o t at i on s  were  

a dded  by h an d . Th e maps  ar e s h own as  F i gu r es A - 1  throu gh  A-5  i n  

Appen d i x A . Th e or i g i n a l  ma ps  were made i n  3 / 1 6  s c a l e . 

Mo de l Bu i l d i n g  

A s ub seq uen t e ffor t t r an s l a ted  t h e  d a ta from t h e  i n d i v i d u a l  con tou r s 

i n to a three - d i men s i on a l  s c a l e mo de l o f  tr an s p ar en t acryl i c  r e s i n  ( L u c i te ) , 

e ach l ayer o f  a cryl i c  corres pon d i n g  to on e 5 1 -mm co n to u r  i n ter v a l . I n  th i s  

man ner  th e d a t a  were  i n tegr ated to  pr ov i d e v i s u a l  conven i en ce an d a r e ad i l y  

p ortab l e  d i s p l ay .  

Er ror An al ys i s  

Co n tr i b ut i o n s  from 1 3  d i fferen t error s ou r ce s  wer e ev a l u a t e d  a s  par t 

of th e ov er a l l an a l ys i s .  Th e l ar ges t ma gn i t udes  wer e as s o c i ated  w i t h  l i n e  

p os i t i o n i n g a n d w i dth , s ys tem c a l i b r at i on an d  r e l ated  tempe r a tu r e  e ffe cts , 

an d th e r an ge  data  d i g i t i z at i on  proce s s . 

Th e error s of  meas uremen t were an a l yz ed for a r an ge eq ua l  to th at o f  

t h e  nom i n a l po s i t i on o f  th e c ore -former wa l l s  ( 1 . 6 2 m )  an d e x pr e s s e d i n  

l i n ear d i me n s i on s  a t  t h at  r an ge . Th e s ys temat i c an d r an dom e rror s w er e 

e s t i mate d se p ar a te l y o n  a con s er v at i v e  b as i s ,  th en  adj us te d i n d i v i d u a l l y t o  

r e f l e ct a n  ov er a l l co n s er v at i v e  u n certa i n ty i n  th e r an dom compo n e n t .  
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Th e r an dom error s wh i c h con tr i b u te d  to  th e un c er t a i n ty i n  th e me a s ured  

s pe e d  o f s ou n d  i n c l u de d  t ho s e  i n  th e b as e d a ta ( l i te r a tu r e  v a l ues ) on wh i ch 

t h e  c a l i br a t i on w a s  b ased , th e prec i s i on o f  th e  re p l i c ated  s pe e d  o f  s oun d 

m e a s ur emen ts made d ur i n g  o per at i o n s a t  TM I - 2 ,  an d  er r or s a ttr i b u tab l e  to 

t h e  f a c t  th a t  th e w ater i n  th e c av i ty w a s  n ot  i s o th erma l . Th e meas ure d 

v er t i ca l tempe r ature  gr ad i en t was  ab ou t 0 . 6 ° C ,  a s  i n fe r r e d  from th e s pe e d  

o f  s o u n d . A l i n e ar h or i zon t a l  gr ad i en t  o f  l . 2 ° C  from th e pr ob e to  th e 

w a l l s  w as a s s ume d . Th e effe ct s of th es e  gr ad i e n ts wer e fo l ded  i n to a term 

wh i c h i s  d e s i g nate d  as  err or s i n  r an ge me as uremen t  due t o  convect i on . 

R e fr act i v e error s i n  b eam p l o tt i n g  a n g l e d u e  to t h es e  gr ad i e n ts were s h own 

to be n e g l i g i b l e . 

E r ror s du e to me ch an i ca l  s ou r ce s  i n c l u de d  e ccen tr i c i ty a n d  v i b r at i o n 

o f  th e p r o b e  an d b oom . Eccentr i c i ty errors  wer e  c a u s e d  b y  th e fact  th a t  

t h e  b oom w a s  n ot per fe ct l y s tr a i gh t ;  t h es e  were  e s t i ma te d from  deta i l e d 

me as uremen t s  made on  th e r eces s i n  th e u p per gr i d  p l a te  an d  r e pr e s en t  th e 

u n ce r ta i n ty wh i ch i s  l eft after r emov a l  o f  t h e  s ys tema t i c e r r or 

attr i b u t ab l e to  i mperfect cen ter i n g  o f  th e mec h an i s m on  th e CR DM f l an ge .  

V i b r at i o n amp l i tu de w as es t i mated  from l ar ge - s ca l e p l o ts of d a ta fr om 

s i n g l e t r an s d u cer s  at s i n g l e e l e vat i on s .  

Th e r an ge -mea s uremen t d i g i t i z at i o n  i n terv al  l e av es  an u n certa i n ty o f 

p l u s  o r  m i n u s  one d i g i t i z i n g  i n terv a l  o n  th e l oc a t i o n  o f  th e s ur face  

m eas ur e d . 

Er ro r s  po ten t i a l l y  ar i s i n g  from th e s l i ce -p l o tt i n g p roce s s  i n c l u de d 

t h o s e  d u e  t o  the  f i n i te s pac i n g  o f  th e n i b s  on th e ( dot ) p l otter  u s e d  an d 

t o  t h e  s tab i l i ty o f t h e  pape r o n  wh i ch th e p l o ts were  made . Th i s  l atter 

was e s t i mate d  from repeated pl ots , after  r e mov i n g  th e n i b -s pac i n g 

u n ce rt a i n ty .  

Th e  man u a l  s te ps i n trodu ce d  error s wh i ch were  mor e  d i ff i cu l t  to 

e s t i mate . Th e w i d th of  pen c i l  l i n e s  w as me as ure d  on  f u l l -r eactor- s i z e 

b l ow u ps o f  typ i ca l  man u a l  p l ots . Th e re pr odu c i b i l i ty o f th e  po s i t i on of 

t h e s e  was es t i mate d i n  a s i m i l ar man n er , u s i n g  ar e a s  wh i c h h ad been 
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r e p l otted  (w i th ou t r efer e n ce to e s t i ma t i on  of error s ) for  v ar i ou s  r e a s on s . 

S i m i l ar es t i mates  were made for  th e  man u a l  t ab l et -en try s te p . 

Th e k n own s ys temat i c  e rror s were removed  by an appr o pr i a te ch an ge o f 

s c a l e on  th e f i n a l p l ots . Th e r an dom errors , wh i c h ref l e c t  th e ov er a l l 

u n certa i n ty o f  r an ge mea s uremen ts a t th e  approx i mate r an ge o f th e  

core -former  w a l l s , ar e s ummar i ze d  i n  Tab l e 2 .  Th e f i n a l  ov er a l l err o r 

e s t i ma te i s  tak en as  th e s q uar e  root  o f th e  s um o f th e  s q uares  of t h e  

i n d i v i d u a l  error  componen ts . Th i s  v a l u e  i s  1 3 . 1  mm . 

Th e  r an ge u n certa i n ty a t th e core -former wal l s  was  + 1 3 .  1 mm .  At t h e  u pper 

gr i d  p l ate ,  th e r an ge accur acy was  �1 8 mm ,  an d a t  th e f l oor  i t  w a s  abou t 

40  mm . La ter a l  r e s o l u t i on  was  a ppro x i mate l y 4 0  mm i n  a l l l o ca t i o n s . 
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TAB L E  2 . C OM PO N E NTS O F  RAN DOM ERR OR  

Components  

C a l i br at i on b as e  d at a 

Operat i on a l  c a l i b r at i o n s 

C onvect i on 

V i b r at i on  an d ecce n tr i c i ty 

R an ge d i g i t i z at i on 

P l o tter res o l u t i on  

P a per s t ab i l i ty 

L i n e w i dth 

L i n e  pos i t i on repr o d u c i b i l i ty 

Tab l et en try 

F i n a l  CAO p l o t  

a .  At core -former  wa l l 

6 1  

Ma gn i tu d e a 

(mm ) 

± 4 .  1 

± 2 .  7 

± 2 . 0 

± 5 . 3 

± 3 . 8  

± 2 . 0  

± 0 . 6 

± 3 . 8  

± 7 . 6 

± 4 . 0  
± 3 . o  



R ES ULTS ANU  D I S C US � I O N  

An a p pr a i s a l o f  th e TM I - 2  c o r e  to pography  d a t a  a c q u i s i t i on pr o j ec t 

s h ou l d b e  made from two d i ffe ren t v i ew po i n ts :  ( a )  th e d i r ect s i gn i f i can ce  

and  v a l u e  o f  th� tech n i q u e s  used  an d th e phys i c a l  k now l e d g e  ob t a i n e d  an d 

( b )  t h e  broad  i mp l i ca t i o n s  o f a v ery  v er s a t i l e  compu ter -c o n tro l l e d r emo te 

me as uremen t tech n i q u e  u s ef u l  i n  remote an d h os t i l e  env i r on men t s . 

Th e pr i mary o u t pu t o f t h e  C TDA s ys tem w as a s er i e s  o f d r aw i n gs o f 

i n d i v i d u a l  con tours . Th e c on tours  were pr oces s e d  i n to f o u r  to po g r a ph i c  

map s  o f  t h e  cor e cav i ty .  For map p i n g ,  t h e  cav i ty w as d i v i de d  i n to t h r ee 

reg i on s ,  accor d i n g  to probe  po s i t i on me as ure d  from th e b o t tom o f  th e  u p p e r  

g r i d p l ate : 

• Bo ttom , from - 1 9 8 . 1  to - 1 0 6 . 7  em ( - 7 8  to -42  i n . )  

• Cen t r a l , from - 1 0 1 . 6  to  -40 . 6  em ( -4 0  to - 1 6  i n . ) 

• To p  h ea d ,  from - 3 5 . 6  to - 5 . 1  em ( - 1 4  to - 2 i n . ) . 

Th e f o u r th ma p i s  an u pw ar d -l ook i n g  v i ew ( m i rror i mage ) o f  th e  to p h ead , t o  

c omp l e te t h e  i n ter n a l  cov er age . Th es e dr aw i n gs are i n c l u de d  i n  Ap pe n d i x A 
of th i s  re port . 

Fu r th er a i d s  for v i s ua l i z i n g  t h e  TM I - 2 core to po gr aphy  h av e b een  

con s t r u cted  from  th e d ata . Th e s e  a i d s  i n c l u d e  per s pect i v e  v i ews ,  

u l tr as on i c i ma ge s ,  a n d  a t hree-d i men s i o n a l Lu c i te mode l . 

Th e pers pect i v e  v i ews are b a s e d  on  o ctan ts  o f  th e  c av i ty v o l u me . Th e y  

w e r e  i n ten ded  to pr ov i de a deta i l ed phys i ca l  i ma ge o f  t h e  cor e  s ta te by 

v o l u me sect i on s  r ath er th an s l i ces . 

Th e or i g i n a l data  were  u s e d  to pr odu ce a s er i e s  o f u l tr as on i c  

gr ay -s c a l e i ma ges  o f  th e i n ter i o r o f  th e c av i ty i n  a s e p ar a t e  compu ter 

o per at i o n . Th e i ma ge s  wer e  produ ce d by  as s umi n g  a v i ew po i n t  a l on g  t h e  
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c e n t er l i n e o f  th e pr ob e an d pro j e c t i n g  th e l oc a t i on  o f  each  "h i t "  on t o  

p i ct u r e  e l eme n ts ( p i xe l s )  i n  a f l a t  p l ane  r e pr e s en t i n g  a 3 60-de gree 

p an or ama ar oun d th e v i ew po i n t .  Th e r an ge to  each  p i x e l  w a s  en code d i n  th e 

i m a ge a l on g a gr ay s ca l e th at p l a ce d  wh i te n ear t h e  pr o b e  an d  b l ack at 

max i mu m  r an ge . On e s u c h  i mage  i s  sh own i n  F i g u re  1 8 . I n  th i s  c a se , t he  

v i ew po i n t  i s  per pe n d i cu l ar to  th e cen te r l i n e  o f th e  pr ob e . No te th at ,  

s i n c e  th i s  w a s  en t i r el y  a comp uter  o per at i on ,  th e i ma g e  con ta i n s both  no i s e  

a n d  g h os t  art i facts , wh i ch res u l t i n  a s omewh at mor e s me ar e d  i ma ge th an was 

ev e n t u a l l y  ob t a i n e d  i n  th e f i n a l ma ps . Th e s e  i ma ge s  were i n  fac t  th e f i r s t  

v i s u a l i z at i o n  o f  t h e  en t i re  cav i ty ;  t h ey w er e  u s e d  t o  or i en t d ata -redu ct i o n 

an d p r o j e c t per s on n e l  d ur i n g  d a t a  an a l ys i s .  Th ey wer e a l s o u s e d  as  

r eferen ces  to r es o l v e  s tr u ct ures  an d con fi gu r at i o n s t h at  m i gh t oth erw i s e  

h a v e  been  amb i g uou s . 

T h e mos t s tr i k i n g  v i s u a l  a i d i s  th e  t h r ee -d i me n s i o n a l  Lu c i te mode l of 

t h e  cor e c av i ty ,  sh own i n  F i g ures  1 9  t hro u g h  2 1 . Th i s  mode l i s  b as ed on  

t h e  c a l cu l ate d three -d i men s i on a l  pos i t i o n s  o f  a l l  d i s t i n gu i s h ab l e  

s o u n d -r e f l e ct i n g  s urfaces  w i th i n  th e c av i ty .  P ar t  o f  i t s v a l u e  i s  th a t  i t  

p hys i ca l l y d e p i ct s  th e en t i re c av i ty .  I t  t h u s  prov i de s  per s pe ct i v e an d  

c o n text  for  b o th con tour  d ata  i n terpr e t a t i on an d o perat i on p l a n n i n g .  I t i s  

a l s o a d i r e ct ch eck on t h e  res u l ts o f v i deo s c an s . 

Data  Summary 

3 
Th e u l tr a s on i c  me as uremen t s  des cr i b e  a c av i ty o f  9 . 3 m , ab ou t 2 6 %  

o f  t h e  tota l v o l ume o f t h e  cor e  r e g i o n . Th e av er a ge de pth  of th e  cav i ty i s 

a b o u t  1 . 5 m , w i th th e l owes t me as ured  l oc at i o n be i n g  n e ar l y 2 m  b e l ow th e 

u p pe r  g r i d  p l a te . Con s i der ab l e  deb r i s  h an g from t h e  u ppe r  gr i d .  Th e  

r ad i a l  e xten t o f  th e c av i ty appr oach e s  f u l l c or e  r ad i u s , w i th  core -former 

w a l l s  e x po s ed  i n  p l ace s . Sect i on s  of f u e l  r o d s , s ome o f t h em b r ok en an d 

ov er h an g i n g , l i n e  port i on s  of  th e s i d e s  o f  th e c av i ty . Th e f l oor of  th e 

c av i ty co n s i s ts of a s er i e s  of d eb r i s -c ov er e d  r i d ge s an d v a l l eys w i th 

j umb l ed fu e l  r o d  sect i on s  i n  s ome l oc at i on s .  
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F i gu r e  1 8 . An u l t r a s on i c  compu ter  i ma ge o f th e  cor e c a v i ty i n TM I - 2 .  Th e  
i ma ge i s  a 360-degree  p anorama w i t h  a v i ewpo i n t  perpen d i c u l ar 
t o t h e  cen ter l i n e  o f  th e  cor e . Th e r an ge f r om t h e c e n ter l i n e 
i s  coded  i n  s h ad e s  o f  gray ;  t argets  c l o se  t o  t he  pr ob e ar e 
b r i gh t , w h i l e  t h o s e  f ar th er aw ay b ecome d ar k er w i th r an ge . Th e  
f l oor  o f  th e c av i ty h as s ever a l  dee p v a l l eys . Debr i s  are p i l e d 
n ear t h e  cor e -forme r  wa l l s  i n  p l aces . F i v e  o f t h e  o b j e ct s  
h an g i n g from th e roof  i n  the  m i dd l e d i s t an c e  are  a x i a l power 
s h ap i n g  r ods ; t h e  s i xt h  ( s e con d from r i gh t ) i s a s er i e s  o f 
brok en  fu e l  r o d s  a l s o  s een  i n  F i g ure  2 2 . C on s i der ab l e debr i s 
h an g  from th e ce i l i n g . Th e b r i gh t  o b je ct n ear  th e  1 20-degree 
po i n t  i s  a f u e l  en d b ox . 
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Figure 1 9 .  Plastic model built to 3 /32  scale, showing the cav ity in 
relation to the full core. The model is buil t in halves. The 
individual l ayers in the cavity region represent 5 1 mm (2 in.) 
of contour elevation. They correspond to the contours shown i n  
Figures A - 1  through A -4 in Appen dix A .  ( GPU  Nucl ear 
Corporation photo.) 
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F i gu r e  2 0 .  V i ew of h a l f o f t h e p l a s t i c mo de l . Th i s  c o r r e s po n d s t o  t h e  
f i rs t  1 80 d e g r e e s  o f  th ( '  p a n o r am a  <; h own i n  F i g u r e  1 8 .  
( EG& G I d a h o ph o to 8 3 - 63 ; � - l - 9 . ) 
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F i g u r e  2 1 . C l o s eu p  photogr a p h  o f  th e p l as t i c mode l , s h ow i n g  th e f i r s t  
1 80 de grees  o f th e  data  s h own i n  F i gu r e  1 8 .  Th e  i n d i v i du a l  
l ayer s o f  th e mod e l  repr e s en t 5 1 -mm ( 2 - i n . ) c on t o ur s  w i th i n th e 
c av i ty .  The  rods r epres en t t h e  l ocat i o n s  and  a pprox i mate 
l en gth s of th e ax i a l power s h ap i n g  r o d s  w i th i n th e core at  the  
t i me o f me a s ur eme n t .  ( GP U  Nu c l ear C or por at i on ph oto . )  
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No mor e t h an 4 2  o f  t h e core ' s  1 7 7 fu e l  as s emb l i e s  h av e any  fu l l - l en gt h 

fu e l  r od s  rema i n i n g  i n  th e r e g i o n o f  th e c av i ty .  On l y  two fu e l  a s semb l i e s 

( a t l oca t i on s  A - 6  a n d  C - 3 )  a ppe ar to b e tota l l y i n ta ct t h r ou gh th i s r e g i on , 

and  four  mor e a p p e ar to  b e  l ar g e l y (> 95% ) i n tact . Th e rema i n i n g  fu e l 

a s s emb l i e s  def i n i n g  t h e  v er t i c a l  w a l l o f th e  cav i ty h av e por t i o n s  m i s s i n g  

from th e to p f i v e  fee t  ( 1 . 5  m ) ,  r an g i n g  from r ou gh l y  5 %  t o  90 % o f the i r  

c ros s s ect i o n s .  

F i v e o f  t h e  a x i a l  power sh ap i n g  rods ( APSRs )  protrude d p ar t i a l l y  i n to 

th e c av i ty a t  rou gh l y h a l f cor e r ad i u s  dur i n g  th e se  meas uremen ts . Th es e 

c an b e  s een  i n  th e m i d d l e d i s tan ce (me d i um  gr ay ton es ) i n F i gu re  1 8 ,  an d  

s i mu l ate d i n  ph otograph s o f  th e mode l ( F i gures  1 9  throu g h  2 1 ) b y  s hort  

r ods . Th e u l tr ason i c  d a ta s h ow th at t h ese  APSRs are d i s torted  a n d  h av e  

i rreg u l ar l ower en d s . Th e APSRs  s h adowe d a l arge  por t i on  o f  both  s i dew a l l 

a n d  c av i ty ce i l i n g ; d ata  h av e b een i n ter po l ated and  extr apo l ated i n  th e  

s h adow ar e as . 

Much  mater i a l i s  s us pe n ded from the  u pper  gr i d  p l ate . Th e b u l k  of i t 

i s  l es s  th an 0 . 3  m i n l en gth . Th e mater i a l i s  h i gh l y  i rre g u l ar i n  l en gth 

a n d  s h ape , t h ou gh th ere  i s  a ten den cy for t he  s u s pe n ded  mater i a l to b e 

a l i gned  a l on g th e edges  o f  former fu e l  assemb l y l oc at i on s . Th e s us pen de d 

m ater i a l i s  v i s i b l e  i n  F i gu res  1 8  throu gh 2 1  an d  i n  Appe n d i x A , F i gur e s  A - 1  

and A- 2 .  Th e comp l e x an d i rr e g u l ar patter n  o f  th e s us pen ded debr i s 

c omb i n ed w i th th e APS Rs to g i v e  a gr adu a l l y  i n creas i n g  s h adowed  area  a s  t h e  

r ad i u s  i n cr e a s es . As a re s u l t ,  deta i l s  o f  th e s us pen de d mater i a l  i n  th e 

u l tr as on i c  res u l ts b ecome s par s er as r ad i u s  i n creas es , an d  th e  ou ter e dges  

of  th e u pper gr i d  p l ate  ar e a l mos t tot a l l y  obs c ured  ( Appen d i x  A ,  F i gur es 1 

a n d  2 ) .  From the  u l tr as on i c  d ata t h ere  does n ot appear to b e a s ys tema t i c 

c h an ge i n th e amoun t or  k i n d  o f  s us pen de d mater i a l between th e cen ter an d 

t h e  o u ter e d ge s  of  t h e  u ppe r gr i d  p l ate , h owev er . 

Th e mi d d l e e l ev at i on s o f  th e c av i ty ,  from - 1 6 i n .  throu g h  -40 i n . , are 

rou gh l y  cy l i n dr i ca l , t h e  b ou n dar i e s  o f t he  cav i ty gen er a l l y  fo l l ow i n g  o r 

p as s i n g  throu gh  th e o uter  r i n g  o f  fu e l  assemb l i es w i t h  l i t t l e r e gard to  th e  

a ct u a l  fu e l  as s emb l y  l oca t i on s , a s  s een i n  F i gu r e  A-3  of Appe n d i x A . Th e 
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l ar ge s t e x ce pt i on occ ur s  a l on g th e s o u thwes t s i de o f  th e  reactor , wh ere  

t h er e  appear s to be  more  s tan d i n g  fu e l  th an i n  mos t  o th er l ocat i on s .  I n  

th e wes t -s ou thwes t d i rect i o n there  i s  a n  ov er h an g i n g  1 1 pen i n s u l a 1 1  that c a n 

b e  t r ace d  from about  -50 i n . t o  t h e  u p pe r  gr i d  p l ate at z er o e l ev at i o n ;  i t 

c an b e  s e e n  on  F i g ures A- 1 t hrou g h  A-4 of  Appen d i x  A ,  an d a s  th e secon d  

m i dd l e -d i s ta n ce obj ect from t h e  r i gh t  i n F i gu r e  1 8 .  A s t i l l fr ame from a 

r ec en t v i d eo t a pe ( F i g ure  2 2 ) i n d i cates  th a t  th i s  s tr u ct ure  con s i s ts a t  

l e a s t i n  par t o f  l oo s e  an d brok en fu e l  r o ds s u s pe n de d  from t h e  ce i l i n g .  

S i m i l ar ov er h an g i n g  o f th e s i de w a l l s  o f  th e c av i ty ,  th o u g h  sma l l er i n  

m a gn i tu de , i s  gen er a l  th rou gh a l l par ts  of th e  cav i ty .  Th i s  ca n  b e  

i n ferr e d  from th e ma ps  o f  F i g ures  A- 1 t h rou g h  A-4 i n  Appen d i x A ,  an d more  

d r amat i ca l l y  i n  F i gu r e  A- 5 of Appen d i x A . 

Th e c ore -former  w a l l s  are expose d i n  a n u mb er of p l aces . Th e l ar ges t  

e x po s ur e s  are o n  t h e  eas t s i de of t h e  cor e a t l oca t i on s P - 5 , R -6 , an d  R -7 ,  

a s  s e e n  i n  F i gure A-3  of  Appen d i x  A . Th e u l tr as on i c meas uremen ts  of r an ge  

s h ow the  core -former wal l i n  p ar ts of t h e s e  ar ea s  to b e de for me d  ou tw ar d as  

muc h  a s  7 0  mm ; th e outward  deformat i on c a n  b e  tr aced  from  e l ev at i on - 1 4  i n . 

t o  ab ou t e l ev a t i o n  - 42 i n . A very t h or ou gh err or an a l ys i s ,  comb i n ed w i th 

a u x i l i ary  tes ts  o f  d ata  con s i s ten cy ,  l en d  cre den ce  to th e r e a l i ty of th e 

m ea s u r e d  deformat i on ; n ote th a t  t h e  con s er v at i v e  e s t i ma te o f r an ge error s  

a t  th i s  l oc at i on y i e l d s  an  un c er t a i nty  o f l es s  th an  1 4  mm . 

Th e f l oor of  t h e cav i ty i s  map pe d i n Fi gu r e A- 4 of Appe n d i x A. Th e 

t h r e e  l ow s pot s i n  th e c av i ty f l oor ar e n e ar l o c a t i on s  B - 1 0 , F-5 , an d  P -5 , 

r e s pe ct i v e l y ; t h e  l owes t meas ured  e l ev at i on i s  s l i gh t l y mor e th an - 78  i n . 

a t  P - 5 . Th e con f i g ur at i on o f  th e debr i s  beo  i n  th e v i c i n i ty o f th es e l ow 

s po ts  s u gges ts th a t  t h es e  l oca t i on s  were  fl ow c h an n e l s .  The  l ow s po t  a t 

P - 5  i s  h eav i l y  ov erh un g  ( F i gure  A-4 o f  Appen d i x A ) . I t  c a n  b e  seen  i n  th e 

f ore grou n d  i n  F i gu r e  2 0  an d to t h e  r i gh t  s i de of F i gu r e  1 8 . 

Fu e l  as se mb l y en d -f i t t i n g an d s p i der  comb i n at i on s  a ppe ar to  h av e  

f a l l en o n to t h e  debr i s  b ed a t  a n umb er of l ocat i on s  as  a r e s u l t o f 

d i s con n e c t i on  of  CR DM l ead s cr ew s  b e fore  th e i n i t i a l  v i deo s urv eys . Th e 
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mos t promi n en t  o f t h e s e  i s  cen ter ed  n ear l oca t i on  K-8 . I t  c a n  b e  s een i n  

t h e  l eft fore groun d i n  F i g ure  1 8 ,  n e ar th e cen ter o f  F i g u r e  2 0 , an d i n  

F i gu re A-4 of  Appe n d i x A . I t  i s  a l s o  s h own i n  cr os s  s ect i o n i n  Se ct i o n B - B  

of F i g u re  A- 5 of  Appen d i x  A . An o th e r  s u c h  comb i n a t i on c a n  b e  s een  at  

l o ca t i on 0-8  i n  Fi gu r e  A-4  of Appe n d i x A.  Oth er s  can  be  i n fe r r ed i n  

F i g u r e  1 8 .  

P rev i ou s  v i deo t a pe s ur veys d i d n ot prov i de a deta i l e d o r a ccu r ate  

des cr i p t i o n  o f  th e core  c av i ty .  A mor e recen t an d mor e e x t en s i v e v i de o 

s can  was  i n ter preted  w i th t h e  a i d  o f t h e  u l tr ason i c  r e s u l ts . I t s  c o n te n t  

con f i rms  an d s u pp l e men ts  th e u l tr as on i c  data . 

F i gu r e  2 2  come s from t h a t  v i deo t a pe . It  s h ows  a por t i o n  o f  t h e 

s t r u ct u r e  ma ppe d i n  th e wes t -s ou thwes t d i r e ct i on i n  F i g u re  A- 3 o f  

Appen d i x A a n d  d i s cu s s e d  ab ov e ;  i t  c o n f i rms th e u l tr as on i c  i n te r p r et a t i o n  

of  th i s  s tr u c t u r e  a s  a l oo s e  an d i rre g u l ar s urface ,  i n fe r r e d  from  s ev er e 

1 1 gh o s t i n g . 1 1 F i gu r e  2 3  i s  a v i deotape fr ame s h ow i n g  th e  d eb r i s b ed n ear l y 
b e l ow th e pr obe . Th e d ebr i s b e d  i n  th i s  ar ea  con s i s ts o f  r ub b l e w i t h  a few  

l ar ge r  p i e ce s  of  u n i de n t i f i e d  ma ter i a l an d two  fu e l - rod  s pr i n gs .  

F i g u r e  2 4  sh ows an oth er  ar e a  o f  the  c av i ty f l oo r wh er e b r ok en  fu e l 

r o ds are  s trewn l i k e  1 1 p i ck u p  s t i ck s . 1 1 Th es e i n d i v i du a l  r o ds h ad n ot b ee n  

i maged  w e l l u l tr a s on i c a l l y ;  th ey a p pe ared  u l tr as on i c a l l y  a s  s catter e d  

b r i gh t s po ts wh ere s pe cu l ar r e f l e ct i v i ty towar d  t h e  prob e w a s  h i gh es t , b ut 

w i th ou t any i n d i cat i on o f  th e i r  s h a pe or o f  th e s urface  on  wh i ch th ey 

r es ted . Th ey wer e t h erefo re  om i tted  from t h e  maps . Th ey c a n  b e  s ee n  a s  

s c atter e d  br i gh t  s po t s  i n  th e r i gh t  q u arter  of F i g u r e  1 8 . 

P ro j e ct Ov er v i ew 

A s ur vey o f  t h e compl eted  project a n d  i ts b r o a d  i mp l i ca t i o n s  s h ows  

t h at po s i t i v e  as pe cts  preva i l ed . 

l .  An i n ter d i s c i p l i n ary t eam  s u cce s s fu l l y  c a r r i e d  o u t a d i s c i p l i n e d  

des i gn e ffort , pr oc uremen t from s u pp l i er s , fabr i ca t i on ,  t es t i n g , 
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F i g u r e  2 2 .  Structures  i n  t he  we s t - s o u t h we s t  d i r ec t i o n o n u l tr a s on i c  
map s .  Look i n g  u pwar d , t h e  v i deo  c amer a p h otographed  s t ub  en d s  
o f b roken  fu e l  a s s emb l i e s th a t  a r e  adh er i n g to th e  b ottom of 
th e reactor • s  upper  p l e n u m  s tr uct u re . F u e l  rod s are  1 1  mm 
( 0 . 4 3 i n . ) i n d i ameter . ( GP U  Nu c l ear  C orporat i o n p h oto . )  

7 1  



F i gu r e  2 3 .  Ru bb l e  b ed b en ea th t h e  prob e  l ocat i on . Look i n g  d own , t h e  v i deo  
c amer a ph otograph e d  th e s ur fa c e  of  th e r u b b l e  bed , s h ow i n g  fu e l  
r od s pr i n gs an d p i e ce s  o f r u b b l e .  ( G P U  Nu c l ear C or po r a t i o n 
ph oto . ) 
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F i gu r e  2 4 .  Br ok en fu e l  r ods  o n  th e  f l oor of t h e  c av i ty .  Loo s e  a n d  b rok en 
fu e l  rods  l i e o n  th e f l oor o f  th e c av i ty i n  on e o f th e 
v a l l eys . Th ese  were i ma ge d  poor l y  by u l tr as ou n d  b ec a u s e  o f  th e  
s pec u l ar an d h i g h l y-d i rect i on a l  n at u r e  o f  s on i c r ef l e ct i on s 
f rom th e i r  r an doml y-or i e n te d  s urfa ce s . ( GPU  Nu c l ear 
Corpor at i on ph oto . ) 
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a n d  per s on n e l  tr a i n i n g  w i th i n  4 - l / 2  mo n th s , c e r ta i n l y  l e s s  th an 

th e a l r e ady  t i gh t 5 -mon th t i me a l l o tmen t . A comb i n a t i on o f w i d e  

e x pe r t i s e ,  c a r e fu l atten t i o n  to a s s umpt i o n s ,  a n d  o u t s tan d i n g 

coo per a t i on  h e l pe d mak e th i s  ach i evemen t pos s i b l e . 

2 .  �o maj or mi s tak es were made i n  e i th er as s umpt i o n s  or o pe r a t i o n s . 

Al l major  i te ms wer e an t i c i pated  an d h an d l e d  r e a s on ab l y .  

3 .  Few prob l ems ar o s e  th at  wer e n ot e xpe cted . On e  e xamp l e i s  th e  

i n s u ff i c i en t  power from th e 1 0 -M Hz tr an s d u c er s . Ev en h ere , a 

b ack u p  po s i t i o n ( th e d u p l i ca te ,  2 . 2 5 -M Hz ar r ay ) h ad b ee n  

es t ab l i sh ed . 

4 . Th e  i n forma t i o n  ob ta i n e d  h as at  l eas t a tw ofo l d v a l u e . F i r s t ,  i t 

pr ov i des  a f i rm b as i s  for de s i gn i n g  re cov ery proce d u r e s  for  th e 

TM I - 2  reactor . Secon d ,  i t fur n i s h es k ey i n for ma t i o n i n  

recon s tr u c t i n g  a deta i l e d a c c i den t s eq u en ce an d c on s eq u en ce . 

5 .  P rov en eq u i pmen t  a n d  t e ch n i q ues from d i fferen t tech n o l o g i e s  are  

u n i q u e l y comb i ned  for  th i s  a p p l i c at i on . Conv en t i on a l  u l tr as on i c 

n on de s t r u ct i v e  ev a l u a t i o n i s  r es tr i ct e d  to  mu ch s ma l l er 

d i s t an ces , wh i l e  conv en t i on a l s on ar r an g i n g  i nv o l v e s mu c h  l ar ge r  

d i s ta n ce s ; t h i s  sys tem s ucce s s fu l l y  b r i dged  th e  two d i s c i p l i n e s .  

6 . Sub s eq u en t  a p p l i c at i on s  ar e ex pecte d on th e b as i s  o f i nq u i r i e s 

r e ce i v ed .  Th e te ch n o l ogy n ow av a i l ab l e  compr i s e s  a pr ov en sys tem 

an d techn i q u e  wh i c h was  f u l l y  s u cces s f u l  on f i r s t  u s e . 

7 .  The  a dv an ta ge s  of  compu ter i z ed d a ta a cq u i s i t i o n an d  con tr o l  for 

det a i l e d s c an n i n g an d exten s i v e  cover age  ar e we l l demon s tr ated . 

8 .  Th e team comm i tmen t  to ALARA  po l i c i e s t hrou gh ou t  t h e  pro ject , i n 

s p i t e  of  th e v ery s h or t  s ch ed u l e , made  a s u b s t an t i a l  an d 

n otewor thy con tr i b ut i on to t h e  o vera l l s ucce s s  o f  t h e  p r o j e ct . 
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Figure A-5 . TM I -2 core void topograph ical plot cross section s. 
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