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ABSTRACT 

F o u r  major categorie s of nondestructive technrques--ult ra so n i cs , pas 

sive gamma ray , infrared detect i on ,  and remot e  v i deo exam i nation--have been 

d e t e rmined to be feas i ble for as saying f uel debr i s  i n  the  p r i mary coo l a n t  

sys t em of t he Three Mile I sland  U n i t  2 ( TM I -2) R eactor . Pas sive qamma ray 

d e t ection i s  the mos t  s uitable t ech n i que  for  t h e  TMI-2  pip i ng; however , 

f u rt he r  d evelopment  of t his t echnique is needed f or s pec i fic app l i cation t o  

TMI-2 . 
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SUMMARY 

As a re s u l t  of the  March 1 979 acc i dent at t he Three M i l e  I s l and Un it  2 

( TM I -2 ) Nuc l ear P l ant , fue l debr i s  i s  expected to  be d i st r i buted i n  t he reac 

tor's pr imary p i p i ng system . Th i s  report i nves t i g ates the feas i b i l i ty of 

u s i ng nondestruct i ve f ue l -debr i s  assay techn i ques i n  t he TMI -2 p i p i ng .  The 

c ategori es  of nondestruc t i ve techn i ques i nvest i gated are u l t rason i cs ,  nuc l ear 

rad i at i on detec t i on ,  i nfrared detect i on ,  opt i c a l  techn i ques (wh i c h  i nc l ude 

f i ber opt i c s  and remote  v i deo exam i nat i on ) , and the pulsed eddy c urrent (PEC ) 

t echn i que . 

A pre l i m i nary i n vest i g at i on of t he feas i b i l i ty of u s i ng these f ue l 

debr i s a ssay tec h n i ques s uggest s  that  a pass i�e gamma ray techn i que i s  most 

feas ib l e  for l oc at i ng and c h aracter i z i ng fue l  debr i s  w i t h i n  t he TMI -2 pri mary 

coo l ant  system ,  w i t h  or w i t hout  i n su l at i on .  The u l trason i c  techn i que is  

feas i b l e  on l y  for assay i ng p i pes w i t hout i ns u l at i on .  The  ras s i ve gamma-ray 

and u l t raso., i c  t echn i ques are comp l ement ary , and tu]ether cou l d  be used to  

d etermi ne t he f ue l  and  non -fue l fract i on ,  and  the  t h i ckness and extent of  t he 

debr i s  i n  p i pes w i t hout  i nsu l at i on .  The detect i on l i m i t of the  pas s i ve gamma 

ray techn i que i s  4 7  mg of f ue l  per meter of i ns u l ated pr imary coo l ant p i pe .  

The m i n i mum t h i ckness of debr i s that  can  be detected by u l trason i c  techn i ques 

i n  an  u n i n s u l ated p i pe i s  about 0 . 1 3 mm . T he m i n i mum detec t a b l e  l engt h ,  

wh i c h  i s  dependent o n  band w i d t h  of u l trasound , i s  about  0 . 25 mm . The i nfra

red techn i que i s  feas i b l e  for detec t i ng fue l debr i s ;  however , the m i n i mum 

detec t i on l i m i t  i s  re l at i ve l y  h i g h .  The f i ber opt i c s  tec hn ique i s  not feas

i b l e ,  d ue to  rad i at i on damage to  t he f i ber opt i c s  system , diff i cu lty i n  

obt a i n i ng a water-t i gh t  sea l , and t he need for f i ber  bund l e s l onger t han 

ava i l ab l e  w i t h  t he c urrent s tate -of-the art . Closed -c i rcu i t  v i deo exami 

nat i on i s  fe as i b l e  prov i ded the  head of the reactor core i s  removed . The 

p u l sed eddy c u rrent techn i que i s  not feas 1ble , bec ause of magnet i c  effects 

of t he c arbon stee l p i p i ng ,  and l arge d imen s i ons of the  p i p i ng .  

A s s ay of the fue l debr i s  w i l l  enab l e  accumu l at i on of d at a  on the post

acc i dent cond i t i on of the pr i n• ary system and contr i bute to the c l eanup oper

a t i on .  But f urther exper i mentat i on ,  us i ng mock -up p i pes and fue l  standards ,  

i s  necessary for the app l i cat i on of the pas s i ve gamma ray tec h n i que . 

i i i  
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NONDE STRUCT I VE TECH N I QUES  FOR ASSAY I NG FUEL  DEBR I S  I N  P I P I NG 

AT THREE  M I LE I SLAND U N I T 2 

l .  I NTRODUCTION  

The  accident t hat occurred on March  28 , 1 9 79 , at  TM I -2 const i t utes  o ne 

of the most  severe tests  of nuc l ear power p l ant s afety systems ever , a�d t he  

p o st - acc i dent cond i t i ons of t he pres sur i zed water reactor offers a u n i que  

opportu n i ty to  measure the performance of and d amage to  i n strument at i on and 

e l ectr i c a l  and �ec han�ca l  equ i pment resu l t i ng from h i gh rad i at i on expos ure , 

to  as ses s core d amage in  ter·ms of the  met a l l urg i c a l  and phys i ca l  beha v i o r  

of  uran i um d i ox i de f ue l , z i rc a l oy c l add i ng ,  c ontro l  materi a l , and other core 

c omponents d u r i ng and after the acc i dent , and to assess  new tec nno l og i c a l  

d eve l opments  for decontam i n at i on and t he d i sposal  o f  radioac t i ve waste. 

Th i s  experi e�ce w i l l  expand knowledge of l i ght water  reactor behav i or fo l 

l owi ng an acc i dent invo l v i ng severe c ore d affiage . The k nowl ed ge cou l d  l ead 

to  f urther i mprovements  i n  nuc l ear power p l ant safety , re l i ab i l i ty ,  regu l a 

t i o n ,  operat i on ,  and p ub l i c  s afety . The object of t h i s report i s  t o  e va l u 

ate the feas i b i l i ty of nondestruc t i ve techn i ques for assay i ng fue l debr i s 

w i th i n t he pr i mary coo l ant and connect i ng p i p i ng uf t he TMI -2 reactor , se l 

ect the bes t techn i que , and i dent i fy deve l opment needs. 

Due to  severe c ore d amage and subsequent core f l ood i ng d ur i ng the  acc i 

dent , f ue l  debr i s i s  expected t o  be d i spersed i n  the reactor ' s  pr i mary c oo l 

ant  system and i ts c onnect i ng p i p i ng .  A nondestruc t i ve techn i qu e  f or 

l oc at i n g f ue l  debr i s  i s  expected to  ( l )  contribute to  t he TMI - 2  c l eanup  

o perat i on ,  a nd  ( 2 )  pro v i d e  d at a  on  acc umu l at i on of fue l  debr i s  i n  a p r i mary 

coo l ant system f o l l ow i n g  a severe f ue l  d amage acc i dent . The c ategori es o f  

t ec h n i ques  d i scussed are ( a )  acou st i c ,  ( b )  n uc l ear rad i at i on ,  ( c )  t hermal 

rad i at i on ,  ( d )  opt i c a l , wh i ch i nc l udes f i ber opt i c s  and remote vide o  e x am i 

n at i on ,  a nd ( e )  p u l sed eddy-current. These nondestruct i ve a s s ay techn i ques  

have been  i nvest i gated by EG&G I daho  Inc . ,  a prime contractor  t o  t h e  Depar t 

ment of E ne rgy, and  Geo-Centers I nc . ,  a consu l tant t o  EG&G I d aho . 



In Sect i on 2 we br i efly descr i be the locat i on of fuel debr i s i n  the 

p r i mary c oolant system,  and present t he accident sequence at TMI -2 . In 

Sections 3 and 4, t he essent i a l  elements  of the nondestruct i ve assay tech 

n i ques and d i scuss i on are summar i zed . I n  Sec t i on 5 we present our  conclu s

i ons  and rec ommendat i ons . Det a iled i nformat i on on each techn i que i s  

presented i n  Append i ces A t hrough F .  
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2 .  THE LOCAT I ONS OF FUEL  DEBR I S  I N  THE TM I -2 P I P I NG  

Th i s  sect i on descr i bes t he TMI  -2  pri mary coo l  a nt  system and  aspect:s of 

t he acc i dent that  may have i nf l uenced t he l oc at i on of debr i s i n  the  p i p i ng .  

L i k e l y  debr i s  l ocat i ons are i dent i f i ed .  

The TMI - 2  reactor i s  a pres suri zed water reactor ( PWR ) des i gned by 

B abcoc k & W i l c ox Co . The system i s  a two- l oop des i gn  that emp l oys one once

t hrough steam generator and  two reactor coo l ant pumps i n  each  l oop . Thu s , 

t he system as a who l e  i s  c h aracteri zed as navi ng two hot l egs ( A  and B )  and 

four c o l d  l egs  ( l A ,  2A , lB,  2B ) . These s i x  l egs  connect to the reactor 

ve sse l as  s hown in  F i gures 1 and 2. The pres suri zer �urge l i ne connects  to 

hot l eg A.  F rom the reactor vesse l out let noz z l es ,  t he hot l eg p i p i ng 

e xtend s hor i zont a l l y  about 9 ft and r i ses vertica l l y  about 4 1 ft  where i t  

t urns 1 80° and  enters the top of the once-through steam generator ( OTSG ) , 

a s  s hown i n  F i g ures l and 3 .  From each steam generator out l et noz zle , c o l d  

l eg p i p i ng extends hori zont a l l y  about 6 . 5  ft  and r i ses vert i c a l l ;  3 6  f t  and 

j o i ns t he reactor coo l ant pump . From the  c oo l ant p ump out l et nozz l e ,  the  

c o l d  l eg p i p i ng extends about  26 f+ , and  decends 4 . 5  f t  before reac h i ng the  

i n l et noz z l e  of  t he reactor pressure vesse l . The i nner d i ameters of the  hot  

l eg and c o l d  l eg are , respect i ve l y ,  36 in . and  28  i n . , and the wa l l th i ck

nesses are ,  respec t i ve l y ,  2 . 875  and 2 . 250 i n .  The pressur i zer i s  c onnected 

by a 10- i n .  I D  surge l i ne ( l  i n .  t h i c kness ) to  hot l eg A, and by a 2 . 5- i n . 

I D  spray i i ne to  c o l d  l eg 2A . The pr i mary coo l ant l etdown i s  removed from 

the  system v i a a 2 . 5- i n .  I D  p i pe that  connects  to c o l d  l e g  l A  upstream of  

reactor coo l ant p ump lA .  T he  decay heat  remova l system i s  fed  by  a 1 2- i n .  

I D  l i ne connected t o  hot l eg B .  The core f l ood and decay heat remo v a l  sys 

t•:"-1 i s  fed by 1 4  i n .  I D  p i p i ng a s  s hown i n  F i gure 2 .  

The TMI-2 reactor acc i dent  was i n i t i ated by a l o s s  o f  feedwater t o  t h e  

s team generators , result i ng i n  a turb i ne t r i p .  T h e  pressuri zer re l i e f  va l ve 

opened severa l  seconds after the  turb i ne tr i p and remai ned open. 1 The 

b l oc k  va l ve (RC-V2 ) was c l o sed for 2 hours 20 m i nutes into t he acc i dent . 

At 15 m i nute s after t he turb i ne t r i p ,  the reactor coo l an t  dra i n t ank  rupture 

d i sk burst c au s i ng f l ood i ng of the  reactor b u i l d i ng sump. At  1 hour 
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1 3  mi nutes , the  reactor  coo l ant pumps i n  l oop B were s topped . At 1 hou r 

41 m i nutes , both  rema in i ng reac tor  c o o l ant pumps i n  l oop A were s topped 

because  of i nc reas i ng v i brat i on and errat i c  coo l an t  f l ow . Reactor c oo l ant 

was  purpose l y  c hanne l ed to  t he l e tdown l i ne for  RCS  v o l ume c ontro l  and pur i 

f i c at i on . T h i s resu l t ed i n  the  contami nat i on of the dem i nera l i zers , f l ow 

l i nes , c oo l ers , v olume c ontro l t ank , b l eed t anks , and c harg i ng pumps of t he 

makeup and pur i f i c at i on system . Coo l ant l os s  c aused the upper reg i on of the  

reactor c ore t o  become uncovered , wh i ch eventu a l l y  resu l ted i n  fue l  rod 

heat -up i n  t he uncovered region . Th i s  cond i t i on pers i sted l ong  enough t o  

c ause s i gn i f i c ant core d amage and re l ease o f  f i s s i on produc t s  f rom the  fue l 

rods . When the  core w�s quenc hed , extens i ve fue l rod fr agment at i on may have 

o c curred because  t he cl add i ng was  severe l y  embr i tt l ed .  A deta i l ed des c r i p

t i on of the  probab l e  s tatus of the  core i s  conta i ned i n  Reference 2 .  

The most l ike ly l oc at i ons w i t hin t he pr i mary coo l ant  sys tem for concen 

trat ion s of fue l debri s are (a ) the hot l eg e l bows , ( b ) �he hor i zon t a l  por 

tions o f  thf: c o l d  and hot  l eg s ,  ( c )  t he c o l d  l eg e l bows beneath  t he reactor 

coo l ant  pumps, ( d )  the  uppe r and l ower p l en ums  of the  once-through  steam 

generators (OTSGs ) ,  (2) t he bottom of the  pre s s ur i zer , and ( f )  t he rough and 

i rregu l a r  i n ner  s urfaces of vert i c a l  p i pes . Hot  l eg fue l debr i s  i s  l i m i ted  

in  s i ze to  parti c l es whose  diameters are l es s  t han t he d i ameter of  t he h o l e s  

i n  t he  perforated guard p l ate of the  out l et nozz l e .  The s i ze o f  f ue l debr i s 

i n  t he co l d  l eg and t he l ower p l enum of the  OTSG i s  l i m i ted by t he 1 . 4 -cm 

I D  of the  ste am generator  tubes . Fue l debr i s l arger than 1 . 4-cm I D  of t h e  

OTSG t u bes  i s  expec ted to  b e  l odged on  t he upper p l enum s heet of t he OTSG, 

s h own  i n  F i g u re 3 .  Access  to  the  uppe r and l ower pl enums  of t he OTSGs i s  

pract i c a l  t hrough  t he 16- i n. man ways and 5- i n .  i n spec t i on open i ngs . All 

debr i s  i s  expec�2d to cons i s t  pr i mar i ly  of UO ( ox i d i zed ) f u e l  pe l l ets ,  X 
fragment s , f i ne part i c l e s , and nonfue l debr i s  f rom c l add i ng and structural 

materi a l s .  

The boron ieve l  h a s  been ma i ntained at  >3500 ppm s i nce t he accident. 

C r i t i ca l i ty c a l c u l at i ons3 s uggest  that  s ubc r i t i c ali ty c an e as i l y be main

t a i ned at  3 000 ppm boron , a s s um i ng the  f u e l  to  be i n  a reflected sphere at 

t he opt i mum f u e l -to-water-vo l ume rat i o  ( 63% f ue l  i n  borated water) and tak

i ng n o  account for  any structural, claddi ng, or neutron absorbers. 
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3. NONDESTRUCT I V E  FUEL  DEBR I S  ASSAY TECHN IQUE S  

The nonde struc t i ve f ue l  debr i s  a s s ay techniques inve s t i gated  are 

d i v i ded  into f i ve broad c ategor i e s p r i mar i 1y based on acou s t i c�. 1uc l ea r  

radiat i on detec t i on ,  therma l rad i at i on detec t i on ,  o pt i c a l  t ec hn i ques  ( wh i ch 

inc l ude  f i be r  oot i c s  and remote v i deo exam inat i on ) ,  and the  pu l sed eddy 

c u r rent t echn i �u e . Acoust i c  techn i ques  inc l ud e  the p u l se-echo  and ref l ec ted  

sound intens i ty met hods; the forme r i s  based on the  time requ i red for an 

echo t o  re turn, and the l atter  on the ref l ec ted sound s pec trum . Degrad at i on 

of the  acou s tic signal by the insulat ion around the  coo l ant pipe i s  a maj o r  

p rob l em w i th the u l trason i c  techn i que s . The i ns u l at i on wou l d  need t o  be 

removed in order  to u se  th i s  techn ique effect i ve l y .  The rad i at i on detec t i on 

t echn i ques  inc l ud e  gamma spec t ra l s c ann ing and neut ron c o unt ing of r ad i at i on 

em i tted  by i s otope s that have been reta ined by the f ue l . The therma l r ad i 

a t i on detec t i on techn i que measures  infrared ( I R )  em i s s i on from t he therma l l y  

.va rm debr i s; the h e a t  be ing used  a s  a s i gnature to  d i fferent i ate  debr i s from 

i t s c oo l e r  s u rround ings . The f i ber-opt i c s  tec hn ique i s  not f e as i b l e  bec ause  

of l ow rad i at i on ( l 03R c ummu l at i ve dose ) t o l erance , d i ff i c u l ty in  o bt a i n 

i n g  a wate r t i ght se a l  around the l ens, prob l ems assoc i ated w i t h bend ing  t h e  

fiber b und l e, and d i ff i c u l ty in  obta i n i ng adequate bund l e  l ength for  t h e  

TM I -2 app� icat i on .  Remote v i dPo exam i n at i on has  f i e l d  p roven techno l ogy , 

b ut i t  i s  feas i b l e  on l y  after  the reactor c ore head i s  removed . The p u l sed 

eddy c u rren t techn i que i s  not feas i b l e  for a ssay i ng f ue l debr i s beca use of 

the magne t i c  effec t s  of  c arbon s tee l p i p ing, nonmagnet�c p ropert i es of 

c e r am i c s  ( ur an i um d i ox i de and z i rcon i um oxide ) ,  and the  d iff i c u l ty i n  

o bt ain i ng l arge c o i l s  s u i t a b l e  for  the d i mens i ons o f  TM I -2 p i p ing . A b r i ef 

d e sc r i pt i on of  tec hn i ques, detec t i on systems , and detec t i on l i m i t s are pre 

s ented i n  Sec t i ons  3 . 1  through 3 . 5 .  A b r i ef summary of detec t i on l i m i t s ,  

ad vant4ge s ,  and d i s ad vantage s i s  presented i n  Sect i on 4 .  Det a i led  invest i 

g at i ons of t hese  techn i ques  are p resented i n  Append i ces  A through  F. 

3 . 1  Acou s t i c  Techn i ques  

A c o us t ics , t he s c i ence of sound , d e s cr i be s  t he p henomenon of mec han i c al 

v ibrat i ons  and the i r  propagat i on i n  s o l i d s, l i qu i d s , and gases . Sound be l ow 

a p p ro x imate l y  1 0 Hz �nd above 15 to  20  KHz i s  inaud i b l e  to  t he h uman ear . 
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Sound waves above 20 kHz  are arb i t rar i l y  referred to as  u l trason i c .  The  
u l trason i c  f requenc i e s  approp r i ctte  for penetrat i on and measurement  of  mate

r i a l s  and  geomet r i e s  i n  TM I -2 p i p i ng range  f rom 0 . 5  to  5 . 0 MHz . These f re 

quenc i es c orre spond t o  wave l ength s  o f  1 . 2 t o  1 2 . 0  mm , and are e asy t o  

generate and detect with  commerc i a l ly ava i l ab l e  equ i pment . An u l t rason i c  

t ransducer operated i n  t he pu l se -ec ho mode c an be used t o  e xami ne t he i ns i d e  

SJrface o f  a p i pe .  

W hen u l t ras ound i s  i nc i dent norma l to a bou�dary , part of the  s ound 

pres sure i s  ref l ec ted and part i s  transm i tted . The ref l ec ted ( R )  and tran s 

m i tted (T) sound pres sures are respec t i ve l y g i ven by 

R 

and 

where 

and 

= 

a re t he acous t i c  i mpedences  of mater i a l s  1 and  2 ,  respec t i ve l y ,  a nd o1 
and V i ( i  = 1 , 2 )  a re densit i e s  and ve l oc i t i es of sound i n  the  respec t i ve 

med i a. 

( 1 ) 

( 2 )  

U l trason i c  s ound waves  s how i nterference e ffec ts when i nc i dent o n  

bound ar i es s u c h  a s  p i pe i n su l at i on/p i pe wa l l ,  or p i pe wa l l /water , o r  

w ater/debr i s .  E a c h  of t hese  med i a ,  p i pe i nsulat i o n ,  p i pe w a l l ,  water, a n d  
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f uel debr i s h a s  a d i st i nc t  acou s t i c  i mpedence ( W . ) ,  and a port i on of t h e  1 
energy i s  ref l ected and transm i tted at  eac h bou ndary .  For examp l e ,  t he  hot  

leg  p i p i ng wa l l i s  c arbon stee l  and i s  3 i nc hes t h i ck . The  p i pe i s  c l ad on  

i t s  i nner s u rface w i th 0 . 3 1 3- i n . - t h i c k  type 304  s t a i n l es s  stee l , and i s  

s hrouded by a 3 . 5- i n .  s hell of 1 1met a l l i c m i rror"  i n s u l at i on .  The i nner and 

outer i ns u l at i on s hell wa l l s  are 0 . 03 7 - and 0 . 0 1 9 - i n . -t h i c k  s t a i n l es s  steel , 

respec t i ve l y .  B etween t he i ns u l at i on  �he l l w a l l s  are 1 3  even l y  s p aced con

centr i c  cyl i nd r i c a l  s heet s of s t a i nles s  s teel , each 0 . 004 i n .  t h i ck . S i nc e  

each  boundary degrades t he ref l ec ted and t ransmi tted sound energy , acou st i c  

met hods are i mpract ica l  for p i p i ng s urrounded by met a l l i c m i rror i ns u l at i on . 

Debr i s i �  t he l ower and  upper p l enums of t he OTSGs c an be a s s ayed w i t h  t he 

u l t rason i c  techn i que through t h e  i nspec t i on acce s s ,  rad i at i on l eve l 

perm i t t i n g .  

3 .  1 . 1 U l trason i c  Detec t i on Methods  

Debr i s  w i t h i n  c p i pe c an be detec ted by i ntroduc i ng a beam of  u l tra

sound  at the  top  out s i de s urf ace of  the  p i pe w i thout  i n s u l at i on .  The sound  

beam p as se s  t hrough t he p i pe w a l l ,  t hrough t he water  i n  t he p i pe , and is  

reflected from the s urface to be exami ned . The p i pe i s  sc anned i n  a raster 

p at tern to e xami ne t he i nner s u rface of  t he p i pe for t he presence of  debr 1 s .  

The geometry for u l t rasonic detec t i on and c haracter i z at i on of debr i s i n  t h e  

p � p i ng w i thout  i n s u l at i on i s  pre sented i n  F i gure 4 .  

Two extt·eme cases  of debr i s conf i gurat i on ,  l arge p i eces  and t h i n l ayer s  

o f  f i ne powd e r ,  are e xpected to  b e  present i n  t he pr i mary p i p i ng system .  

Large p i eces  of UOx f u e l , z i rc a l oy c l addin g ,  and structura l mater i a l s  c a n  

b e  det ec ted from r ange and  amp l i tud e  measurement s. T h e  t ime requ i red for 

the u l trasound  echo to return to the  t ransd ucer ( detector) i s  proport i on a l  

t o  t he d i�tance {range ) f rom t h e  transducer t o  t h e  s urface of i ntere s t . 

From t h e  ref l ected u l t rasound , a sma l l computer construct s  e i t her  a contou r 

m ap or  perspec t i ve d i sp l ay of d i s t ance t o  t he t arget . The contour map and 

per3pect i ve d i sp l ay are i mages of the  surf ace and any debr i s  on  i t .  The  

c ontour  map i s  a n  exact  ana l ogy to  a t opograph i c  map  of a v a l l ey ( p i pe sur

face ) a n d  h i l l s ( debr i s ) . F rom the s ame ref l ected pu l se ,  a map of ref l ected  

s ou n d  dmp l i tude  of the  s urface c a n  a l so be c on structed . The amp l i t ud e  map 
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F i gure 4 .  Geometry for u l trason i c  detec t i on and c haracter i z at i on of debr i s  

i n  TM I -2 p i p i n9 w i thout  i ns u l at i on. 
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represent s a n  i mage of s u rface ref l ec t i v i ty. An amp l itude map prepared by 

the Id aho N at i on a l  Enq i nee r i ng  L aboratory ( INEL )  Automated U l t raso n i c  Tes t 

i n g Sys tem ( AUT )  i s  presented i n  F i gure 5 .  Th i s  map i s  t h e  image of a we l d  

root a nd a p i pe counterbore. F i gure 5 ( a )  �s a contour  map , a nd 5 { b )  i s  a 

perspec t i ve d i s p l ay of the  s ame d at a. The i rregu l ar i nd i c at i on rur.n i ng from 

t op to bottom at l eft -center of F i gures 5 { a )  and  5 { b )  i s  t he we l d  root. The 

more regu l ar ,  i so l ated i nd i c at i o n  at r i ght-center i s  t he p i pe counterbore. 

To t he e x treme l eft, are sma l l a nd s c attered i nd i c a t i on s  of we l d  s p l atter. 

The contour  maps w i l l  cert a i n l y  revea l the  presence of l arge f ue l  p i eces , 

who l e  pe l l e ts and l arge pieces of nonf ue l  debri s ,  and can be app l i ed for 

a s s ay i n g  debr i s  i n  other systems such as  l ower and  upper p l enums of OTSGs , 

t h rough  manways and  i n spec t i on open i ngs. However , prob l ems i n  p at tern 

rec ogn i t i on c a n  be encountered i n  the mapp i ng of sma l l part i c l e s and l ayer s  

of f i re powdel" . 

The presence of sma l l part i c l es and l ayers of f i ne powder c an be 

detec ted f rom t:.e reflected sound  spect rum. The s ame ref l ec ted s i gn a l  t h a t  

is u sed to  c o n s truct topograph i c  maps i s  u s e d  to obt a i n  t h e  ref l ected sound  

s pec t rum. The  s i gn a l  i s  s u bjec ted to  a fast four i e r tran sform from wh i c h  

the c ompu ter cal c u l ates t he ref l ected s ound i ntens i ty per u n i t  freq uency and 

u n i t  i nc i dent energy. Expe r i ments cond ucted wit h  s and and water at  INE L  

show t h a t  t he re a re s i g n a t ure s  i n  the ref l ec ted spectra t hat  are c haracter

ist i c  of the  geometry of f i ne part i c l e� that have sett l ed o ut  of water. The 

s i g natures re s u l t  f rom t he coherent sc atter i ng from part�c l e s much  sma l l e r  

t h a n  the  s o u n d  wave l eng t h ,  a n d  from i nterference effec t s  w i t h i n  the  sand  

l ayer and  t he under l y i ng  s u rface. S i nce t he u l t rason i c  met hod depend s on  

med i a  dens i t i e s , a mas s me asurement  wou l d  be fea s i b l e. Howe ver ,  mas s  

m e a s u rement  depend s o n  c e rt a i n  cond i t i ons , n ame l y ,  conf i g urat i on vo l ume , 

poros i ty fra c t i on ,  a nd  effec t i ve dens i ty of f ue l debr i s. 

3. 1 . 2  U l trason i c  Detec t i on Sys tem 

T h e  u l t r a s on i c  detec t i on sys tem cons i s t s  of e l ec t ro n i c  ( computer ) and 

mec h a n i c a l  h ardware. The type of sys tem t hat  can be u sed for u l t rason i c  

mea s ureme n t s  a t  TMI-2 i s  s hown i n  F i gu re 6 .  The sys tem i s  f i e l d  

1 2  



5( a )  A contou� map. 

S(b) Pers pec t i ve d i s p l ay of  same data .  

F i g u re 5 .  S i g na l  amp l i tude  map of a s urface i ns i de a pi pe. 
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F i gure 6.  Automated u l t rason i c  tes t i ng system. 
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t ransportab l e ,  and is  being used  a t  the  Loss-of - F l uid Test  ( LOFT } F aci lity 

at I NEL . I t  was  d esigned f or examining re l ative l y  n arrow s t rips a t  and near 

we l ds i n  piping ; howeve r ,  it c ou l d  be �edified for TMI -2 meas urements . The 

b a sic c omputer s oftware for mech anic a l  contro l , d at a  acquisition , d at a  pro

cessin g ,  and disp l ay exists  a t  EG&G I daho ' s  Nondestructive E v a l uation Engi

neering L aboratory .  The automated u l trason i c  testing ( AUT ) system s hown in 

Figure 6 
system .  

ana l ysis 

con sist s of a s canner , a J -box , and a d at a  acquisition and ana l ysis 

The J -box serves as a j unct i on box between t he d at a  acquisition and 

system that is outside the containment, and the scanner ins i de th= 

c ontainment . The s c anner c an be l oc ated u p  t o  500 feet from t he J-box . 

Detai l s of t he d at a  acquisition and ana l ysis system ,  inc l uding AC powe r 

requirements , are presented in Appendix A .  The AUT sys t em is  hou sed in an 

air-conditio ned semi-trai l er for easy transport . 

3. 1.3 U l trasonic Detec tion Limits  

Experimen t s  performed a t  I NE L  s uggest  t ha t  an  u l trasonic transducer 

ope rated in a p u l se-echo mode is  c apab l e  of detecting and l oc ating ( by range 

a nd amp litude  maps ) t he f u l l range of potential  f ue l  debris  c onfigurations ,  

from c omp l et e  f u e l  pe l l et s  through  broken pe l l et s  and piece s  of  nonfue l 

d ebri s .  The l ongitudina l  reso l ution for t his measurement  is  about  0.25 mm . 

On t h e  other hand , spec t r a l  experiments  u sing fi�e powders of sand  {si l i co n  

dioxid e )  u nder water s uggest  t h a t ,  u nder fie l d  c onditions , i t  i s  pos sib l e 

t o  detect and  map the  l oc a tion of powder deposits wit h  t hicknesses  a s  lit t l e  

a s  0.13 mm . Under i de a l  c onditions in t he l aboratory ,  it is pos sib l e  t o  

detect  t h e  p re sence o f  even finer grains  scattered independent l y  o n  a smoot h 

s urface . F rom t he s ame u l t rasound  echo , the  u l trasonic detec tion system is 

c apab l e  of o b t aining range and amp l itude  maps of l arge pieces , and s pectra l 

m aps  of fine powders . Since mass  measurement d epends o n  effective dens i ty 

of debris , t he minimum detec t ab l e  mas s ranges from 4.5 t o  8.4 mg of U per m 

of  pir� l engt h .  T hese  l imit s  are based on  effec tive densities r anging from 

50 t o  �J% of t heoretic al den sity . 
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3 . 2  Nuclear R ad i at i on Detec t i on Tec h n i que s 

Two k i nd s  of n ucle ar rad i at i on detec t i on techn i ques  are cons i dered : 

oas s i ve and  ac t i ve .  P a s s i ve tec h n i ques  involve t he detec t i on of gamma rays 

a n d  neutron s emi tted by the i rrad i ated fuel ; acti ve t ec h n i ques i nvolve the  

detec t i o n of n ucle ar rad i at i on  i nd uced by i nterrog at i on of the  f uel debr i s 

wit h  a neutron source . P as s i ve t echn i ques , n amely gamma s pectral scann i ng 

and cou n t i n g ot neutrons  t hat are em i tted d u e  to {a, n )  reac t i ons  and 

spo n ta neou s fis s ion  events  are p resented in Sec t ions 3.2.1 t hrough  3.2.3. 

The act i ve neutron i nte rrog at i on techn i ques con s i dered employ e i t her  
r { 88. 252  i sotop i c  neu t ron  jources e . g . , rBe , Cf ) or  a Coc k roft -Walton  neu -

t ron generator . The req u i rement t h at t he i sotop i c  sources  be s ub s t an t�ally 

s h i elded , and  the  potent i al haz ard t hey present  to  personnel , are d i s ad van

tages t h a t  make t��m less  a t t rac t i ve t h an the  neutron generator . The 

Getec t i on li m i t s ac h i e vable wi th �eu t ron  techn i q ues  are found to  be s ub s tan

t i ally larger t h an t hose ach i evable u sing a pa s s i ve ,  gamma-ray a s s ay tech

n�que. In l i ght of the  d i sadvant ages of the  ac t i v at i on techn i ques , only t h e  

pass i ve t ec h n i ques  are presented here . T h e  ac t i ve tec hn i ques a re presented 

i n  Append i x  B. 

3 . 2 . 1 Gamma- Ray Detec t i on and Analys i s  

Th e  gamma rays a s soc i ated w i t h t he decay of f i ssion prod ucts  c an be 

me a s u red us i n g a h i g h - resolut i on gamma-ray spectrometer . Th i s  techn i qu e  

rel i e s on  t h e  detec t i on o f  s i gnature gamma rays o f  1 44ce , 154Eu , or  

other  rad i o ac t i ve i sotopes t hat h ave been  ret a i ned by  the  fuel .  The amount  

of  f u el i n  a p r i mary coola nt  sys tem p i pe can  be  determ i ned u s i ng t hese  

me a s u rement  d ata , i f  t he fuel isotop i c  compos i t i on i s  known . The Oak  R i d ge 

:Ja t i o n al L aboratory i sotop i c  generat i on and  deplet i on code OR I GEN was u s e d  

t o  e s timate f i s s i on p roduct ac t i v i ty conce n t rat i on for  t he TMI-2 f uel ; the  

resu l t s  are  p resented i n  Table 1 . The  f i s s i on produc t s  1 34cs , and  1 3 7c s  

a re k n own  t o  mi grate  toward the  c oo l e r  rad i al a nd a x i al reg i ons  o f  the  f u e l  

a nd  a r e  wat e r  sol u b l e ,  a n d  are therefore expected to  b e  leached when t h e  

1 t Th  f · · d t l 06R . 1 ' . 1 d f uel i s  expo sed to  t he coo  an • e 1s s 1 on pro uc u 1 s  vo a . 1  e an 

t en d s  to c o nce n t rate  around t he c enterl i ne of  a f uel pelle t . 
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TABLE  1. ���TOPIC ACTIVITY CONCeNTRAT I ONS PER  GRAM URANIUM 
( As of  J une  1 982 ) 

N uc l i de dps/g U N uc l i de d p s / g  U 

93 Zr  1 .  24 E + 04 Cs 1 3 7  3 . 72 E + 08  
95 Zr 1 .  28 E + 05  Ce 1 44 6 .  14 E + 08 
95 Nb 2 . 76 E + 05  Eu  1 54 3 . 06 E + 0 6  

1 06 R u  1 . 49 E + 08 Eu 1 55 4 .  10 E + 06 
1 25 S b  1 . 1 3 E + 0 7  u 235  2 . 4 1  E + 0 3  
1 34 C s  4 . 68 E + 07  u 2 38 1 . 20 E .r- 04 

H i g h  gamma- ray f l u x per gram of uran i um depos i ted o n  t he lower i n s i d e 

s u rf ace  of  a p i pe c an be me asured at  Detector P os i t i on 5 ,  a s  i l l u strated i n  

F i gure 7 .  Ca l c u l ated u nco l l i ded f l uxes  (S. )  at  Detect i o n Po s i t i on 5 are  
J 

l i s ted i n  Tab l e  2. From the source term and the detector geometry , S. i s  J 
c a l c u l atEd u s i ng the  computer code QAD. The c a l cu l at i on i nc l udes  t he  p i p e 

i n s u l ation . The count rate of a rletec tor s u bjec ted to t h i s f l u x c an be 

c a l c u l ated , i f  the i nt r i n s i c  photopeak eff i c i ency and s u rf ace area of t h e  
. 1 44 1 54 d etector are def i ned . The 1s otopes Ce and Eu are se l ected a s  t h e  

most  s u i tab l e  for g amma ray detec t i on bec ause  o f  the i r  c hem i c a l  i nertne s s , 

l ow vo l i t i l i ty ,  l ong ha l f - l i ves , and  assoc i ated high-energy g amma-rays . 

Ce s i 1Jm and  ru then i um i sotopes are not  c on s i dered bec ause  of  the i r  m i grat i on 

and l each i ng c haracter i s t i c s . 

The  c onceptu a l  d es i gn of a g amma- ray detec t i on a nd an a l ys i s  sys tem i s  

presented i n  F i gure 8 .  The system con s i s t s  of a hyperpure german i um 

d etec tor housed  i n  a c o l l i mator �h i e l d  and f i xed on the e nd of a te l escop i c  

boom hdv i ng three degrees of freedom . The e l ec tron i c s  inc l udes  a preamp l i 

f i e r ,  a nalog-to-dig i t a l  converter , ana l og pu l se s h a p i ng mod u l es ,  and a 

p u l se r .  A mu l t i channe l , pu l se-he i gh t  a n a l yzer (MCA ) i s  mounted w i th i n  a 

m ob i l e  rack wh i ch houses the  e l ec tron i cs system. For  remote d ata  acqu i s i 

t i on ,  the  MCA i s  i nterfac ed t o  a centra l  proces s i ng u n i t  (CP U }  l ocated 

o ut s i de the re a�tor b u i l d i ng . 

A portab l e  g amma spectrometer system was d eve l oped by EG&G Idaho  for  

u s e  i n  t he TMI-2 reactor  and  a u x i l i ary bu i l d i ngs , and s pectra  were taken  a t  

l ocat i on s  w i t h i n  t hese  b u i l d i ngs d ur i ng May 1981. A P r i nceton Gamma Tech., 

1 7  
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TABLE  2 .  UNCOLL I DED  GAMMA RAY FLUX  PER  GRAM URAN I UM AT DETECTOR POS I T I ON 5 
( As of June 1 982 ) 

Branc h i ng Uncol l i ded 
F l u x  E nergy I ntens i ty 2 Nuc l i de  H a l f -L i fe ( keV ) ( % )  y/cm - s/g U 

1 3 7 C s  30. 1 74 y 66 1 . 645 8 . 50 E + 0 1  1 . 03 E + 0 1  
1 34 C s  2 . 062 y 795 . 845 8 . 54 E + 0 1  1 .  9 7  E + 00 
1 44 Ce 284 . 4  [J 2 1 85 . 700 6 . 94 E - 0 1 1 .26  E + 00 
1 34 Cs  2 . 062 y 604 . 699 9 . 76 E + 0 1  1 .  1 7  E + 00  
�06 R uD 368 . 2  0 6?1 . 800 9 . 8 1  E + 00 4 . 05 E - 0 1  
1 44 CeO 284 . 4  0 6}6 . 480 1 . 34 E + 00 3 . 04 E - 0 1  
1 44 CeO 284 .4  0 489 . 1 50 2 . 78  E - 0 1  2 . 94 E - 01 
1 34 Cs  2 . 062 y 365 . 1 50 3 . 04 E + 00 2, 12  E - 0 1  
1 34 C s  2 . 062 y 80 1 . 932 8 . 73 E + 00 2 . 04 E - 0 1 
1 06 RuD  368 .2 0 1 050 . 1 00 1 . 46 E + 00 1 .  96 E - 0 1  
1 34 C s  2 . 062 y 569 . 3 1 5  1 . 54 E + 0 1 1 . 60 E - 0 1  
1 54 E u  8 . 5  y 274 . 450 3 . 55 E + 0 1  1 . 44 E - 0 1  
134 Cs 2 . 062 y 1 67 . 940 1 . 80 E + 00 9 . 45  E - 02 
1 34 C s  2 . 062 y 563 .22 7  8 . 38 E + 00 8 . 47  E - 02 
1 25 S b  2 . 7 1 y 600 . 7 70 l .  7 9  E + 0 1  5 . 08 E - 02 
1 54 E u  8 . 5  y 004 . 760 l .  74 E + 0 1  4 . 34 E - 0 2  
1 34 C s  2 . 062 y 038 . 5 70 1 . 00 E + 00 4 . 1 1  E - 02 
125  Sb  2 .  7 1  y 636 . 1 50 l .  1 5  E + 0 1  3 . 83 E - 02 
1 2 5 Sb  2 . 7 1  y 42 7 . 950 3 . 00 E + 0 1  3 . 52 E - 02 
1 54 E u  8 . 5  y 996 . 320 1 . 03 E + 0 1  2 . 52 E - 02  
1 54 E u  8 . 5  y 723 . 300 l .  9 7  E + 0 1  2 . 42 E - 02 
125  Sb  2 .  7 1  y 463 . 5 1 0  1 . 05  E + 0 1  1 . 55  E - 02 
1 25 S b  2 .  7 1  y 606 . 820 4 . 92 E + 00 1 . 44 E - 02 
95  Nb  35 . 1 y 765 . 78 1  9 . 98 E + 0 1 1 . 25 E - 02 

1 54 E u  8 . 5  y 1 596 . 480 1 . 6 7  E + 00 9 . 84 E - 03 
238 u 4 . 4 7  E + 09 Y 1 00 1 . 1 00 8 .28 E + 0 1  8 . 08 E - 06 
2 38 u 4 . 4 7  E + 09 Y 766 .390 3 .  1 3  E - 0 1  l .  73 E - 06 
235  u 7 . 04 E + 08 Y 1 85 . 720 5 . 400 E + 0 1  3 . 1 9 E -07 
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Inc . ,  i ntr i ns i c  german i um detector was mounted on a c art and s h i e l ded w i t h  

approx i mate l y  500 l bs o f  l e ad b r i c k . The s h i e l d  was const ructed so  a s  to  

a l l ow co l l i mat i on i n  bot h hor i zon t a l  a nd  vert i c a l  d i rec t i ons . A det a i l ed 

descr i p t i on of the system and a p resentat i on of the  resu l t s of the  measure

ment s a re reported in  an i ntern a l  tec hnica l  report of  the EG&G I d aho phys i c s 

d i v i s i o n. 

3 . 2 . 2  Gamma-Ray Detection L i m its  

The m i n i mum detec t ab l e  l eve l s  of  f ue l  i n  the p r i mary p i p i ng w i th i n s u 

l a t ion a r e  p resented be l ow ,  for  a german i um spect rometer  w i th a fron t f a c e  

s u rf ace area  of lS  cm2 l oc ated a t  d etecter  pos i t i on 5 .  I n tr i ns i c  photo

peak eff i c i e nc i es we re est imated , u s i ng the mea s u red abso l ute eff i c i ency of 

a Ge ( L i ) spect rometer for  a p o i nt  source at a d i stance  of 30 em . A l i ve 

t i me of l 000 s and bac kground count  rate s equ a l  to  1 0% of the source  fu l l

e nergy peak  c ount rates  were  a s s umed . The detect i on l i m i t s  p resented i n  

the fo l l ow i n g  tab l e  range from 4 7 to 1 1 0 mg U per  meter  of i ns u l ated p i pe. 

N uc l i de 

l 44ceo 
l 4 4ceD 
l 54Eu 
l 4 4ceo 

( k eV )  

2 1 86 
l 489 
l 2 74 

697  

Detec t ab l e  L eve l 
( m� U )  

pe r meter  o f  
i n s u l ated p i p e 

4 7  
84 

1 1 0 
54  

If the sourc e  d i s t r i bu t i on i s  d i s c rete , then the detec t i on l i m i t s  are 

sma l l er than the v a l ues � i ven above. 

3 . 2 . 3  Neutron Coun t i ng and  Detect i on L i m i t s  

The s pontaneous  f i s s i on i n� of transuran i c  i sotopes ( eg. , 
238

P u , 
2 40P u ,  242cm , and  244cm ) produces  neut�on s ,  but  t hey may a l so decay 

by t h e  emi ss i on of a l p h a  part i c l e s ,  wh i c h i nterac t w i th l i gh t  e l ements s uc h  

a s  oxygen  and  produce  s i ng l y em i t ted neutron s [e . g . , 16o {a , n )  1 9Ne] .  
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The neu t ron  source strength  pe r gram of UO due  to  spont aneou s f i s s i on i n g  X 
of even mas s transuran i cs and (a , n )  reac t i ons  has  been c a l cu l ated for the  

TM I -2 fue l  i nventory ,  and i s  presented graph i c a l ly  as  a func t i on of t i me 

t hrough 1 983 i n  F i gure 9 .  The source strength rema i ns e ssent i a l ly constant  

a t  a v a l ue of 0 . 34 n/s•gUO beyond January 1 ,  1 980. X 

The source  strength c an be determ i ned from t he neutron f l ux 

( n /cm2·s ) at  a d etector l oc at i on e xtern a l  t o  a p i pe cont a i n i ng a source 

and t he detec tor geometry . Neutron detectors , wh i c h  consist of four he l i um

f i l l ed proport i on a l  counters embedded i n  a po l ye t hy l ene moderator , have 

i nt r i ns i c  eff i c i enc i e s  of about 1 0% ;  an  eff i c i ency of 5% was as s umed for  t he  

detectors . T he  surface area  of  the  detector con s i dered i n  t h i s  i nves t i g at i o n  

i s  about 1 X 1 03 cm2 . 

G i ven a UO l i near c oncentrat i on of 1 g/cm i n  a p i pe ( w i th i nsu l a-x -2 t i on ) ,  t he  pas s i ve neutron count  rate wou l d  be 5 . 5  x 1 0  cps .  

mum detectab l e  f u e l  concentrat i on for a 1 000 s count  i s  4 . 7  x 

per  meter of p i pe .  

3 . 3 Therma l  R ad i at i on Detec t i on 

The mi n i -

1 05 mg U 

I nfrared ( I R )  r ad i at i on i s  t herma l  rad i at i on of wave l engths  l onger t han 

0 . 75 �m , ran g i ng to about  1 000 �m . I R  rad i at i on detectors are s en s i t i ve 

t o  amb i en t  t h erma l rad i at i on a nd c hanges i n  temperature of t he s urround i ng s . 

An i ncrease  i n  the  wa l l temperature of TM I -2 pr i mary p i p i ng wou l d  occur due  

to  decay heat  i f  f ue l  were depos i ted i n  t he p i p i ng .  T hu s ,  t he  measurements 

of the  l oc a l i zed t emperatu re i ncreases  a l ong the  surfac e  of t he p r i mary p i pe 

wa l l  s ho u l d  i nd i c ate t he l oc at i on and quant i ty of fue l depos i ted i n  t he 

pr i mary syst em .  

I n  Append i x  D ,  t he o ut s i de p i pe wa l l t emperat u re Tsw d ue t o  a f i n i te 

t h i c k ne s s of f ue l  depo s i ted i n  t he p i pe i s  c a l c u l ated from heat conduc t i o n  

i n  a pla ne wa l l  w i t h c onvec t i ve c oo l i ng of wa l l s  and w i t h  a heat s ourc e . 

S i nce  t he rad ius  and l ength  of t he p i pe are suff i c i en t l y  l arge compared t o  

2 2  
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wa l l th i ckne s s, on l y  one - d i mens i or1a l slab geome t ry was  a s s umed . C i rcumfer

ent i a l heat  l o s ses  i n  the p i pe have been neg l ected . Consequent l y ,  t h e  tem

p e r a t ure ( T  ) at  the s urface of the i ns u l ated p i pe w i l l  be s omewhat l e s s  SVJ 
t han that  c a l c u l ated w i th th i s a s s umpt i on. I t  i s  a l so a s s umed that t h e  

syst em i s  i n  a s t e ady s t at e  cond i t i on .  The incre ase  i n  w a l l temperature  i s  

"'T = T - i 1 where T 1 i s  the amb i ent t emper ature  of  the o�t -sw sw sw 
s i d e ,  i n s u l ated  p i pe wa l l . in the ab sence of fue l depos i t i on. A p l ot of 

fue l l ayer th i cknes s  in an i ns u l ated p i pe and oT i s  shown in F igure 10 . 

Det a i l s  of  t he i nfrared t echn i que  are p resented i n  Append i x  C .  

A numbe r o f  infrared the rmograp h i c  sys t ems are a v a i l ab l e ,  the charac 

t er i s t i c s  o f  wh i ch are s ummar i zPd i n  Tab l e  C-3.  A thermograph i c  p robe w i th 

a Hg-Cd -Te-d e t ector wou l d  be s u i t ab l e  for a s s ay i nq debr i s i n  t h e  TMI -2 

p i p i ng . The Hg -Cd-Te -detector system i s  portab l e ,  and t he o u t pu t  c an be 

d i sp l ayed on a t e l ev i s i on mon i to r  or a v i deo  t ap e  recorde r . 

3 . 3 .  l L i m i t of  Infrared R ad i at i on Detect i on 

The m1n1mum de tec t ab l e  temperat ure d i fference of the Hg -Cd -Te detector 

i s  0 . 36°F ( 0 . 2  K) , and the temperat u re ranqe i s  -4 t o  2732 ° F  ( 253 to 

1773 K) . The i nfrared t echni que can be u sed t o  d e t ect fue l depos i t i on i n  

the i n s u l ated  p r i mary coo l ant p i pe prov i ded 6T > 0 . 36°F ( 0 . 2  K) . F rom 

F i gure  10, the m i n i mum th icknes s  of fue l l ayers tha t  can be detected w i th 

an infrared p robe i s  about  9 mm . The detect i on l i m i t i s  re l at i ve l y h i gh for 

a s s ay i ng d ebr i s .  

3 . 4  Opt ica l Techn i q u e s  

T h e  o p t i c a l  t echn i qu es inve s t i gated for  t h i s  r e p o r t  i nc l ude f i ber 

o p t i c s  and remot e  v i deo e x am i na t i on .  

T h e  u s e  o f  f iber o p t i c s  h a s  been inve s t i ga t ed for the ins pect i on of t h e  

re ac t o r  ve s sel u s ed in  t he l o s s  o f  f l u i d  t e s t  ( LOFT) at  t he I d ah o  Nat i ona l 

E ng ineer i ng Labo r a t o ry .  T he i nve s t i g a t i on s ugge s t s  that  t he f i ber o p t i c s  

techn i q u e  is  c urren t l y  l i m i ted . The t echn i q u e  i s  not s u i t ab l e  f o r  a s s ay i ng 
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fue l debri s i n  the pr i mary coo l ant system at TM I -2 bec ause  of l ow r ad i at i on 

t o l erance ( 10
3 

R c umu l at i ve dose ) , d i ff i cu l ty in obtain i ng a watert i ght  

sea l  around t he fiber bund l e  l ens , diff i c u l ties as sociated w i t h  bending t he  

i n sert i on into  fiber bund l e ,  a nd  d i ffic u l ty in  obt a i ning bund l e s  with  

s uff i cient l ength  for  TMI-2 p i p i ng. 

R emote video exami nat i on i s  feas i b l e  for a s s aying debris . The sys tem 

is f i e l d  proven and i s  des i gned fo� rugged and demand i ng environments : 

o perating temperat ures f rom - 1 3  t o  + 1 40 F ( 248-333 K ) , an underwater depth 

of 900 ft ( 2 7 2 m ) , and a g amma rad i at i on tota l  absorbed dose  of 1 08 R .  

Video exami nation sys tems are being u sed i n  a n umber of nuc l e ar u ti lities 

for mon i tor i ng c r i tic a l  areas . 

The d i s advantage of u s i ng t his t echn i que i n  TMI-2 p i ping is t hat t he 

reactor core head must  be removed to gain access  to  t he piping .  A l so ,  t he  

hot  l eg guard p l ate may c ause  probl ems for  i nserting the c amera ' s  viewing 

head. 

3 . 5 The P u l sed Eddy-Current Technique 

The p u l sed eddy-current techn i que has been s uc cessfu l l y u sed in detect

i ng c l add i ng s urf ace defect s  and in  meas ur i ng c l adding �a l l t hickne s s  of  

l i ght  water reactor type fue l rods . 4 

The system u ses  a serie s of c urrent pu l ses  to  i nd uce eddy c urrents  in 

t he spec imen u nder i nvestigation . The eddy c urren t s  are inf l uenced by t he  

p ermeabi l ity,  c onduct i v i ty ,  and wa l l t hickness  of  the  materia l under inves

tig at i on ,  and t he dis tance between t he probe and the  s amp l e .  The eddy c ur

rents  produce a pu l sed magnet i c  fie l d  that  induces a v o l tage fie l d  in  t he 

p r i mary c o i l .  

The  p u l sed  eddy-current tec hn i que i s  not s uitab l e  for TM I -2 p 1 p 1 ng ,  

bec a u s e  of l arge dimen s i ons  ( 36 -in . diameter and 3 -in . wa l l t hicknes s ) ,  

w hic h c au se distortion in eddy c u rrents ,  i nt erference c au sed by t he magnetic 

effect s  of c arbon s tee l , and inacces sib i l ity to t he piping . A l so ,  nonmag

netic mater i a l s  such  as  urania and zirconia c annot be detected . 
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4 .  D I SCUSS I O N  

The  major , pract i c a l  probl ems assoc i ated w i th t h e  nonde struct i ve a s s ay 

tec h n i ques  and w i t h  t he p hys i c a l  conf i gurat i on of the TM I -2 p i p i ng system 

are d i s c u s sed . A s u i tab l e  tec hn i que i s  s e l ected , b as ed on detec t i on l i m i t s  

and ad vant ages . 

Three major prob l ems are expected t o  be encountered i n  l oc at i ng and 

a s s ay i ng fue l depos i ted i n  t he pr i mary p i p i ng system of t he TMI -2 reactor : 

( a ) acces s i b i l i ty t o  t he p r i mary coo l ant p 1 p i ng ,  ( b )  h i gh rad i at i on f i e l d s ,  

and ( c )  c oo l ant  p i pe i n s u l at i on .  

Access  t o  t he p i pes t o  be i nterrogated i s  t he p r i mary pro b l em .  F l oor 

and p l atform e l evat i on s  ( i n feet ) are presented in F i gure 1 1 .  Co l d  l eg 

e l bows are c l ose t o  the  f l oor at  e l evat i on 282 . 5  and c an be a s s ayed w i t hout 

d i ff i cu l ty .  The c o l d  and hot l eg hori zont a l  p i p i ng h ave center l i nes  at 

e l ev at i on 3 1 5 . 5  and c an be re ac hed from t he f l oor at  t he e l ev at i on 305 . 

�owever , about  8 ft  of hot l eg and 1 6  ft  of c o l d  l eg hor i zont a l  p i p i ng are 

embedded i n  t he 4 -ft-th i ck pr i mary s h i e l d  wa l l .  Access  to t he rema i n i ng 

hor i zont a l  p i p i ng may be prac t i c a l  from the top of the  p r i mary s h i e l d  wa l l 

a t  e l evat i on 322 . 5 .  A detec tor probe may be extended t o  t he p i p i ng by a 

c ab l e .  Acce s s  to  upper and l ower OTSG p l enums i s  poss i b l e  from f l oors 347 . 5  

and 282 . 5 ,  respect i ve l y .  

H i gh rad i at i on i n  t he c ont a i nment b u i l d i ng may pose a prob l em .  Dur i ng 

Aug u s t  1 980 , rad i at i on measurements  were t aken at  e l evat i ons 305 and 347 . 5 . 

Gamma rad i at i on ranged between 2 to  45 Rem/ hr  and 0 . 05 to  2 . 5  Rem/h r ,  

respect i ve l y .  A t  t he t i me o f  debr i s  depos i t i on measurements , t h e  rad i at i on 

f i e l d  i s  expec ted t o  be s u bstant i a l l y  red uced , and sens i t i v i t i e s  of t he 

detectors used  for l oc at i ng debr i s are not expected t o  be affected by radi 

a t i on .  However , t he exposure t i me of t he personne l conduct i ng the fue l 

debr i s a s say s hou l d  be m i n i m i zed . 

The  wa l l s  of the  p i p i nq are about  3 i n .  t h i c k .  The i nner surface i s  

c l ad w i th 0 . 3 1 25 - i n . -th i ck 304 s t a i n l es s  stee l , and t he outer surf ace i s  

s hrouded by a 3 . 5- i n . -th i c k  s he l l of "meta l l i c m i rror '' i nsu l at i on . E ven l y  
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------------- 367 f t - 4 i :1 .  Top of sh ield i n g  wal ls -------------
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3 1  It  
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t--------fJ,., It 

Fl oor 

elevat ion 
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6 i n .  
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\!=====+=-:� 72 It _ I 
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RC-H- 1 A  

INEL-A- 1 7  377 

:=- i g u r e  1 1 . P h ys i c a l  a r r a n qeme nt  o f  TM I - ? c oo l a n t  sys tem a nd f l o or l e ve l s .  
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s p aced between t he insu l at i on s he l l wa l l s  are 13 concen tr i c  cy l indr i c a l 

s he at h s , e ach  0 . 004 i nch  t h ick . The c ro s s  s ec t i on of  an i ns u l ated  h o t  l eg 

p i pe i s  s hown in  F i gure 7 .  The s h e l l wa l l s  of t he i n s u l at i on degrade  t h e  

acou s t i c  s i gn a l , s o  aco u s t i c  techn i ques  are on l y  f e a s i b l e  i f  t he i n s u l at i on 

can  be removed . Remov a  1 of t h e  i nsu  1 at  i on before f •1e  1 a s s ay i ng may not b e  

p o s s i b l e  d ue t o  h i gh rad i at i on f i e l d s .  

P re l i m i nary ana l ys i s  and expe r i ment at i on s ugges t  t h at  g amm a - r ay ,  ne u 

t ron count i ng ,  and infrared t echn i ques  a re s u i t a b l e  for  a s s a; ing p i pe s  w i t h  

o r  w i t h o u t  i n s u l at i on ,  and u l t r a s on i c  t echn i ques  are feas i b l e  f o r  f u e l  and 

nonf u e l d ebr i s d epos i t i on mea s u rements  in p i pe s  w i t ho u t  1ns u l at i on .  These  

t echn i ques  a re f i e l d -proven ,  and current t echno l ogy e x i s t s .  F i ber  opt i c s  

and p u l sed  eddy-current t echn i q u e s  a re not s u i t ab l e  f or as s ay ing d ebr i s .  

The remote v i deo techn i q ue i s  f e a s i b l e  p ro v i ded t he reactor  core head i s  

r emoved t o  g a i n  acces s i b i l i ty t o  t he p i p ing . A l so ,  t he s i ze of  ho l es i n  t he 

h o t  l eg guard  p l ate  may cause  prob l ems  for  insert ing t h e  camer a • s  v i ew ing 

h e ad .  A b r i ef s ummary of  d etect i on l i m i t s ,  and a d v ant ag�s and d i s ad v an t a g e s  

i s  presented in  Tab l e  3 .  

B ased on t he detect i on l i m i t s  and t he advantages and d i s ad v an t age s , t he 

p a s s i ve gamm a - ray a s s ay t echn i que  appears  t o  be t h e  mos t  s u i t ab l e  t echn i q u e  

f o r  f ue l  d ebr i s a s s ay at  TMI -2 .  H owe ve r ,  t he u l t r a son i c  t ec hn i que wou l d  

a l so be s u i t ab l e ,  i f  t he rad i at i on l eve l w i l l  perm i t remov a l  of t he 

i ns u l at i on .  

A s s ay i ng t h e  f u e l  d ebr i s i n  t he p r i mary coo l ant sys tem h a s  �een t he 

s ubj ec t  of t h i s  report , but  p a s s i ve g amma r ay ,  and pos s i b l y  u l t r a s on i c  

t echn i q ue s ,  may b e  con s i dered a l so for  a s s ay i ng d ebr i s  i n  t he f o l l ow i ng 

a re a s : 

1 .  reactor b u i l d up s ump 

2 .  a ux i l i ary b u i l d i ng s um p  

3 .  p i t  bene a t h  t he reactor  v e s s e l 
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TABL E  3 .  D E T E C T I O N  L I M I TS , ANO  ADVANTAGE S  A N D  D I SADV ANTAG E S  Or NONOE STRUCT I V E  TECHN I QUE S I NV E ST I GATE D 
------------ ---------------

A s s ay Techn i que 

1 .  U l tra�on i c s  

a .  Amp 1 1  t ude Maps 

b .  Spec t r a l  

?. .  Nuc l e ar R ad i at i on 
( P a s s i ve )  

a .  Gamma - r ay detec t i on 

b .  Neutron count i nq 

3 .  l nf r � re d  

Det ec t i on L im i t s __ W i thout I nsu�!.�<!!!.__-

4 . 5  to 8 . 4  mo/m 
of p i pe 

Comp l � t e  p e l l e t s  throuqh 
broken fuel  pe l l p t s ,  
a nd n o n f ue l rlehr i s .  
L o ng i t ud i n a l  res o l u t i on 
"' 0 . 25 11111 

F i ne powders of 
" '  0 . 1 3  mm t h i c k n e s s  

Sam� or bet ter t h a n  w i t h  
i n su l a t i on 

2 . 8 x 1 05 mol l  per ml' ter 
of p i pe 

7 . 0 mm - t h i r. k  l a ye r  

---------------------------
Detec t i o n  L i m i t s 

W i th I n s u l a t i on 

Not app l i c a b l e  

N o t  app l i c a b l e  

4 7 - 1 1 0  mql l  per meter 
of p i p!' 

4 .  7 x J05 mq t J per meter 
of p i pe 

9 . 0 -mm t h i c k  l a yer 

____ D i s a d v a n t ages 

1 .  Sl l i t a b l e  for d e t ec t i ng 1 .  C a nnot d i st i ngu i s h 
f u e l  and nonf u,, l  debr i s  f r om f u e l  and nonfue l deb r i s 

2 .  Not a f f e c t e d  by rad i a - 2 .  N o t  su i t a b l e  f o r  p i pe s  
t i o n  w i t h i n s u l a t i on 

3 .  Detec t i on l i m i t s  
exr.e 1 1  ent 

4 .  Represents proven 
c u r rPnt trc hno l uqy 

1 .  Su i t a b l e  for d P t ec t i no 1 .  Not s u i t a b l e  for d e t ec t i ng 
f u e l d e br i s  non f ue l deb r i s  

2 .  Su i t a b l e  f o r  p i pes 
w i th or w i t hout i n s u l a 
t i on 

3 .  Func t i on i n  h i gh 
amb i e n t  rad i a t i o n f i e l d s  

4 .  Gamm a - r a y  detec t i on 
l i m i t s  very good 

5 . RepresP n t s  proven , 
c u r rPnt techn o l o q y  

2 .  Neutron detec t i on l i m i t s  
re l a t i ve l y  poor 

1 .  S u i t a b l e  for d e t ec t i no 1 .  Not s u i t a b l e  for de tec t i n g  
f u e l  debr i s  nonfue l debr i s  

2 .  S u i t a b l e  for  p i pes 2. Dependent on amb i e n t  
w i t h  or w i t.ho' ''  i n s u l a t i o n  cont a i nment a n d  pr imary c oo l an t  

t empe r a t u r r s  and coo l an t  t l ow 
3 .  Not a f fec ted b y  rad i a - r a t e  
t i on 

4 .  Rerresents proven 
t e c h n o l oqy 

3 .  M i n imum detec t i o n  
l i m i t s  re l a t i ve l y  poor 



T A R I_ E  3 .  ( c on t i n ued ) 

A s s a y  Techn i que 

4 ,  Opt i c s  

a .  F i be r  Opt i c s  

b .  Remo t e  V i deo 
E x am i n a t i on 

5 .  Pul sed Eddy C u r rent 

Detec t i on L i m i t s  
W i t h out I n s u l at i on 

Oetec t i on L i m i t s  
W i th I n s u l a t i on Ad v a n t ages 

1 .  H i g h - r a d i a t i on 
t o l erance 

2.  L a r9e t ra n sm i s s i on 
d i s t an'=e 

3 .  Can be o � e r a t r d  
remote l y  a t  tempe r a t u r e s  
ran g i ng f rom - 2 5  t o  5 0 " C  

4 .  WatPr i mme rs i b l e  

5 .  F i e l d-proven 
tec hno l ogy 

----"-D.i s a d v a n t age s 

1 .  L ow-rad i a t i on t o l erance 

2 .  Uund l e  l e n g t h  l i m i t a t i o n  

3 .  D i f f i c u l ty i n  obt a i n i n g w a t e r  
t i ght sea l around t he l e n s  

4 .  B ent rad i i re s t r i c t i on s  

5 .  Not s u i t a b l e  

6 .  S t a te-of - a r t  l i m i t a t i on 

1 .  Core head must be remov e d  
p r i or t o  � i deo e x am i n a t i on 
to g a i n  a c c e s s  

2 .  H o l e s  i n  the hot - l eg g u a r d  
p l a t e  m a y  p r e v e n t  i n s�rt i n g  
t h e  c amera ' s  v i ew i n g head 

1 .  l n t e r f er·e nce due l c  
maqne t i c  e f f e c t s  of 
c a �bon s te e l  p i p i n g  

2 .  Does n o t  de tec t non
maqnet i c  mate r i a l s  such a s  
U02 o r  Zr02 

1 .  R e q u i r e s  l arge c o i l s  a n d  
very l ow eddy- c u rrent 
frquenc i e s  

4 .  Not s u i t a b l e  f o r  a s s ay i n� 1 M l · 2  
p i p i n g 



4 .  R C S  d ra i n  t a n k  

5 .  d em i nera l i ze r  

6 .  makeup  t a n k  a n d  makeup  c i rc u i t  

7 .  s u bmerged demi nera l i zed sys tem 

8.  a s s oc i ated p i p i ng .  

H i gh r ad i at i on  l e ve l s  and  access i b i l i ty are two maj or prob l ems  t o  be  e n c o u n 

t e red . The  app l i c ab i l i t i e s  of  each  tec h n i que  c an b e  a s s e s sed for  e a c h  

i nd i v i d u a l  sys t em ,  b u t  t h i s  t a s k  i s  beyond t he s cope of  t h i s  report . 
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5 .  CONCL US ; ON S  AND R E COMMENDAT I ON S  

F rom t he i nve s t i g at i on a nd a n a l ys i s  o f  nondestruc t i ve t ec h n i ques  app l i 

c a b l e  t o  a s s ay of f ue l  d e br i s ,  t h e  f o l l ow i ng conc l u s i on s  are reached : 

u l t ra s o n i c ,  p a s s i ve g amma - r ay and  neutron  c o u n t i ng ,  i nf r ct red t ec h n i que s ,  and  

remot e  v i deo exam i n at i on are a l l c ap a b l e  of  detect i n g f u e l debr i s .  The 

p a s s i ve g amma - r a y  count i n g t ec h n i que , h oweve r , i s  s u i tab l e  for  detec t i o n  and  

a s s ay i n g  of TM I -2 p i p i n g w i t h o r  w i t hout  i n s u l at i on , whereas the u l t rason i c  

t ec h n i que  i s  s u i t ab l e  o n l y  for  p i pes  w i t h o u t  i ns u l at i on .  The p a s s i ve g amma 

ray a n d  u l t r a son i c  techn i ques , i f  bot h c an b e  u sed , are comp l ementary .  

Together  t hey c a n l oc at e  f u e l  and  n o n -fue l d e br i s ,  determ i ne t he f u e l  a nd 

non - f ue l f r ac t i on s ,  and  mea s u re t h e  amo u n t , t h i c k n es s , and  p hys i c a l  d i st r i 

b u t i on of  t he f u e l  and  n o n - fue l debr i s  i n  p i pes  w i thout  i n s u l at i on .  The 

p a s s i ve g amma - ray techn i q ue i s  f u e l  s pec i f i c  and  has  a n  expected detec t i o n 

l i m i t of  4 7 -mg f u e l  per  meter of i n s u l ated p i pe .  The u l t ra s o n i c  techn i que 

c a n  detec t d e b r i s  part i c l e s that range i n  s i ze f rom l a rge p i ec e s  to f i n e 

p owders . I t  does  not  d i s t i ng u i s h be tween fue l a nd n o n - f u e l  d e br i s .  By 

remot e  v i deo  e x am i n a t i on ,  t he p r i mary c oo l a n t  p i p i ng c a n  be s u rveyed p r i o r  

t o  t he u s e  of  g amma ray o r  u l t r a s o n i c  tec l1n i q ues . However , t h e  reactor  c o re 

head  mu s t  be removed t o  q a i n  ac c e s s i b i l i ty t o  t he p i p i n g for  v i deo  

e x am i n a t i on .  

8 o t h  t he u l t ra son i c  a nd p a s s i ve g amma - r ay t ec h n i ques  repres e n t  prove n ,  

c u rrent  techno l ogy . I n  order t o  effec t i ve l y app l y  t he tec h n i ques  t o  t h e  

s pec i f i c  TM I - 2 a pp l i c at i on ,  however , s ome f u rther  deve l opmen t  i s  nece s s a ry .  

S u c h  deve l opmen t  needs  t o  i nc l ude  determ i n a t i on of t he ref l ec t i ve propert i e s  

o f  t h e  water - u ran i um d i ox i de i n terface  a s  a f u n c t i on of u l t r a s on i c  f requency , 

and  u l t ra s on i c  and  pa s s i ve q amma -ray exper i me n t s  u s i n g moc k - up  p i pe s  a n d  

f u e l  s t a nd a rd s . A c omp l ete  e v a l u a t i on of prac t i c a l  p rob l ems s uc h  a s  ;emova l  

o f  i n s u l at i o n  may e l i m i nate  f u r t h e r  deve l opmen t  of u l t r a s o n i c  tec h n i qu e s . 

F u rther  deve l opme n t  of  the  p a s s i ve g amma t ec h n i que  i s  n eeded t o  o p t i m i ze t he 

d e t ec t i on and  a s s ay of f u e l at  TM I -2 .  
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APPE�1 0 I X  A 

I NVESTI GAT I ON OF ACOUST I C  METHODS FOR DETECT I NG TM I -2 FUEL  DEBR I S  

1 . I NTRODUCT I ON 

As  a res u l t  of the March 1 9 79 acc i dent  at  the Three M i l e  I s l and-2  

( TM I -2 ) nuc l ear  p l ant , debr i s i s  expected to be  d i st r i buted t hroughout  t ho s e  

p ort i ons  o f  t h e  p r i mary p i p i n g system i n  wh i c h water w a s  c i rc u l at i ng d u r i ng 

the acc i dent . The debr i s i s  expected to  cons i st p r i mar i ly  of uo2 f u e l 

rang i ng i n  p hys i c a l  s i ze from f i ne ,  f l our- l i ke powder  t o  broken p i ec e s  and  

who l e  pe l l et s ,  but  may i nc l ude some non-fue l  debr i s  com i ng f rom c l add i ng and  

struct u r a l  mater i a l s .  I t  may be  ass umed that  the debr i s rest s  on  or near  

t he bottom of hor i zonta l  p i pe run s ,  w i t h  c oncentrat i ons  of debr i s  a t  t he  

foot of  vert i c a l  runs . 

Th i s  append i x  d e t a i l s  i nves t i qat i ons  i nto  acoust i c  ( u l trason i c ) method s 

for  detect i n g  and c h aracter i z i ng s u c h  debr i s .  The bas i s  for the met hod s i s  

d e scr i bed , and deta i l s  of c onf i rm i ng exper i ments  are g i ven . Equ i pment  and 

techn i ques  t h at m i ght  be emp l oyed for t h i s serv i ce are descr i bed i n  c oncept ; 

t he sys tem i s  based on f i e l d - proven h ardware and s oftware . F i na l l y ,  

recommend at i ons  o n  f u rther effort are g i ven . 

1 . 1 App l i c ab l e  U l trason i c  Cons i derat i ons  

The fo l l ow i ng i s  a s hort d i s c u s s i on of u l t rason i c  p r i nc i p l es a nd con

s i derat i on s  t h at are  d i rect l y  app l i c a b l e  to the  present prob l em .  

S ou nd i s  a wave p henomenon . A s  s u c h ,  i t  obeys many o f  t he s ame equa

t i on s  and s hows t he s ame behav i or a s  does l i gh t . I n  f act , many of the 

res u l ts of phys i c a l  and geometr i c  opt i c s  app l y  d i rect l y ,  at  l east  a s  

ana l og i es . 

3 7  



Sound  m ay be refracted at a bound ary . Refract i on f o l l ows Sne l l 1 s l aw :  

w here $ 1 i s  the  ang l e  of i nc i dence on the  bound ary from a med i um h av i ng 

a s peed of sound v
1 , and $ 2 i s  the  ang l e  of refract i on i n  the med i um 

hav i ng speed  of sound v 2 . 

( 1 )  

Because of refrac t i on ,  ray p aths are dev i ated when cross i ng a boundary 

between med i a  hav i ng d i fferent v . . Sound beams may thus  be foc u s sed , much  1 
a s  l i ght  i s ,  by a l ens . Use  w i l l  be made of t h i s  property to d i str i bute the  

sound o n  the  entry surface of the  p i pe over a re l at i ve l y  l arge d i ameter to  

a verage out  sma l l i rreg u l ar i t i es i n  mater i a l s  a nd  t he i r  propert i e s ,  t hen 

f oc u s  the  energy on a spot of sma l l d i ameter for prec i se measurements on t h e  

s urface of  concern . 

We  s h a l l be i nterested i n  sound i n  the  u l trason i c  frequency range f rom 

roug h l y  0 . 5  MHz  to perhaps 5 . 0  MHz . These frequenc i e s  are appropri ate for 

penetrat i on and  measurement i n  mater i a l s  and geomet r i es of the TMI -2 p i p i ng ,  

and are easy t o  generate and detect w i th  commerc i a l l y  ava i l ab l e  equ i pment . 

T hese frequenc i es correspond to wave l engths of 1 . 2 -mm to  1 2 . 0-mm , 

depend i ng on  the  med i um and mode of propagat i on .  S i nce u l trason i c  tran s 

d ucers are typ i c a l l y  1 2  mm t o  5 0  mm i n  d i ameter , the  rat i o  of l ens  o r  aper

ture d i ameter to wave l ength  for u l trasound i s  typ i c a l l y  much l ower than  for 

c o rrespond i ng opt i ca l  systems . D i ffract i ve effects , both at apertures and  

for 11 images , 11 are  t herefore re l at i ve l y  much more i mportant . Bec ause of 

t h i s ,  ana l og i es t o  geometr i c  opt i c s  are on l y  approx imate at bes t ;  an  opt i c a l  

system correspond i ng to  a n  u l trason i c  transd ucer and l en s  wou l d  be o n l y  a 

f ew m i crons  i n  d i ameter . 

Methods  for  prec i se c a l cu l at i on and mode l l i ng of u l t rason i c  systems are 
1 -3 t h e  s ubj ect  of much  c urrent research  and deve l opment  effort . 
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The speed of sound i s  a funct i on of 

t hrough wh i ch t he s ound i s  propagat i ng .  

waves i n  an  i sotrop i c  med i um ,  t he speed 

E v l = p 
1 - a ( 1 + a ) ( 1 - 2a ) 

t he e l ast i c  constants  of the med i um 

F or l on g i t ud i n a l  ( compres s i on a l ) 
of sound i s  g i ven4 by 

( 2 ) 

where E i s  t he mod u l u s  of  e l ast i c i ty ,  p i s  t he den s i ty and a i s  

Po i s son ' s  rat i o .  The speed of s hear ( transverse ) waves i s  g i ven by 

2( 1 + a } ( 3 )  

I n  met a l s t he speed o f  sound t h u s  depends o n  compos i t i on o f  t he a l l oy and 

on i ts s tate of stres s ,  w h i c h  i n  turn depend s on c o l d  work , anne a l l i ng ,  and 

we l d i ng and fabri c at i on stresses . ( Th i s  property , i n  f act , has  been u sed 

to  i nfer s uch  stresses . ) 

S peeds of  s ou nd f or some typ i ca l  materi a l s are g i ven i n  Tab l e  A- 1 . 
Vari at i ons  of a few percent between d i fferent heat s of the s ame a l l oy i n  the  

s ame s tres s  s tate are  c ommon . V ar i at i ons  of as  much  as  1 0% caused by  d i f 

fer i ng fabr i c at i on methods and stress  h i story are not uncommon . 

Of  part i c u l ar i nterest  t o  the  present prob l em are l oc a l  m i c roscop i c  

vari at i ons  i n  the effect i ve s peed o f  sound w i th i n a g � ven part , c au sed for  

e x amp l e  by  i nhomogene i t i es or l oc a l  stres s c oncentrat i ons . I t  w i l l  be s hown 

that these w i l l  determ i ne the u l t imate l ong i tud i na l  reso l ut i on by wh i c h  the  

rad i a l  d i mens i on on  a debr i s depos i t  can  be measured . 

When u l trasound i s  i nc i dent norma l ly on  a boundary ,  part of i t s  energy 
i s  ref l ec ted and p art i s  transmi t ted . The sound pressure i n  t he ref l ec ted 

wave �e l at i ve to that  i n c i dent on the boundary i s  g i ven4 by 
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TAB L E  A- 1 . R E PR E S E NTAT I VE SPEEDS  OF SOUND AT 20° C 

Mater i a l  

Type 3 1 6  SS : 
1 8  i n .  NPS , LOFT 
1 4  i n .  NPS , LOFT 

Type 304 S S  

C arbon Stee ' 

A l umi num 

I nc one l s  

uo2 

S i 02 

Water 

O i l ,  R ot ary Compres sor  

* Not measu red . 

Speed 

S hear Mode 

333a 

326 a 

3 1 2 a 

32 3 b 

308C 

302 b 

27 l d 

3 5 2c 

( mm/11 s )  

Long i t ud i n a l  Mode 

- - *  

- - * 

- - * 

sss b 

632 C 

5 72 b 

5 1 6d 

55 7b 

1 49 a 

1 4  , a 

a .  Unreported measu rements by the  author i n  connect i on w i th  L os s -of-F l u i d  
Tes t  ( LOFT ) requa l i f i c at i on and AUT system deve l opment . 

b .  See R eference 1 0 ;  t h i s i s  a gener a l  comp i l at i on of u sefu l  c ases i n  
exten s i ve f i e l d  use . 

c .  See R eference 4 ,  Tab l e  A l , p age 476 . 

d .  H .  B .  P a te l , " U l t rason i c  Test i ng of I rrad i ated Fue l Sheath i ng , " 
M a te r i a l s  E v a l uat i on XXX I I I  ( 49 ) ,  March 1 97 5 . 

40 



where W = P V  and P i s  t he  dens i ty ,  and the  subscr i pt s  1 and 2 refer t o  
t he  med i a  before a n d  after t he bound ary , respect i ve ly .  T h e  re l at i ve sound 
pressure i n  the  t ransmi tted wave i s  g i ven by 

U s i n g E q u at i on ( 4 )  and t he typ i c a l  v a l ues for constants  s hown i n  

Tab l e  A- 1 , we f i nd that  the  ref l ect i on coeff i c i ent ( R2 ) i s  0 . 88 for a 

stee l -water i nterface and 0 . 90 for a stee l - U02 i nterf ace . A l though so l i d  

uo2 has  a h i gh dens i ty ,  t h i s i s  comb i ned w i t h  a re l at i ve l y  l ow speed of  

s ound in  s uch  a way t h at s urf ace ref l ect i v i ty s hou l d  not  be s i gn i f i cant ly  

d i fferent from that  of  stee l . 

( 5 )  

M uc h  of the  debri s we are t o  detec t ,  however , may be i n  the  form of 

sand - or  f l ou r- s i zeJ part i c l e s depos i ted from water . L i tt l e  i nformat i o n  on 

t he u l trason i c  p ropert ies  of s uch  m i xtures i s  ava i l ab l e  i n  the l i terature . 

There are at  l east  two extreme pos s i b i l i t i e s  for treat i ng the s i t u at i on : 

1 .  Assume that  because t he part i c l es are very much sma l l er t h Q n  t he 

wave l ength  the  m i �ture of water and part i c l e s  has  an i ntermed i at e  

acou st i c  i mped ance . C a l c u l at i ons 5 based o n  t h i s a ssumpt i o n  

s howed t hat ( a ) res u l t s are sen s i t i ve t o  t h e  ass umed water frac

t i on i n  the  m i xture , and that ( b ) the  ref l ect i on and transmi s s i on 

p ropert i e s  were dom i n ated by uo2 , and were not d ramat i c a l l y  

d i f ferent from t hose  o f  stee l . 

2 . Ass ume t hat t he m i xture behaves as  a p o i nt-scatter i ng " c l oud " 

i l l umi nated w i t h  coherent waves . ( Such c a l c u l a t i ons  are beyond 
6 t he  scope of the  present s t udy . ) Qua l i t at i ve ly ,  one m i g h t  

expect s trong frequency-dependent effects ari s i ng �t l t imate 'y  f rom 

the  coherent n ature of t he  i l l um i n at i ng  sound . 

An experi ment  was des i gned to  d i st i ngu i s h  between t hese two c ases . I t  

w i l l  b e  s hown t h at pos s i b i l i ty ( b ) was i ndeed t he case  i n  these exper iments , 

a nd t hat many of  t he p ropert i es of such  m i xtures  were determi ned . 
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S i nce  i t  i s  a wave mot i on ,  u l t rasound a l so s hows i nterference effects . 

Con s i de r  a broadband u l trason i c  wave norma l l y  i nc i dent from water on a th i n  

f i l m of water-uo2 part i c l e  m i xture rest i ng on a s tee l s u rface . E ac h  of 

t hese  t h ree med i a  has a d i st i nc t  acoust i c  i mpedance ,  and E qu at i ons  ( 4 ) and 

( 5 )  pred i c t  t h at a port i on of the energy w i l l  be ref l ected and part trans 

m i tted at  each  boundary .  G i ven t he f i n i te speed of sound and f i n i te u l tra

son i c  p u l se l engt h ,  there wi l l  be i nterference between ref l ect i ons  from the 

water-m i xture and m i xture-s tee l bound ar i es . Th i s  i nterference forms the 

bas i s  for one form of t h i ckness  gauge in  wh i c h  a cont i nuou s -wave u l trason i c  

s i g n a l  i s  t uned to  a resonance at the f i l m  t h i c knes s ,  whose d i mens i on i s  

then  determi ned from t he standard wave l engt h-frequency re l at i on .  More 

recent pract i c e  u ses  broadband p u l sed exc i tat i on fo l l owed by f requency ana l 

ys i s  of the  returned echo ; peak s  i n  the spectrum correspond t o  resonance 

t h i cknesses . 

I nterference may a l so ar i se  whenever e nergy i s  returned f rom more than  

one target  i n  t he f i e l d  of  v i ew .  I t  s hou l d  be noted t hat i nterference 

req u i res spat i a l and t empora l coherence ac ros s t he f i e l d  of v i ew .  Th i s  i s  

i ndeed t h e  c ase . F i gure A- 1 shows the c a l cu l ated phase re l at i onsh i ps for a 

typ i c a l  u l trason i c  transd t•cer , whose amp l i tude d i str i but i on i s  g i ven  i n  

F i g u re A-28 ( see " CW3 P rogram , " Reference 2 ) . 

1 . 2 U l trason i c  Measurement s 

The  f unc t i on of an  u l t rason i c  transducer i s  t he i nterconvers i on of 

e l ec tr i c a l  a nd mec han i c a l  energy . The act i ve e l ement  i s  u s ua l l y  a p i ezeo

e l ectr i c  ceram i c  of l ead z i rconate t i t anate  or s im i l ar c rysta l  structure . 

The  mech an i c a l  resonance of the  cerami c ,  i ts mou nt i ng ,  and bac k i ng mater i a l , 

d et erm i ne  i ts propert i e s  i n  t he frequency d omai n .  A sma l l add i t i ona l  d amp

i ng can be o bt a i ned e l ectr i ca l l y .  The resonance of a typ i c a l  transducer has 

a Q of  two or  t h ree . 

For  most p urposes , the most u sef u l  mode i s  p u l se-echo , i n  wh i ch the  

t ransducer s erves as  both transmi tter and rece i ver , i n  a manner s i m i l ar t o  

a ct i ve sonar  or  to  r ad ar .  The  t ransducer i s  s hock-exc i ted by a narrow, 

h i g h - vo l t age  e l ectr i c a l  p u l se .  I t  then generates sound waves mechan i ca l l y  
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F i gure A- 1 .  C a l cu l ated 1 on fo  phase  d . 1 st r i but · r transd ucer of F i gure 2 .  
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as  i t s resonance dec ays , creat i ng a re l at i ve l y  s hort p u l se of u l trasound  

( see F i g ures 3 and  4 ) .  Return i ng echos  from a t arget exc i te the  t ransducer 

mech an i c a l l y ,  produc i ng a sma l l e l ec t r i c a l  s i gn a l  that i s  amp l i f i ed for 

f urther proces s i n g .  

The l ow rad i o  frequenc i es o f  t hese s i gn a l s ,  one t o  f i ve megahertz ,  are 

e a s i l y  acces s i b l e  to both ana l og and d i g i t a l  process i ng techn i que s .  

D i g i t a l proces s i ng s t arts w i t h  ana l og-to-d i g i t a l  convers i on ,  i n  wh i ch t he 

se l er.ted port i on of t he s i gn a l  i s  converted to prec i se d i g i t a l  v a l ues  at 

50-ns i nterv a l s and p l aced i n  a computer memory . F i gure A-3 was  prepared 

by a computer u s i ng s uch  a process . 

Once i n  memory , s oph i s t i c ated process i ng techn i ques are ava i l ab l e .  

The data  of F i g u re A-3  were subjected t o  a fast  Fou r i e r  transform t o  obt a i n 

t he power spectrum s hown i n  F i gure A-4 . Power s pectra c an be man i p u l ated 

read i l y by d i g i t a l  f i l ter i n g ,  w i ndow i ng ,  norma l i z at i on ,  and other 

t echn i ques to  extract t he requ i red i nformat i on ,  l im i ted o n l y  by n o i se . 

D i g i t a l  techn i ques are s i gn i f i c ant a i d  i n  reduc i ng the  effects  of 

n o i se . Con s i der  a d at a  set , s u c h  as  t h at i l l u s trated i n  F i gure A-3 , wh i c h  

cons i st s  of s i gn a l  p l u s t i me-random no i se .  Over a suff i c i ent l y  l on g  t i me ,  

t he average of t he no i se component w i l l  be zero . I f  one averages M 

i ndependent s amp l e s  of each  po i nt ,  i t  c an be shown t hat the s i gna l -to-no i s e 

rat i o  ( S/ N )  i mproves a s  

{6 ) 

Therefore , i f  one i s  w i l l i ng to  w� i t  a suff i c i en t l y  l ong t ime and 

average many s amp l es of the d at a ,  he  can obta i n  an  essent i a l ly  arb i trary 

S/ N .  I mprovements  o f  20 to 30 d B  are read i ly obta i ned . Th i s  techn i que was 

u sed i n  the  exper i menta l  study to be d i scu ssed be l ow to  extract  prec i se 

t i m i n g ,  spectra l ,  and s i gn a l  amp l i tude i nformat i on o ver a very broad range . 
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Typ i c a l  f l at-t arget response for t ransducer u sed i n  the  
expe r i ments . 

1 .4 2 . 1  2.8 3.5 4.2 4.9 5.6 

Frequency (M Hz) INEL-A-17  384 

F i g u re A-4 .  Power spectrum of  the pu l se represented i n  F i gure A-3 . 
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The rad i o  frequency s i gn a l , as  srJwn i n  F i gure A-3 , can  be regarded a s  

a c arr i er whose mod u l at i on enve l ope c arr ies  s i gna l  amp l i tude and t i me-of 

occu rrence i nformat i on .  ( The rad i o  frequency s i gn a l  i tse l f  i s  not d i rect l y  

u sefu l  i n  me asu r i ng  t ime and amp l i t ude  bec ause t he phase re l at i on s  w i t h i n 

the  enve l ope a re r.0t f i xed . )  The enve l ope i s  u s u a l l y  recovered by detec t i on 

c i rc u i t ry i n  t he ana l og domai n .  The mod u l at i on enve l ope may a l so be 

obt a i ned more prec i se l y  by man i pu l at i ons i n  the d i g i t a l  proces s i ng doma i n .  

The most prec i se t i me-of -occ urrence or  range i nformat i on i s  obta i ned 

at the h a l f - amp l i t ude poi nt on the l ead i ng edge of the s i gn a l  enve l ope . 

Th i s  i s  t he po i nt of l argest d S/dt ( where S 1 s  t he enve l ope s i gn a l ) ,  c orre

spond i n g  to the rate of c hange of the s i gn a l  at a zero-cross i ng of the  rad i o 

f requency c arr ier . T i mi ng  errors c aused by no i se or  by v ar i at i ons  i n  

enve l ope s hape are mi n i m i zed at t h i s po i nt . 

The mec �urement i s  most prec i se l y  done i n  t he d i g i t a l  process i ng 

domai n .  After h av i ng found the  max imum s i gna l  amp l i t ude and accounted f o r  

base l i ne depres s i on ,  a spec i a l a l gori thm i nterpol ates between 50-ns d i g i ta l  

s amp l e s  t o  f i nd the requ i red amp l i tude po i nt .  Prec i s i on and reproduc i b i l i ty 

for meas urP�ents  reported be l ow were a few n anoseconds , correspond i ng to  a 

d i stance of a few m i c rometers i n  water . The overa l l accuracy of the mea

s urement i s  u su a l ly  set  by  sma l l temperat ure f l uctuat i on s ,  s i nce t he s peed 

of sound i s  a f unct i on of temperature . 

The  w i dt h  of t l ie enve l ope depends p r i mar i ly  on t he Q of t he transdu c e r ,  

b u t  may a l so be  a f u 1ct i on of  t arget or i entat i on re l at i ve to sound beam 

d i rect i on ;  not a l l port i ons  of t he advanc i ng wavefront need arri ve at  t he 

t arget s imu l t aneou s l y .  Because of t h i s f i n i te and somet imes vary i ng w i dt h  

o f  t he s i gn a l  enve l opP. , the  l on g i t ud i na l  reso l ut i on of the system, t h at i s ,  

the  abi l i ty t o  d i st i ng u i s h  succes s i ve targets ·i n the  d i rect i on of the beam , 

i s  re l at i ve l y  poor , and t he reso l ut i on c an amount to  a cent i meter or  mor� . 

D i g i t a l  proces s i ng methods for i mpro v i ng the  l on g i tud i na l  reso l ut i on of an 

u l trason i c  system by deconvo l ut i on of t he t arget s i gn a l  from t h e  de l ta

funct i on res ponse of the  t ransducer are be i ng i nvest i gated ,
8 

but are not 
yet at  a s tage where t hey c an be  u sed rou t i ne l y .  
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The l im i ted l ong i tud i n a l  reso l ut i on for s ucces s i ve t arget s force s a 

meas u rement geometry s u c h  t hat range to  t arget i s  a l ways measu red from a 

d i rect i on i n  wh i c h  t here are no compet i ng target s for several  cent i meters 

before the target of i nterest . Th i s  i s  d i s c u ssed i n  the  next s ec t i on .  

1 . 3 Potent i a l Method s for Imp l ement at i on of Debr i s 

Detect i on and Character i zat i on 

U l trason i c  techn i que , as  o ut l i ned Jbove , i s  a sens i t i ve too l  for mea

s u r i ng the geometry and ori entat i on of s urf aces . W h i l e  u l t rason i c  measure

ments  a re not d i rect l y  sens i t i ve to mas s of debr i s  i n  the  s ame way t hat 

mea s u rement s of nuc l ear propert i es wou l d  be , one may take advant age of a 

c omb i n at i on of t he propert i e s  of u l trasound and u l trcson i c  systems to detect 

and c haracte r i ze e s sent i a l l y the  f u l l range of debr i s conf i gu rat i ons  and 

rl etermi ne t he mass  of debr i s  depos i ted . A potent i a l system for d o i ng so  i s  

out l i ned i n  t h i s sect i on .  I ts c haracter i s t i c s ,  some of wh i c h  needed to be 

d eterm i ned by exper iment , w i l l  t hen be exami ned , a s  descr i bed i n  the  

f o l l ow i n g  sect i on .  

Let  a p u l se-echo sound beam enter t he top out s i de s urf ace  of t he p i pe 

and be focused  t0  a sma l l spot on the d i ametr i c a l l y  oppo s i te i ilS i de surface , 

wh i ch i s  to  be  exami ned for t he presence of debr i s .  The geometry i s  

s ketched schemat i c a l ly  i n  F i gure A-5 . 

The two ext reme c ases for debr i s  conf i gurat i on are th i n  l ayers of f i ne 

powder or  l arge  p i eces . Both rest on the  i nner c l ad surf ace , but  t he l arge 

p i eces  may be i n  c ontact  on l y  at a few po i nts . Sound entry f rom t he top 

s u rf ac e  of the p i pe a l l ows u s  to  t ake advantage of l ead i ng-edge t im i n g  to 

d eterm i ne the  p rec i se d i s tance fro� t ransducer to the f i rst t arget ; no so l i d 

echos  occ u r  as  the  wave c rosses  the  d i ameter of the  p i pe .  ( Such  wou l d  not 

be the c ase for  sound en.try f rom t he bottom of t he p i pe ,  where t he echo f rom 

t h e  c l ad surface wou l d  not be d i st i ng u i s hab l e  by t i me measurements f rom 

d ebr i s  j ust  after i t  because of t he poor l on g i tud i n a l  resol ut i on . )  
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F i gure A- 5 .  Geometry for u l trason i c  d etec t i on and c haracter i zat i on o f  
o f  debr i s  i n  TM I -2 p i p i n g .  
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I f  we now scan the transducer i n  a rast�r pattern norma l to  the top  

s urface of the  p i pe ,  we  c an " v i ew"  any des i red port i on of t he i ns i de s urface 

and exam i ne i t  for the  presence of debr i s .  At  eac h  g r i d  p o i n t  on the 

raster , t he system meas ures  t he range to  t he f i rst  echo i n  t he v i c i n i ty of 

the expected l oc at i on of t he c l ad surface . From th i s  i nformat i on a sma l l 
c omputer construct s  a contour map of d i stancE to t arget , where t he contours 

can be expre s sed in fract i on s  of a mi l l imeter . 

The contour map i s  an  i mage of t he s urface , i nc l ud i ng any debr i s  on  i t ,  

i n  exact ana l ogy t o  a topograp h i c  map of a v a l l ey f l oor from wh i ch some 

h i l l s ( t he debri s )  ar i se . At t he s ame t i me , a second map , wh i c h  cont a i ns 

s omewhat d i fferent i nformat i on ,  c an be constructed . Th i s  map wou l d  be pre

p ared from s i gna l  amp l i tude i nformat i on i nstead of range , and  wou l d  repre

sent an image of surface ref l ect i v i ty .  F i gure A-6 i s  such  a map . The 

f i gure was prepared by t he I NEL Advanced U l trason i c  Tes t i ng ( AUT)  system i n  

• •  ... 

F i g u re A-6 . Contour image of an  I GSCC . 
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near-re a l  t i me u s i ng h ardware and computer software that have been i n  rou 

t i ne f i e l d  u se  f or severa l years . The i mage i s  of an i ntergran u l ar s tress  

corros i on crack  in  a s amp l e .  Target ref l ect i v i ty i s  i nf l uenced by  target 

s i ze and s hape , or i entat i on ,  mater i a l , and s urface cond i t i ons , and i s  u s ef u l  

i n  c h aracter i z i ng debri s ,  i f  not i n  prec i se measurement of i ts d i mens i on s . 

M aps of  the  s urface topography 'and ref l ect i v i ty as  o ut l i ned here w i l l  cer

t a i n l y  revea l the pr2sence of fue l p i eces , who l e  pe l l ets , and  the l arger 

p i eces of  non -fue l  debri s .  

The detect ab i l i ty of sma l l part i c l es and l ayers of powder by mapp i ng 

become s a pro b l em i n  p attern recogn i t i on .  I n  the topograp h i c  map ana l ogy 

above , the smoother t he va l l ey f l oor , the sma l l er t he h i l l s and mound s one 

w i l l  be ab l e  to detect on the map .  I n  our c ase , the " va l l ey f l oor" i s  t he 

s u rface of the c l add i n g ;  i ts smoothness  depends on t he method by wh i ch t he 

c l add i ng was app l i ed .  We have not yet been ab l e  to  determ i ne t h i s  method . 

I f  t he c l add i ng was app l i ed from a s heet form , for examp l e  by exp l os i ve 

bond i ng ,  rol l bond i ng ,  or s i m i l ar process , the surface  w i l l  be re l at i ve l y  

smoot h .  Very t h i n  l ayers o f  debr i s  w i l l  be d i scern i b l e ,  pr imar i l y  by t he i r  

s hape and dep arture from the under l y i ng s urface . I t  i s  more l i ke l y  that the  

c l add i ng was app l i ed as a we l d  depos i t .  E ac h  of several  method s in  common 

use  for d o i n g  t h i s  l eaves i t s  own d i st i nc t i ve pattern on the surf ace . A l l 

l eave a repeat i ng pattern of  r i dges , aga i nst  wh i ch depos i t s  of p art i c u l ate  

debr i s wou l d  be  recogn i zab l e  by  the  manner i n  wh i ch they f i l l ,  obscure , o r  

otherwi se mod i fy t h e  u nder l y i ng pattern on  the  s urface o f  t h e  c l add i ng .  I n  

e i ther c ase , w e  may expect debr i s  depos i ted from f l ow i ng water w i l l  have 

f ormed d i st i nct i ve " d unes " or " d r i fts , "  perhaps graded by s i ze a s  f l uv i a l 

depos i t s  are i n  geo l og i c a l  sett i ngs , enhanc i ng detectab i l i ty .  

F or more re l i ab l e  detec t i on o f  aggregates o f  f i ne p art i cu l ate matter , 

the system wou l d  make use  of the wave propert i e s  of u l trasound . One can  

e xpect t h i n- l ayer i nterference effects i n  a lmost any  p art i cu l ate  depos i t .  

Further , d i ffrac t i ve scJtte r i n g  and other forms of wave-part i c l e  i nteract i on 

c an be  e xpected t o  mod i fy t he i nc i dent u l trason i c  s pectrum i n  s uc h  a way as 

to be read i l y  detectab l e .  These hypotheses were tested successf u l ly  by 

e xper i ments  descr i bed be l ow .  
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I n  summary ,  t he debri s detect i on and c h aracter i zat i on system w i l l  u se 

a n  u l trason i c transducer i n  a repeat i ng raster pattern to v i ew the surface 

to be  e x am i ned f or t he presence of debr i s .  At each  po i nt of t he raster 

g r i d ,  measurements  are made of the range to the t arget ( i ns i de  d i ameter of 

t he p i pe and any debr i s l y i ng on  i t ) , of the gross  ref l ect i v i ty ,  and of the 

ref l ect i vi ty a s  a func t i on of frequency . The f i �st  two measurements w i l l  

b e  u sed  t o  detec t ,  i mage , and c haracter i ze at  l east  t he l arger debr i s ,  wh i l e 
spectra l meas u rements  wi l l  be u sed to detect , map the  extent of , and measure 

t he t h i ckness  of aggregates of f i ne debri s powders . These funct i ons h ave 

been s hown to be w i t h i n the  power of m i n i computers operated i n  rea l  or near

rea l  t i me . 9 

S c anners of t he requ i s i te s peed and prec i s i on ,  contro l c i rc u i try and 

s oftware , the ab i l i ty to acqu i re d at a  of each of the three types ,  and the  

a b i l i ty to proce s s ,  d i sp l ay ,  and i nterpret t he d at a  h ave a l l been demon

s t r ated u nder f i e l d  cond i t i ons . The pr imary quest i on to be addressed here 

i s  t he q u ant i t at i ve one of def i n i ng expected system performance i n  terms of 

reso l ut i on l i m i ts for detectab i l i ty .  
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2 .  EXPER I ME NTAL MEASUREMENTS  

Two ser i es of exper i ments addres sed f actors t h at determ i ne m i n i mum 

detectab i l i ty i n  the  type of system d i s c u s sed above . The f i rst ser i e s  

addressed f ac tors t h at set l i m i t s  to  range reso l ut i on ( measurement o f  t i me

of -ec ho ) , wh i l e t he second ser i es was an i nvest i gat i on of the u l trason i c  

p ropert i es of m i xtures of powders or f i ne p art i c l es rest i ng on  a met a l l i c 

s u rface under water . The res u l t s  of t hese measurement s a l l ow u s  to pred i c t  

i n  a genera l way the  behav i or o f  the system under s t udy . They a l so po i nt 

to add i t i on a l  work needed to c haracter i z e  the  system response i n  comp l ete 

q u ant i t at i ve deta i l .  

2 . 1 Range Reso l ut i on Measurements 

W i t h  a homogeneous  med i um ,  such  as  water ,  between t he transducer and 

target , the me asurement meth ods  out l i ned i n  Sec t i on 1 . 2 above are eas i l y  

c apab l e  o f  reproduc i b l e  range reso l ut i on o f  m i c rometers a t  const ant temper

ature and at the frequenc i es of i nterest . That reso l ut i on wou l d  s t i l l  be 

obta i nab l e  i n  l ayered med i a  i f  each mater i a l were i nd i v i du a l ly  homogeneous  

and the i nterfaces f l at and perpend i c u l ar to the beam . 

Our  sound beam must  traverse three med i a :  ferri t i c  s tee l p i pe wa l l ,  

s ta i n l es s  stee l or I nconel  c l add i n g ,  and water . Sma l l -sca l e  i nhomogene i t i es 

i n  the speed of sound i n  b u l k  met a l  or i rregu l ar i t i es i n  any of t he i nter

faces w i l l  degrade the t i m i n g  reso l ut i on of the  system by the amount of the  

i nhomogene i t i es and i rregu l ar i t i es .  The d i mens i ona l  sca l e  of  concern  i s  

roug h l y  that  between a few wave l engt h s  and perhaps twi ce that of the  l arges t  

a ggregate o f  debr i s t o  b e  detec ted . ( L arger s c a l e  i nhomogene i t i es caused 

by , for ex amp l e ,  eccentr i c i ty ,  varyi ng  wa l l  or c l add i ng t h i ck nes s ,  or  out 

of-round p i pe ,  are not of c oncern s i nce  t hey wou l d  represent a s l ow l y  vary

i ng e l evat i o n  aga i nst  wh i c h  l oc a l  c hanges i n  e l evat i on w i l l  s i gn a l  the 

p resence of debri s . ) F urther , l arge frac t i on a l  vari at i ons  i n  t he speed of 
sound i n  b u l k  c l add i ng w i l l  s t i l l  repre sent o n l y  a sma l l fract i on of the  

t ot a l  met a l  p ath  l ength , and are not  t herefore of much c oncern . 
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The l argest cont r i but i on to range reso l ut i on degrad at i on comes from 

s urface i rregu l ar i t i es on  t he c l add i ng and from l oc a l  i nhomogene i t i es i n  t he 

ferr i t i c  p i pe wa l l .  Of next concern i s  the i nterf ace between ferr i t i c  wal l 

a nd c l ad d i ng .  The effects  of the  l atter two were measured . The c l add i ng

s u rf ace  effects  c an be determi ned on l y  when the  c l add i ng-surface 

c onf i gurat i on becomes known � 

T h e  measurement geometry i s  s hown i n  F i gure A-7 .  The t arget w a s  a 

60 x 60-mm a l umi num extrus ion  about 400 mm h i g h ,  rest i ng on the bottom of 

a n  i mmer s i on t an k . The ( near ) t arget s urface of the b l ock  was in  approx i 

mate a l i gnment  w i t h  the vert i c a l  dri ve of the transducer assemb l y .  The 

m ateri a l  be i ng s tud i ed was p l aced between t he transducer and t he t arget 

surf ace . 

T he measurement procedure was to s can vert i ca l ly ,  measur i ng nom i n a l  

t i me to  t arget -surface echo a t  1 0-mm i nterva l s .  These d a t a  were then f i tted 

by  l east -squares regres s i on to a stra i ght l i ne .  

c 0 
-0 
E 
c ns 0 

CJ) 

Target surface 

Sound beam 

Material under test INEL-A-17  374 

F i g u re A-7 . Geometry for measurement of range reso l ut i on . 
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Cons i der  the  f i rst c ase , w i thout test  mater i a l  between the  transducer  

a nd t arget surface . I f  t he surf ace  i s  acc urate l y  f l at ,  t he s tand ard 

dev i at i on of the observed po i nt s  about the regress i on l i ne represents t h e  

s t andard dev i at i on o f  t he measurement .  ( I t  i s  actua l l y  composed of two 

s tat i st i c a l l y  i ndependent components ; measurement error and l ac k  of f l at ne s s 

of the  s urface . The l atter wa� not s tat i st i ca l l y  e v i dent i n  any of t he 

measurements . ) The s l ope of the stra i ght l i ne i s  a me as ure of t he l ac k  o f  

a l i gnment between t he t arget surface and vert i c a l  ax i s  of t h e  t ransducer . 

Let the l i ne be 

( 7 ) 

and o x  be t he s tandard dev i at i on of t he measurement of x .  

I f  the materi a l  under study , i n  t he form of a s l ab ,  i s  p l aced between 

t he transducer and t arget surface , and the parameters of t he t arget- surf ace 

l i ne are redetermi ned , any c hange i n  

1 a0 i s  a measure of the mean speed of sound i n  the i nterven i ng 

med i um ,  re l at i ve to water 

1 a 1 i s  a measure of e i t her t aper i n  t he i nterven i ng med i um or  of  

l arge-sc a l e  vari at i on i n  i ts s peed of s ound 

1 o x  i s  a measure of the  l oc a l  var i at i ons  i n  the speed of sound 

i n  the i nterve n i ng med i um .  

N ote that  o x  i s  composed o f  components  t hat  are s tat i st i c a l l y  i nde

pendent ; t he i nd i v i du a l  components add i n  root mean square ( RMS ) f as h i on .  

The mater i a l under tes t ,  the " i nterven i ng med i um, " was an u l trason i c  

c a l i brat i on b l oc k  cut  from t he noz z l e  dropout of t he l os s -of-f l u i d-test 

( LOFT ) reactor ves se l . I t  was  a rectangu l ar s o l i d ,  approx imatel y  76 x 102 

x 250 mm, mac h i ned to  a bout RMS 1 25 f i n i sh .  One s urface h ad been c l ad wi th  
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a Type 3 08 s t a i n l es s s tee l by we l d  depos i t ;  approx i mate l y h a l f 01 t he t h i ck 
n e s s o f the c l add i ng had been removed dur i ng mac h i n i ng ,  l e av i ng a smooth 
s urf ace . The base met a l of the b l ock was ASTM type A508B . Th i s  b l oc k was 
chosen as proba b l y representat i ve of typ i c a l pressure vesse l mater i a l s  and 
f abr i c at i on techn i ques , to g i ve an est imate of pos s i b l e var i at i ons i n  the 
speed of sound . The c l add i ng was depos i ted by a s i ng l e-torch proces s ;  the 
c l add i ng/ base -met a l i nterface , t herefore , probab l y represents a worst c ase 
for any var i a t i ons in the sGeed of sound from th i s  source . 

The trans ducer was 3 7  mm i n  d i ameter and unfoc us sed . I ts gross spec trum 
i s  shown i n  F i gure A -4 . The center frequency was 1 . 4 MHz , but there was 
u sefu l energy ( wh i c h does not show on th i s l i near p l ot )  to at l e ast 4 MHz . 

F i rs t , the target surf ace was meas ured w i thout the test b l ock , as out
l i ned above . Next , the 76-mm-th i � k face ( wi thout c l add i ng )  of t he test 
b l oc k was i n serted i nto the beam , and f i n a l l y the 1 02 -mm f ace of the tes t 
b l ock ( w i th c l add i ng ) . The res u l t s are shown i n  Tab l e A-2 . 

I t  was as s umed that the test b l ock was i sotrop i c ,  but not necessar i l y  
h omogeneou s .  Then , 

=
(o x� 02 - .s x/)

l /2 
8 v  1 02 

i s  the l oc a l stat i st i c a l var i at i on of the speed of sound per u n i t p at h 
l ength i n t h e b l oc k , and 

i s  the stat i s t i c a l var i at i on caused by the c l ad d i ng/base-meta l i nterf ace , 
w here a x 1 i s  t he measurement error ( bare target surface ) ,  and .s x76 

( 8) 

( 9 )  

and .s x 1 02 are the meas ured stand ard dev i at i on s from the f i tted stra i gh t 
l i ne when the beam passed t hrough the 76-mm and 1 02 -mm faces , respect i ve l y . 
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TABLE A-2 . S UMMARY OF RESULTS OF  RANGE ReSOLUT I ON MEASUREME NT S  

- - -- - - --·-� - - - --· :-� - _·,....."1;' .-,_ - - • 

1 .  Sound path  through water o n l y- -def i nes e rror of t hese  measurements 

o X  ( l )  
1 

s ( 2 ) 

4 . 93 x 1 0
- 2  

mm ( Equat i on 7 )  

1 . 3 x 1 0-3 rnm 

2 .  Sound path  t hrough  water p l u s stee l ( 1 02-mm t h i c knes s ) - -measures RMS 
s um of measurement error and m i croscop i c -sc a l e  var i at i ons  in s peed 
sound  

0 X 1 02 

o v  

1 . 1 3 x 1 0 - l  mm 

1 . 4 x 1 0-2  mm 

1 . 33  x l o -3 mm/mm ( Equat i on 8 )  
3 .  Sound pat h  t hrou gh  water p l u s steel  p l u s  c l ad i nterface ( 76 -mm met a l  

t h i c kne s s ) - measures RMS s um o f  bot h o f  above , p l u s effect of 
c l ad /base-met a l  i nterface 

o X 76 1 . 09 x 1 0- 1  mm 

3 .  6 x 1 0 1 0-2 mm 

4 .  E ffect of c l ad/base met a l  i nterf ace 

o I 

a ,  u ncert a ·i nty 

6 . 09 x 1 0- 2 mm 

4 .  1 x 1 0 -2 mm 

a .  o x ; i s  s t at i st i ca l  u ncert a i nty i n  range u nder e ac h  of the 
measurement cond i t i on s . 

( Eq u at i on 9 )  

b .  S i s  t he s tand ard d ev i at i on of rep l i c ated measurements  o f  o x 1 . 

c .  S i  i s  as  i n  ( 2 ) , a veraged over t raverses on  d i fferent port i on s  of the 
b l ock . 
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The l oc a l  vari at i ons  i n  t he speed of sound i n  t h i s  s amp l e  were appro x i 

mate ly  0 .  l percent . To th i s  mu st be added , i n  RMS fas h i on ,  the  effect d ue  

to  t he c l ad/ base-met a l  i nterf ace { 0 . 008-mm t h i cknes s )  a nd  any effec t due  to  

surf ace i rreg u l ar i t i e s  on t he c l add i ng to obta i n  an est imate of  mi n imum 

range resol ut i on .  The c l ad-surf ace i rregu l ar i t i es w i l l  probab ly  dom i nate 

for we l d -depos i ted c l add i ng .  

The  geometry descri bed i n  Sec t i on 1 . 4 above was c hosen i n  p art t o  g i ve 

a l arge area  over wh i ch to average the l oc a l  vari at i ons  near the sound entry 

s urface , and t h us  m i n i m i ze t hese var i at i ons . Us i ng s uc h  an average and 

re asonab l e  v a l ues for c l ad-surf ace r i pp l e ,  one can  e st imate a m i n imum reso

l ut i on rang i ng from 0 . 1 2  to perhaps 0 . 25 mm ( 0 . 005 i n .  to  0 . 0 1 0  i n . )  for 

d i rect measu rements of rad i a l  d i mens i ons  in the geometry con s i dered . 

2 . 2 U l trason i c  Propert i es of Aggregates of F i ne P art i c l es i n  Water 

The  u l t rason i c  propert ies  of aggregates of f i ne p art i c l e s  i n  water 

formed a second set of i nvest i g at i ons . The res u l ts of t hese i nvest i gat i on s  

s howed t hat i t  i s  f � as i b l e  to detect and measure t h e  d imen s i ons o f  l ayers 

of f i ne part i c l es that are s i g n i f i cant l y  t h i nner than  c an be detected by 

d i rect rang i n g ,  i n  a manner t h at i s ,  at l east  to a f i rst order , i ndependent 

of the geometry and mater i a l s  of f abr i c at i on .  

The  expe r i ment a l  geometry i s  s hown i n  F i gure A-8 . The test mater i a l s  

were graded s i l i c a  powders . The t arget surface was the same a l um i n um extru 
s i on u sed prev i ou s l y ,  w i th s l op i ng frame . The s i l i ca powders were d epos i ted 

w i th i n  the  s i de  ra i l are a ,  t hen scraped off f l at w i t h  a stra i ght edge to 

f orm a f l at-s u rf aced depos i t  v aryi ng from zero t h i c kness at t he "toe '' of t he 

f rame to  7 mm over a l ength of 200 mm . The bare port i on of the target b l oc k  

was  c aref u l l y brushed free o f  powder w i t h  a c ame l ha i r  brush . Sound i nc i d 

ence was norm a l  to t he s urface o f  the extru s i on .  

The  effec t i ve speed of sound and acoust i c  i mpedance of the powder-water 

aggregate were measured as  f o l l ows . Range-to-t arget was measured a l ong  the  

c enter l i ne of  t he b l oc k  at 1 0-mm i nterva l s .  A typ i c a l  c urve i s  shown i n  
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Scan motion 

Water bath 

Particle-free surface I Particlelwa ter m ixture 

F i gure A-8 . Geometry for  mea s u rement of u l trason i c  propert i es of m i xtures 
of f i ne part i c l es i n  water . 

F i gure A-9 . The po i nt s  on t he bare end of the  target b l oc k  were f i tted by 

l ea s t - square s  regres s i on to a s t r a i ght  l i ne that  was extrapo l ated und e r  the  

wedge of  powder  t o  def i ne t he range t o  that  p o i nt .  ( The b l oc k  h ad been p re 

v i ou s l y  u l trason i c a l l y  determ i ned t o  b e  f l at ,  and th i s  procedure m i n im i z ed any 

e r rors d ue to  c hanges i n  apparent range c aused by v ar i at i ons  i n  temperat ure 

of the  water i n  the immers i on tank . ) The d i fference i n  t i me-to - f i rst -echo 

f rom the  s urf ace of  the  powder and t he ext rapo l ated t i me-to-b l oc k -sur f ace at 

each  po i n t ,  mu l t i p l i ed by the s peed of sound i n  water at the temperature of  

t he t ank , g ave t he t h i c k ne s s  of powder at e ach  p o i nt . The l arger t h i cknesses  

of powd e r  were enough  to  a l l ow c l ear  separat i on i n  t i me between t h e  echoe s 

f rom p owder  s u r f ace and under l y i ng b l oc k  s urface at  that  po i nt .  The mea s u red 

aggregate t h i ckness  d i v i ded by the d i fference i n  t i me between these two echoes  

g i ve s  t he effec t i ve s peed of  s ound i n  t he m i xture . 

G i ven  t h e  k n own acoust i c  i mpedance of water and  a l um i n um and  t h e  mea s ured 

r at i os of ref l ec t i v i ty at  the water-m i x ture s u rf ace t o  t he m i xture -a l umi n um 

surface  i mmed i at e l y  under i t ,  t h e  acoust i c  i mpedance of  t h e  mi xtur� was 
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F i �ure A-9 . Course s and th i ckness  vs  ax i a l pos i t i on .  

c a l cu l ated by s imu l t aneous so l ut i on of Eq u at i ons ( 4 ) and ( 5 )  at the  �ater

m i xture ,  m i x t u re- a l um i num and m i xture-water  i nterfaces that the p u l se-echo 

s i gn a l  t raversed . The measured acou s t i c  i mped ance was 3 . 48  x 1 03 kg;m2s .  

The measured s peed of sound i n  the  m i xture was ( 1 . 5 70 ± 0 . 005 ) 

x 1 0  m/s , wh i ch i s  a bout  5% h i gher  t han the  speed of sound i n  water ,  

i ndependent of part i c l e  s i ze over the  range tes ted . The  measured speed of  

s ound and  t he effect i ve acou st i c  i mpedance i nferred f rom t he ref l ec t i v i ty 

me asurements  i mp ly  that  the  m i xt ure acts  a s  a med i um w i t h  essent i a l l y  t h e  

s peed o f  s o u n d  o f  water and t he dens i ty ,  i n  t h i s c ase , o f  bu l k  S i 02 • 

Both re su l t s  are somewhat s u rpr 1 s 1 ng ,  but  can  be understood on the  

f o l l ow i ng  b as i s .  E q uat i on ( 2 )  pred i ct s  t hat the  s peed of sound i s  a func

t i on of  the  e l as t i c  constants  of t he med i um .  The f i ne powder and wate r  
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aggre gate i s  a two-phase  m i x ture i n  wh i ch t he  r e l evant  e l as t i c  constants  a re 

those  of the i nterst i t i a l  phase , t he  water . U l t rason i c  ref l ec t � v i ty ,  o n  t h e  

o t her h and , i s  a l s o a func t i on of  t h e  i nert i a  p e r  u n i t v o l ume , i . e . ,  t h e  

dens i ty ,  immed i at e l y  adj acent t o  t he  i nterfac e .  For  f i ne powders , t he 

p ac k i ng f rac t i on  i s  h i gh ;  t he i nert i a  seen by the  wavefront i s  d om i nated by 

t he  S i 02 • 

The  sma l l d i fference between s peed of  sound i n  water and t hat  i n  t he 

m i xture  i s  presumab l y  d ue to adhe s i on or f r i ct i on between part i c l es or  to 

i nert i a l  effects . 

The ref l ect i ve propert i e s of the  water-m i xture i nterface were s t ud i ed 

as  a f unc t i on of u l trason i c  frequency and of i n c i dent ang l e .  The techn i qu e  

w a s  p u l se-echo  i n  a l l c ase s ,  t h e  ref l ected s i gn a l  be i ng bac k s c attered t oward 

the transducer . Spectra  we re obt a i ned by fast  Fou r i er transformat i on of t h e  

q u ant i zed s i g n A l .  

S ound was i nc i dent at  ang l e s of 0° ( norma l t o  t he  s u rface ) ,  and at  1 0  

and 15° t i l t ed i n  the p l ane norma l t o  that  of F i gure A-8 . The fu l l y and  

part i a l l y  reso l ved peaks  in  the backscat tered s pectrum ,  s hown 1 n  F i gure A- : 0 ,  

fo l l ow two d i fferent patterns  of behav i or a s  a func t i on of i nc i dent  ang l e . 

The peak s be l ow one megahert z decrease i n  f requency a s  t he  ang l e  of i nc i 

dence i s  c han qed f rom norm a l  i nc i dence . H i gher-frequency peak s rema i n  con 

s t ant i n  f requency .  The h i gh -frequency peak s are i n terpreted a s  s c atter i ng 

from t he  surf ace i t se l f ,  wh i l e  t he  l ow-frequ�ncy peak s have the  behav i o r  t o  

be expec ted from B r 2 g g  scatter i ng w i � h i n  t he v o l ume o f  t he  mi x t ure . I r.  both  

cases , t he  s c at terers  are  pres umed t o  �e " c l umps "  of gra i ns i n  a s omewh at  

i rreg u l ar  sett l i ng pattern , s i nce  the  d i mens i ons  i mp l i ed by the  measured 

speed of  sound  and frequency correspond to  many t i mes  t he s i ze of t he i nd i 

v i d u a l  gra i n s  i n  the  " 1 40  gr i t  and f i ner " u sed for t h i s  test . 

The l as t  ser i e s  of tests  was an i nves t i g at i on uf t h i n-f i l m i nterference 

e ffec ts  com i ng f rom i nterference between t he ec hos from t he m i xture s u rf ace 

and from the b l oc k  s u rf ace immed i at e l y  beneath  i t .  The  exper imen t s  u sed t h e  

s ame powder c onf i g urat i on s hown i n  F i gure A-8 . 
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F i g ure A- 1 0 .  B acksc attered s pectrum from s urface of t h i ck l ayer of s and , 
at 1 5 ° t i l t ,  show i ng typ i c a l  response . 

Conc l u s i ve d emonstrat i on of i nterference requ i res  a broad band of wave

l engths  i n  order to d i scern harmon i c  re l at i onsh i ps ,  and i s  eas i est  to i nter

p ret if  the  system response i s  f l at as  a f unct i on of frequency . Th i s  was 

obt a i ned by norma l i z i ng the  spect ra l  �easu rements  to a spectrum obt a i ned from 

t he bare t arget s u rf ace  of t h� a l um i ' Jum b l ock . Th i s  norma l i zed spectrum 

repre sents  the  unmod i f i ed energy per u n i t  frequency of the  transducer . 

T he  t ransducer  s pec trum cont a i ns  smal l ,  but  s i gn i f i c ant , amounts  of energy up  

to  at  l east  4 MHz ,  wh i c h does  not  s how on t he  l i near p l ot of  F i gure A-4 .  

W i th s u ff i c i ent  s i gn a l  i ntegrat i on ,  M of severa l thou s and , t he s i gn a l -noi se 

rat i o  at  h i gh frequenc i es was adequate . F i gure A- l l  i s  a typ i ca l  test  for 

s i gn a l -no i se rat i o ;  i t  represents  the rat i o  of two s ucce s s i ve spectra from t he 

bare b l ock . The c urve s hou l d  be i dent i c a l ly  un i ty ;  departures from th i s  

a re c aused  by no i se ,  and repre sent  the  prec i s i on of t he measurement . 

Two grades of S i 02 powder were u s ed . The coarse sand i s  est i mated at  

5 0 - 1 20 g r i t ,  wh i l e a f i ner s and was " 1 40 g r i t  and f i ner . "  Th i s  l at ter grade 

i nc l uded  s i g n i f i c ant  frac t i ons  of very f i ne powder that  requ i red severa l d ays 

to s e tt l e  f rom s u spens i on i n  water . 
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F i g ure A- 1 1 .  Test for S/N  of spectra l  norma l i zat i on measurements . 

The key measurements were performed at  t he t h i n  end of t he s amp l e  wedge , 

where t h i c knesses ran from zero to about 0 . 5  mm . Long i t ud i n a l  reso l ut i on 

was  not suff i c i ent to  d i s t i ng u i s h  between echoes from t he m i xture s urface 

and under ly i ng  b l oc k . The s i gn a l  s ubj ected to fast  Fou r i e r  transform was 

t he d i s torted compos i te of bot h .  

Typ i ca l  norma l i zed resu l t s are shown i n  F i g ure A-1 2 .  These s pectra 

cont a i n peak s and va l l eys ari s i ng from ot l east  three d i fferent effects . 

The  f i rs t  are t he surface-scatter i ng reaks noted prev i ous l y .  A s econd group 

are apparent l y  due  to  the Bragg scatter i ng effect s  a l so  noted prev i ou s l y ,  

b u t  h ave l ower amp l i tude and mod i f i ed frequency . The f i na l  feature s  t o  be 

noted here are n u l l s  at  wave l engths  correspond i ng to odd quarter-wave l engt h 

mu l t i p l es of t he t h i c kne s s  of the  m i xture at  t hat po i n t ,  t h u s  demonstrat i ng 

i nterference . The peaks  ar i s i ng from the surface and vo l ume s catter i n g  were 

f ou nd to be c h aracter i s t i c  of t he grade of s and used , and var i ed from p l ace  

to  p l ace on t he  s amp l e .  T he  effect s  c h aracter i st i c  of i nterference depended 

o n l y  on  t he t h i ckness  of t he l ayer ,  and not on t he grade of s and . 
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3 .  CONCLUS I ON S  

For  d etec t i ng a n d  c haracte r i z i ng t h i n  l ayers of  f l our- l i ke ( and l arger ) 
part i c l es that  have sett l ed out  of water on a met a l l i c surface , the  k ey 

e xper i ments  were measurements of t he u l trason i c  propert i es of s uch  m i x t ures . 

The measurements  showed that  t here are a number of d i fferent , d i st i nct i ve 

e ffects  t hat are u nderstood at  l east  sem i -quan t i tat i ve ly ,  and t hat c an be 

u sed to detect such m i xt ures u n amb i g u ou s l y .  

A l l effec t s ,  t h i n -f i l m  i nt erference and s urface and v o l ume scatter i ng ,  

l ead to norma l i zed spectra  that  h ave d i st i nc t  peaks and v a l l eys . E i ther  of  

t wo very s i mp l e  a l gor i thms wou l d  h ave detected t he presence of  powder-water 

m i xtures  i n  any t h i ckness  i n  t hese  exper iments . The f i rst  i s  s imp l y  a 

t hresho l d :  i f  s pectra l peaks are greater ( or v a l l eys l ower ) t han a s pec i 

f i ed mu l t i p l e  of the reproduc i b i l i ty of t he measurement of the  u nmod i f i e d  

t ransducer spectrum , t he m i xture i s  present . The second a l gor i t hm i s  more 

sens i t i ve and more eas i l y ad aptab l e  to f i e l d  measurement s : c ompute  t h e  

s t and ard dev i at i on o f  t he norma l i zed spectrum about i ts average v a l ue ;  i f  

t h i s i s  greater t han a spec i f i ed mu l t i p l e  of the  s tand ard dev i at i on of a 

" b l an k "  spectrum represent i ng t he s urface of t he p i pe c l add i ng ( t aken , for  

examp l e  from the  s i dewa l l ) , the  m i xture i s  present . 

The exper i ments e as i l y detected mono l ayers of t he s and u sed , and t here 

i s  ev i dence t h at they a l s o  detected sc attered i nd i v i d ua l  gra i ns o n  t he 

smooth t arget s urface . The sens i t i v i ty of t he method wou l d  be u l t i mat e l y  

l i m i ted by t h e  roughness o f  t h e  c l ad surface o f  t he p i pe .  There are met hod s 

f or m i n i m i z i ng t h i s effect by t he  manner i n  w h i ch the  d at a  are t aken . 

Measurements  re l at i ng t o  the  spectrum of sound ref l ected and scattered 

f rom t he s urface of t he s and and c l add i ng wou l d  t h u s  be the  p r i mary method 

for detec t i n g  and c h aracter i z i ng powdered debr i s .  They s hou l d  be c apab l e  

o f  detec t i ng debri s l ayers a few t enths  of a m i l l i meter i n  t h i ckness  or  

l es s . To a f i rst  orde r ,  the  met hod s are  i ndependent of mater i a l s  a nd  geo

metry .  T o  a second order ,  t he detect ab i l i ty l i m i t  wou l d  be set  by s u rface 

roughne s s  and t ransm i ss i b i l i ty a s  a funct i on of  frequency of  the  wa l l s  of  
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the  p i pe .  I t  i s  feas i b l e  to  measure debr i s  mass by u l transon i c  techn i q ues . 

Depend i ng on  the  effec t i ve dens i ty of t he debr i s ,  t he mass  detect i on l i m i t s  

range from 4 . 5  to  8 . 4  mg/m o f  p i p i ng l ength . 

Measurement s of range to  the  f i rst  t arget near t he i ns i de  surface of 

the  p i pe ,  made at  t he s ame t i me and w i t h  the s ame s i gn a l , wou l d  be used t o  

d etect and map l arger and i rregu l ar p i eces of debri s .  Long i t ud i na l  reso

l ut i on for t h i s measu rement wou l d  be on t he order of 0 . 25 mm or l ess . 

Equat i on s  ( 4 )  and ( 5 ) , together w i t h  t he experi menta l  resu l t  that  t he 

acoust i c  i mpedance of the m i xture i s  proport i ona l  to  the den s i ty of the pow

d er ,  i mp l y  t hat ec hoes from uo2 powders wou l d  be greater t han t hose from 

t he S i 02 u sed i n  t hese  experi ments . Th i s  wou l d g i ve a greater s i gna l -

n o i se rat i o  and better s pectral  sens i t i v i ty than  found i n  the experiment . 

Between t he two measurements , a l l debr i s s i zes  and conf i gurat i on s  

l i ke l y  to  b e  i n  t he p i pe wou l d  b e  detected and c h aracter i zed . 



4 .  E Q U I PMENT AND METHODS 

Two c l asses  of h ardware , e l ectron i c -computer and mec h an i c a l , wou l d  be 

needed t o  make the  measurement s  at  TM I -2 .  The e l ectron i c  and computer hard 

ware need not be d i fferent from t hat u sed to  make the  measurements  reported 

here . 

The system u sed i s  s hown i n  b l oc k  d i agram form i n  F i gure A- 1 3 .  The  

system i s  f i e l d -transport ab l e .  Dur i ng the  exper i ments ,  the system was 

h oused i n  the s ame v an t hat has  housed it  for t he past  two years dur i ng  

req ua l i f i c at i on/ i n -serv i ce i n spec t i on measurements  i n  the  f i e l d  at  LOFT . 

The present s canners h ave been i n  s uccessfu l f i e l d  u se for four years . 

They were de s i gned , however,  for exami � i ng re l at i ve l y n arrow c i rcumferent i a l 

s t r i p s  a t  and near t he we l d s  i n  t he p i p i n g .  E xtens i ve des i gn mod i f i c at i on 

wou l d  h ave t o  be made to  prov i de s uff i c i ent scan n i ng i n  the ax i a l d i rect i on . 

The bas i c  computer s oftware for mechan i c a l  contro l , data  acqui s i t i on ,  

data  proces s i ng ,  and d i sp l ay ex i s ts . Ag a i n ,  i t  was u sed i n  these exper i 

ment s ,  and has  been i n  rout i ne u se for some t i me . The software wou l d  

req u i re exten s i ve mod i f i c at i on ,  howeve r ,  t o  i ncorporate the  add i t i ona l 

acqu i s i t i on ,  process i n g ,  and d i sp l ay protoco l  a s  automat i c  f unct i ons . 

Based on  prev i ou s  exper ience w i t h  requ a l i f i cat i on / i n-serv i ce i nspec t i on 

u se of t he system ,  i t  wou l d  be ab l e  to produce h ard cop i es  of t he f i na l  

processed dat a ,  ready for i nterpretat i on ,  w i th i n  a few mi nutes  of the  com

p l et i on of a scan ,  wh i l e  t he next s can i s  i n  progress . 

I nformat i on on the c h aracteri st i c s  of the present system i s  g i ven i n  

t he append i x  to  t h i s report . 

The equ i pment needed for debr i s  detec t i on ,  l oc at i on , and c h aracter

i zat i on  wou l d  not break new ground i n  e i ther concept or des i gn ,  nor wou l d  

t he s oftware . A l l  are we l l w i t h i n  t he c urrent s t ate of we l l -es t ab l i s hed 

des i gn pract i ce ,  w i t hout  need for add i t i on a l  deve l opment  work . 
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The f i e l d  exam i n at i on proced ures  wou l d  repre sent  s i mp l e  extens i on s  of 

t hose that  have been t r i ed and tested over four years of f i e l d  serv i ce d ur

i ng req u a l i f i c at i on/ i n - serv i ce i nspec t i on operat i ons  at  LOFT . 

O n l y  t he area of i nterpret at i on wou l d  req u i re add i t i on a l  d eve l opment , 

pr imar i l y  i n  the g a i n i ng of experi ence i n  i nterpretat i on and a b ac k g round  

of q uant i t at i ve measu rement s .  

I t  i s  t o  be noted t h at the bas i c  sys tem u sed for debr i s  l oc at i on wou l d  

a l s o be c apab l e  of exami nat i ons  of the p i p i ng system t o  estab l i sh pre s s u re 

boundary i nteg r i ty for t he purpose of requa l i f i c at i on .  
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i s  ready for susta i ned f i e l d  operat i on s .  Separate areas  i n  the u n i t  are 
arranged for operat i ons , ana l ys i s ,  systems and s hop u se ,  w i t h  s pace for 

supp l i e s  and parts storage . 

I nspect i on starts w i t h data  acqu i s i t i on i n  a predetermi ned scan  pat

tern . The sens i t i v i ty ,  dynam ·i c range , scann i ng gr i d ,  and  u l trason i c  para

meters are adj u sted to max imi ze the probab i l i ty of detect i on of any t arget 

i n  the vo l ume sc anned . The system i s  no i se - l i m i ted , w i t h  s i gn a l - averag i n g 

p arameters set so  that  t he no i se represents  pr imar i l y  grai n-scatter i ng 

c l utte r .  Du r i ng data  acqu i s i t i o n  the scan operator sees a rea l -t i me C-scan  

d i sp l ay ,  wh i c h  serves t he dua l  purposes of  operator reas surance and  advanced 

warn i ng of s i gn i f i c ant t arget s .  He a l so has  the opt ion  to d i s p l ay an 

A -scan , wh i c h  s hows what t he computer i s  see i ng at any po i nt ,  and wh i ch has 

been l abe l ed to i nd i c ate nomi na l  l oc at i ons of front and bac k surf aces . 

The  comp l ete set of raw d at a  i s  stored on d i sk .  An ana lyst at another 

conso l e  has access to any comp l eted dat a  f i l e .  Operat i ng i n  a task

p r i or i t i zed t i me-shar i ng mode ,  he can  produce i mages i n  several  d i fferent 

forms i n  eac h  of the stand ard orthogon a l  p l anes from any port i on of the  

vo l ume s canned . The  process i ng and  d i sp l ay are i nteract i ve ;  i n  add i t i on to  

contro l l i n g  t he v i ew d i rect i on of  vo l ume d i sp l ayed , the  operator a l so con 

t ro l s  t he effect i ve sen s i t i v i ty of the i mage , conf i n i ng i t  to any port i on 

of the  amp l i t ude spectrum des i red . 

Detect i on of f l aws i s  by i mage i nterpret at i on i n  a manner a n a l ogous to  

that u sed  i n  rad i ography . 1 1Ben i gn 11 geometr i c  target s can  be eas i l y  and 

r ap i d ly recog n i zed and c l as s i f i ed as  such , and sorted from pot�nt i a l f l aws . 

To a i d  i n  i nterpretat i on , the ana lyst  has  access to any prev i ou s  u l trason i c  

d at a  on t he p art u nder test ( to l ook for any i n-serv i c e  c hanges ) ,  t o  t he 

comp l ete  fabr i c at i on and mai ntenance h i story,  and to t he ori g i n a l  fabr i 

c at i on rad i ographs ( and v i ewer ) t o  c l ear u p  any unusua l  geometr i c  pro b l ems . 

The operat i ng mode i s  near-rea l -t ime ana lys i s and i nterpretat i on .  

Ana lys i s  and i nterpretat i on of one scan proceed s imu l taneou s l y  w i th acqu i 

s i t i on of  data  f rom the next . Th i s  i s  a two- stage proce s s ,  w i t h  f l aw 
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detect i on and pre l i m i n ary eva l u at i on ,  as  o ut l i ned above , fo l l owed by i nter

a c t i ve d at a  acqu i s i t i on and ana l ys i s  a s  needed to  f u l ly  c h aracter i ze any 

f l aw so  detected . 

A n umber of c haracter i zat i on too l s  a re ava i l ab l e .  The ana lyst  may c a l l 

for scans  at any des i red i nc i dent  ang l e  or d i rect i on needed to  determ i ne 

o r i entat i on a nd d ef i ne f l aw geometry .  H e  may a l so acqu i re norma l i zed 

ref l ect i on s pectra on- l i ne and s u bject  t h i s i nformat i on to  a vari ety of 

n umer i ca l  proces s i ng techn i ques t o  extract f l aw-surf ace and d imens i on a l  

parameters . 

Near-re a l -t ime i nteract i ve data  acqu i s i t i on ,  ana lys i s ,  and i nterpreta

t i on , w i t h  corre l at i on to  a l l a va i l ab l e  nondestruct i ve eva l u at i on ( NDE )  

i nforr1 1at i oL and h i stor i c a l  d at a ,  ensures  t hat a l l neces sary data  h ave been 

acq u i red for  a f u l l y def i n i t i ve accept-reject dec i s i on on  t he spot . Cor 

rect i ve act i on ,  i f  necessary ,  can  proceed w i th a m i n imum of de l ay .  

H ard -copy output  of a l l i mages and data  i s  made from a ret r i evab l e  and 

i ndependent l y  aud i t ab l e  i nspec t i on record . R aw d ata  f i l es are stored on 

magnet i c  t ape  for f uture reference ; these d at a  can be ret r i eved and pro

c e s sed i n  rea l  t i me i n  para l l e l  w i th new data at  f u ture i n- serv i ce 

i n spect i on s . 
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6 .  RECOMMENDAT I ON S  

W h i l e  t he work descr i bed above h as e s tab l i s hed t he feas i b i l i ty and 

est i mated the performance of an  acou s t i c -u l t raso n i c  met hod for detect i ng ,  

l oc at i n g ,  and c haracter i z i ng debr i s w i th i n  t he p i p i ng  system ,  t he eng i neer

i ng des i gn of a f i n a l  system req u i re s  some add i t i on a l  qu ant i t at i ve i nforma

t i on to  afford an opt imum des i g n .  The  needed i nformat i on re l ates p r i mar i l y  

t o  the s pec i f i c s  of the TM I -2 p l ant . 

I t  i s  rec ommended t hat meas urement s be made of t he vari at i ons  i n  effec 

t i ve speed of sound and transm i s s i on as  a funct i on of frequency of t he 

actua l p i pe wa l l ,  i nc l ud i ng as -depos i ted c l add i ng .  W h i l e  t he actua l  p i p i ng 

i t se l f  w i l l  a l most cert a i n l y  not be ava i l ab l e  for t hese  measurement s ,  a 

s amp l e  or s amp l e s probab l y  a l ready ex i s t i n  the  form of ASME Code-spec i f i ed 

u l trason i c  c a l i brat i on b l oc k s . I f  t nese c annot be made ava i l ab l e  for t he  

s hort per i od of t i me needed for  t he measurement s ,  s i m i l a r b l oc k s  or sect i ons  

from other p l ants  probab l y  can be . 

The second set of measurements  wou l d  i nc l ude performance of the spec

tra l  exper i ments  des cr � �ed above , subst i t ut i ng uo2 powder for the pre 

v i ou s l y-used S i 02 • I f  v a i l ab l e ,  severa l  gr i t  s i zes  represent i ng a w i d e  

range s hou l d  be measured ; i f  on l y  one gr i t  i s  ava i l ab l e ,  some u sefu l add i 

t i on a l  measu rements  can  be made w i t h  S i 02 w i t h  norma l i z at i on t o  t he 

ava i l ab l e  uo2 gr i t s i ze .  

These measurement s s hou l d  t ak e  n o  more t han  a month , once t he requ i red 

mater i a l s  are i n  h and . 

I nformat i on on c l add i ng proces s ( e s )  and methods of f abr i c at i on of 

f i tt i ng s  i s  needed , as h a s  been noted . 

Before s c anner des i gn cou l d  p roceed , i nformat i on on  access  and restri c 

t i on s  and c l earances about the  p i p i ng system i s  a l so needed . 
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The u l t rason i c  tec h n i que  i s  app l i cab l e  to  other geomet r i e s  bes i de s  t he  

s i mp l e  p i pe c onf i gurat i on d i scus sed i n  t h i s append i x .  App l i c at i on to  other 

geomet r i e s  wou l d  be a l i tt l e  more comp l ex ,  and eac h  geometry wou l d  have t o  

b e  exami ned on  a c ase-by-c ase bas i s .  
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APPEND I X  8 
PRE L I M I NAR Y I NVEST I GAT ION  OF  THE FEAS I B I L I TY OF US I NG GAMMA-RAY 

AND NEUTRON COUNTI NG TECHN I QUES  TO LOCATE AND CHARACTER I ZE 

F UEL DEBR I S  W I TH I N  THE TM I -2 PR I MAR Y SYSTEM 

C .  V .  Mc i s aac 

1 .  I NTRODUCT ION  

The  sma l l -bre ak l os s -of-coo l ant acc i dent at  Three M i l e  I s l and resu l ted 

i n  the e sc ape  of l arge qu ant i t i es of f i s s i on products  and an  u n known quan

t i ty of f ue l  from t he d amaged Un i t  2 core i nto  i t s pr i mary system . The 

hypothe s i s  t h at a s i gn i f i c ant amount  of fuel l eft  the  re actor vesse l has  

been  su�ported by measurements  made on a smear d i sk t hat was  d abbed aga i n st  

an i ntern a l  s urface of  one of  the  l etdown f i l ter c as i ng s . Four m i l l i g rams 

of fue l were p i c ked up by the  smear .  G i ven t he f ac t  t hat t he l etdown i s  

taken  from a co l d  l e g  i n  the  pri mary system , i t  i s  h i gh l y  probab l e  t hat f ue l  

d ebri s i s  d i str i buted throughout  t he pr i mary system . 

Th i s  append i x  presents  the  f i nd i ng s  of a st udy conducted to determ i ne 

t he feas i b i l i ty of u s i ng g amma-ray and neutron count i ng tech n i ques to  l oc ate  

and  c h aracte r i ze  the  fue l  debri s w i t h i n  the  TMI -2 primary sys tem . 
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2 .  GE NE RAL CON S I DERAT I ONS  

Any measu rement techn i que  des i gned t o  l oc ate  and  c haracter i ze f ue l  

debr i s  w i t h i n t he TM I -2 pr i mary Sj stem mu st  i ncorporate i n  i t s  des i gn fe a

t ures t h at w i l l  a l l ow several  form i d a b l e  obstac l e s  to  be  ove rcome . Dur i ng 

t he Aug u s t  1 980 reentry,  amb i ent  f i e l d s  on  e l evat i on 305 ft were measured 
1 t o  be between 300 and 700 mR/ h r .  For p u rposes of c a l cu l at i on ,  the t i me 

c u rrent ly  be i ng cons i dered for fue l depos i t i on measurements  i s  m i d - 1 982 . 

T he  meas urements  w i l l  be p e rf o rmed a f t e r  the  reactor b u i l d i ng s ump pr i mary 

syst em water i n vento r i e s  have been proces sed t hrough  the  Submerged Dem i ner

a l i zer  System and after most of the  extern a l  s u rfaces h ave been decontam i 

n ated . Th i s  w i l l  obv i ou s l y  decrease the amb i ent f i e l d s  but  by how muc h i s  

n ot n ow k nown . S i nce the  a s s ay me asurements  w i l l  be made i n s i de t he second

ary s h i e l d  wa l l  in  c l ose prox i m i ty to the s team generators , reactor coo l ant 

p umps , a nd p re s s u r i zer i t  is  prudent to  a s s ume t , 1at  t he amb i ent f i e l d s  w i l l  

be h i g h . Therefore , the  measu rement tec h n i q ue se l ected mus t  u t i l i ze i ns tru

ments  t hat  ma i nta i n adequate sens i t i v i ty w i t h i n  g amma f i e l ds  on  t he order 

of 1 00 mR/hr and that are capab l e  of be i ng operated remote ly  so  as  to 

m i n i m i ze personne l expos ure . 

T h e  reac tor coo l ant p i pe w a l l s  and i ns u l at i on c onst i t ute  a second non-

t r i v i a l  obst ac l e  to any measu rement method . 

i s  c arbon s te e l  and i s  3 i n .  ( 7 . 62 em ) t h i c k . 

s u rface  w i t h  0 . 3 1 3 - i n . -t h i c k  ( 0 . 795-cm-th i c k )  

The wa l l of the  hot l eg p i p i n g  

The p i pe i s  c l ad o n  i t s i nner 

type 304 s t a i n l es s  stee l and 

i s  s hrouded by a 3 . 5 - i n . -t h i c k  ( 8 . 89-cm-t h i ck ) s he l l of 1 1meta l l i c m i rro r 11 

i n s u l at i on .  The i nner s he l l wal l i s  0 . 03 7  i n .  ( 0 . 094 em ) t h i c k , and the  

o u ter  wa l l i s  0 . 0 1 9  i n .  ( 0 . 048 em ) t h i c k . 2 E ven l y  spaced between t h e  

i n s u l at i on s he l l wa l l s  a r e  1 3  concent r i c  cyl i ndra l  s he aths  e ach  0 . 004 i n .  

( 0 . 0 1 0  em ) t h i c k . The i nsu l at i on s he l l wa l l s  and l i ners  are a l l type 

3 04 s t a i n l es s  s tee l , The wa l l of t he c o l d- l eg p i p i ng h as a s ta i n l e s s  stee l  

l i ne r  a l so 0 . 3 1 3  i n .  ( 0 . 794 em ) t h i c k , but  the  t h i ckness  of c arbon stee l i s  

o n � �· 2 . �  i n .  ( 6 . 35 em ) . The i ns u l at i on s he l l  s hroud i ng t he c o l d  l eg p i p i ng 

i s  i dent i c a l  to  that  of t he hot - l eg p i p i ng ,  except the she l l wa l l s  of the  

c o l d  l eg i ns u l at i on a re s l i gh t l y  l es s  t h i ck . The separat i ons  between t he 

hot a n d  c o l d - l eg p i pe s  and t he i r  i ns u l at i on s he l l s  are 0 . 69 i n .  ( 1 . 75 3  em ) 
a nd 1 . 1 9 i r . � ( 3 . 023 em )  respec t i ve ly .  
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Access  t o  t he pri mary system p i pes  w i l l  be a prob l em .  F i gu · ·e B - 1  

i l l u strates  t he re l at i on of f l oor  e l evat i on s  282 , 305 , and 347 t o  t he e l eva

t i on s  of the  pr i mary system p i p i ng and  components . The  co l d  l eg e l bows are  

c l ose enough  t o  e l evat i on 282  t o  be a s s ayed f rom i t  w i t hout  d i ff i c u l ty .  

However , t h e  hor i zont a l  l engths  of the c o l d  l eg p i p i ng connect i ng the reac 

t or c oo l ant p umps t o  t he reactor vesse l and t he hor i zont a l  l engths  of t he 

hot l eg p i p i ng h ave center l i nes  at  e l evat i on 3 1 5  ft-6  i n .  S i nce any debri s 

i n  t hese p i pe s  w i l l  h ave sett l ed to  t he p i pes ' l ower i nner s urfaces , i t  i s  

des i rab l e  t o  p l ace the  a s s ay detector on the s ame rad i a l  ax i s  as  i s  t he  

l ower p i pe s u rface . I t  i s  not c l ear t o  me a t  t h i s t ime wh i ch e l evat i ons  

w i l l  be  mos t  s u i t ab l e  to  operate from to ac h i eve the  de s i red detector-p i p e  

g eometry .  A f l oor does not ex i s t i n s i de t he secondary s h i e l d -wa l l bound ary , 

at  305 e l evat i on f l oor  so  i t  m i ght  be necessary tc operate from the  top of 

t he p r i mary s h i e l d -wa l l  at e l evat i on 322 . I t  i s  obv i ous t hat t he detector 

w i l l  e i ther  have to  be temporar i l y  attached to  the  p i pe or extended by a 

t e l escop i ng rod to  a s s ay the  bu l k  of t he p r i mary system p i p i n g .  

A n  add i t i on a l  acce s s  prob l em i s  posed by the pri mary s h i e l d  wa l l ,  wh i c h  

i s  about 5 f t  ( 1 . 524 m )  t h i c k . Ten f t  ( 3 . 048 m )  of hot l eg p i p i ng and 20 ft  

( 6 . 096 m )  of  co l d  l e g  p i p � ng are  embedded i n  t h i s wa l l .  F i g ure B- 1 i l l us 

t rates t he p l lys i c a l  arrctngernent of t he s h i e l d wa l l s  i n  re l at i on t o  t he p r i 

mary sys tem component s . The separat i on between the p i pes ' i ns u l at i on l ayer s  

and  t he penetrat i ons ' wa l l s  i s  about 4 i n .  ( 1 0 .  1 6  em ) . 

The  440 V we l d i ng 0ut l et s  i ns i de cont a i nment a:e l i ve , 1 and bec a u s e  

t he 1 1 0 V 0ut l et s  are f e d  f rom t he s ame bu s s ,  i t  i s  l i ke l y  that  i ns trument  

power w i l l  be  ava i l ab l e  i n s i de cont a i nment . 
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F i gure B - 1 . Reac tor cool ant system arrangement --e l evat i on .  
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3 .  D I SCUSS ION  OF  MEASUREMENT TECHN I QUE S 

I n  order t o  m i n i m i ze personne l  expos ure d u r i ng the  per i od t hat f ue l  

a s s ay measurements  are made , and t o  q u i c k l y  arri ve at a n  i dea  of where the  

fue l  debri s i s  l oc ated , the measurements  ought to commence w i t h  a gross 

ga1 . 1ma s urvey of the pr i mary system p i p i n g  and components . Survey i nstru

ments  s uch  �s  t he E ber l i ne Tel etec tor ,  Mode l  6 1 1 2  ( 0- 1  kR/hr )  or t he V i c

toreen R adector 3 ,  Mode l  236 ( 0 .  1 mR/hr- 1  kR/hr )  cou l d  be u sed to  perform 

t h i s  i n i t i a l s urvey . The T e l etector has  a max imum probe l ength  of 1 3 ft 

( 4 . 265  m ) , and t he R adector emp l oys an  i on i zat i on c h amber connected by 40 f t  

( 1 3 .  1 23 m )  o f  f l ex i b l e  c ab l e  to  a re adout meter . Ne i ther o f  t hese i nstru

ment s i s  d i rect i ona l l y sens i t i ve ,  and  to make  one so by  t he add i t i on of  

s h i e l d i ng wou l d  requ i re that  it  be  mounted 8n a boom t o  s upport t he we i ght  

of the s h i e l d .  For  the  i n i t i a l gross  gamma survey, d i rect i on a l  sens i t i v i ty 

i s  not neces sary .  

The  non-destruc t i ve a s s ay t ec h n i ques con s i dered for t he f ue l debri s 

a s s ay e i ther detect neutrons or g amma rays emi tted natura l l y  from i rrad i ated 

L WR f u e l  or detect neutrons i nduced by i nterrogat i on of t he f ue l  debr i s  w i t h  

a neutron sourc e .  The former are termed pas s i ve tec h n i ques ,  t he l atter 

a ct i ve techn i ques . 

3 . 1  Pas s i ve Tec hn i ques 

3 . 1 . 1  Neutron Count i ng 

The  spontaneru s f i s s i on of an even-mass-number t ransuran i c  i sotope 
238 240 242 244 

( e . g . , P u ,  P u ,  Cm , or Cm ) produces two or more neutrons 

emi tted i n  c o i nc i dence . An a l ternate mode of decay avai l ab l e  t o  t he tran

s u ran i c s  i s  t he emmi s s i on of a l pha part i c l e s �  wh i ch c an i nteract w i th l i g ht 

e l ement s suc h as  oxygen and f l uor i ne ,  and t hese react i ons  produce s i ng l y  

em i tted neutrons  ( e . g . , 1 6o (a , n )  1 9Ne ) .  U n l ess  t he c hem i c a l  and i so-

t op i c  compos i t i on of  t he fue l  debr i s matr i x  i s  we l l c h aracteri zed,  measure

ments  of nat u r a l  neutron rad i at i on may not  be  u sed to  quant i fy t he amoun t  

of  fue l . 
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3 .  1 . 2 G amma -Ray Count i ng 

M any rad i o act i ve i sotopes em i t  g amma- rays d u r i ng dec ay .  The energy and 

i nten s i ty of t hese  g amma-rays u n i que ly  c h aracter i ze the  i sotope . A l l f i s 

s i on ab l e  mate r i a l  i s  u nstab l e ,  em i tt i ng s ome f orm of rad i at i on by a l ph a ,  

bet a ,  o r  spo n t aneous  f i s s i on decay .  I n  t h i s  decay process , s ome f i s s i on ab l e  

i sotopes  emi t g amma-rad i at i on t h at c an be q uant i tat i ve l y  re l ated to  t he 

o r i g i na l  i sotope . For  e x amp l e ,  238u a l pha dec ays t o  234Th , wh i c h  beta  

d t 2 34mp h .  h . b 234 ec ays o a ,  w 1 c  1 n  t urn eta dec ays to  U .  The beta decay of 
234mp · h t · d b h · · f 1 · · 

� a 1 s  c arac e r 1 ze y t e em1 ss 1 on o two ow- 1 nten s 1 ty g amma-rays 

w i t h  energ i e s  of 766 . 4  keV and 1 00 1 . 1  keV . S i m i l ar l y ,  t he a l ph a  decay of 
2 3 5u res u l t s i n  the em i s s i on of  a g amma-ray w i t h  an  energy of 1 85 . 7  keV . 

The l ow ,  spec i f i c  g amma -ray i ntens i t i es of t he 238u d aughter g amma 
3 

r ays , 3 9  y / s /g  and 1 03 y / s/g ,  and t he l ow energy of t he p r i nc i pa l  
· t f 2 35u · t h  · f 1 t · s 1 gna  u re g amma-ray o comprom1 se e 1 r  u s e  u nes s o a p a s s 1 ve a s s ay 

approac h . However , a number of l ong - l i ved f i s s i on products  emi t h i gh -energy 

g amma-rays w i t h  s uff i c i ent i ntens i ty to make poss i b l e  t he q u ant i f i c at i on of 

t he f i s s i on product i nventory i n  a l ength  of pr imary cool ant p i pe .  The 

amount  of  fue l i n  t he p i pe may be deduced u s i ng t hese measurement data ,  i f  

the  fue l i sotop i c  compos i t i on and p hys i c a l  d i str i but i o n  are k nown . 

3 . 2 Act i ve Methods 

To d i st i ngu i sh neutrons  that res u l t  from t he f i s s i on of  f i ss i onab l e  

nuc l i des  i n  t h e  f ue l  from the i nterrog at i ng neutrons , one of  t h e  fo l l ow i n g  

measurement  t ec hn i ques i s  commo n l y  u sed . Both p hotoneutron and (a , n )  

s o urces  emi t neutrons s i ng l y ,  wh i l e a f i s s i on event i s  c haracter i zed Ly t he 

em i s s i on o f  two or more neutrons . Thu s ,  a detector system w i t h  co i nc i dence 

c i rc u i t ry may be emp l oyed t o  count prompt f i s� 1 on neutrons i n  t he presence 

o f  a photone u t ron  or (a , n )  n�utron background . A second approach re l i e s  

o n  t he detec t i on of  h i gh -energy f i s s i on neutrons . Moderat i ng mater i a l  i s  

p l aced  between t he i nterrogat i ng neutron source and detectors to  degrade the  

e ne rg i es o f  t he i nterrogat i ng neutrons so  t hat  t hey are  e i ther absorbed , or  
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t he i r  energ i es are brought to  be l ow t he t hresho l d  of t he detec tors . A t h i rd 

approach  re l i es  on t he detect i on of de l ayed-f i s s i on neutrons . A number of  

n uc l i de s  prod uced by f i s s i on h ave been i dent i f i ed a s  be i ng d e l ayed-neutron 

prec ursors . The h a l f - l i ves  of the  precursors are suff i c i ent ly  l ong to  a l l ow 

t ransferr i ng an  i nterrogat i ng i sotop i c  neutron source from t he a s s ay l oc a

t i on t o  a sh i e l ded pos i t i on before commenc i ng count i ng .  I sotop i c  neutron 

s ources cou l d  be u sed in  a shuff l er system t o  cyc l i c a l ly  i rrad i ate a p i pe 

l oc at i on ,  and de l ayed neutrons cou l d  be counted cyc l i c a l l y  to qu ant ify the  

f i s s i on a b l e  mater i a l c ontent of the  p i pe .  A l ternat i ve l y ,  a neutron gene

rator cou l d  s upp ly  the i nterrogat i ng neut rons . 

3 . 2 .  1 I sotop i c  Neutron Sources 

The  t hree c l asses  of  i sotop i c  neutron s ource� rout i ne ly u s ed for f i s 

s i on ab l e  mater i a l a ssay are photoneutron , (a , n )  neutron , and spontaneous  

f i s s i on neutron sources . P hotoneutron sources h ave neutron y i e l d s on t he 

o rder of 1 0
6 

n / s/C i  and produce f a i r l y  monoenerget i c  neutrons i n  t he keV 

range . The i ntens i t i es of the (a , n )  sources range f rom 1 04 
n/s/C i to 

1 06 n / s/ C i , and t he neutron energy s pectra of (a , n )  sources  are a l l 

c harac teri zed by a l arge range i n  emi tted neutron energy w i t h  mean energ i e s  

o f  a few MeV . The spontaneou s l y  f i s s i on i ng nuc l i d e ,  252c f ,  has  a y i e l d  

of 4 . 3  x 1 0
9 

n/s/C i ,  and the em i tted neutrons have a n  average of 2 . 3  MeV . 4 

3 . 2 . 2 Cockroft -Wa l ton Neutron Generator 

P u l sed neutron generators of the Cockroft -Wa l ton type produce  1 4 . 3  MeV 

neutrons by t he deuteri um-tr i t i um react i on .  These generators have nom i n a l  
s o utputs  of 1 x 1 0  n/s  and may be operated a t  p � � se rates from 1 to  1 0  

p u l ses  per second . 
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4 .  ANALY5 I S  OF ASSAY MEASUREMENT TECHN I QUE S 

4 . 1  M i n i mum Detec tab l e  Level  

M i n i mum d etectab l e  l eve l s ( MDLs ) for t he assay techn i ques stud i ed here 

h ave been c a l c u l ated , u s i ng t he def i n i t i on of an MDL g i ven by L .  A .  Curr i e . 5 

He d ef i ne s  two types of detec t i on l i mi t s - - an a poster i or i  l im i t ,  Lc , and 

an  a pr i or i  l i mi t ,  L D . The LC l i mi t prov i des  a test stat i st i c  aga i ns t  

w h i ch acq u i red d at a  c an b e  tested i n  order t o  d etermi ne whether t he measured 

response i s  s t at i st i � a l l y  nonzero . The h i gher , L D , l i m i t  def i nes the  

detector response requ i red to be cert a i n ,  to  some des i red conf i dence l eve l , 

t hat  mater i a l  w i l l  be detected . The l i m i t s  Lc and LD h ave been def i ned 

by C urr i e  as  

where 

k a 

L C = ka j2a B 
L = ?L  + k

2 
D - C a 

= t he s tand ard dev i at i on of t he bac kground d i str i but i on 

t he percent i a l of t he normal  d i stri but i on at  the s i gn i f i 

c ance l eve l c hosen . k = 1 . 645 for a 5% s i gn i f i cance a 
l eve l  ( 95% conf i dence l eve l ) .  

Thus , an  a p r i or i  m i n imum detec t ab l e  l eve l may be determi ned by d i v i d i ng t h e  

c a l cu l ated a �r i or i  l i m i t  LD b y  t he assay system sens i t i v i ty :  

L D ( counts ) 
I'll D = -S ----:-( -=c�o-:-:-u:::-:n tr-:s=-):--

6 
-
T 
-( s-)E gram-s 
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where 

�T count  t i me i n  seconds 

= count i ng system sens i t i v i ty .  

4 . 2 .  P ass i ve Met hod s 

4 . 2 . 1  Neutron Count i ng 

The neutron source s trength due  to  (a , n )  and spontaneous f i s s i on 

e vents  i n  t he TMI -2 fue l i nventory has  been c a l cu l ated by Reactor P hys i c s  

Branch personne l .  A n  i n i t i a l f ue l  i n ventory of 82 . 06 met r i c  tons  o f  uran i um 

( 93 . 09 met r i c  tons uo2 ) w i t h  an average en r i c hment of 2 . 57 wt% 235u was 

a s s umed . A l so assumed was a power h i story represent i ng 96 . 2  effec t i ve f u l l 

power d ays at the rated therma l  power of 2772  MW . Th i s  represents a fue l 

burnup  of 3250 MWd /MTU . The c a l c u l ated (a , n )  and spont aneou s  f i ss i on 

neutron source  strengths for t he TM I -2 f u l l -core i nventory are presented 

graph i c a l l y  i n  F i gure B-2  as a funct i on of t i me through  1 983 . 

The neutron source  s trength per gram UO was c a l cu l ated , assum i ng a X 
homogeneou s d i str i but i on of trans uran i c s  throughout the core fue l i nventory . 

The source strength  i n  J une 1 982 w i l l  be 0 . 34 n/s-g UOx . The neutron f l ux 

at  a detector l oc at i on extern a l  t o  a p i pe cont a i n i ng a source of t h i s 

s t rength may be est imated , i f  the  source d i str i but i on and detector geometry 

are def i ned . Let u s  con s i der the  fue l  to be d i str i buted i n  a hori zont a l  

p i pe a s  a l i ne  source t hat i s  con t i guous w i th t he l owest i ntern a l  s urface 

of the  p i oe and t h at extends l ong i t ud i na l l y  t he l ength of the p i pe .  The 

d etector cons i s ts  of four he l i um-3-f i l l ed proport i on a l  counters embedded i n 

po lyethy l ene , and t he detector has  t he s hape of a segment  of an  annu l us ,  s o  

t hat put  i n  p l ace  for count i ng i t  surrounds  t he l ower per imeter o f  t he pi pe. 

One i nc h  of p o l yethy l ene separates the  p i pe ' s  externa l s urface from t he 

d etec tors , wh i ch are ori ented hori zonta l ly a l ong the l on g i tud i na l  ax i s  of 

the p i pe .  
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The f l ux at t he l oc at i on of  t he detec tors may be e s t imated , u s i ng t h e  
f o l l ow i n g  eq u at i on : 7 

B S L  ( efl 
' { 0 

e-L x sece de + 
• " 4, a 

\ 

6 2 } { .-1 x sece de  

where 

B 

= 

a 

= 

X = 

symbo l i c b u i l d up f ac tor 

source s trength  of l i ne source ( n/ s -cm ) 

perpend i c u l ar d i stance f rom l i ne source to  detector ( em )  

macroscop i c  scatter i ng cross  sec t i on o f  p i pe wa l l  a t  1 MeV 

( 0 .  2 em - 1 ) 

p i pe w a l l t h i c k ness  ( em )  

ang l e  subtended by l i ne source a t  f l u x poi nt . 

G i ve�  a l ong i t ud i na l  UO depos i t  of 1 g/cm i n  a hot l eg p i pe ,  the  X 
a verage unco l l i ded f l u x over t he detector a s semb l y  when i t  i s  p l aced i n  

contact w i t h  t he out s i de l ower s u rface of the  p i pe i n su l at i on i s  approx i -
- 4  2 mate ly  3 x 1 0  n / s -cm . We may e s t i mate t he b u i l d up f actor i n  t he 

fo l l owi ng way . C a l c u l at i ons have been performed wh i c h  i nd i c ate  t hat abo u t  

30% o f  t h e  source neutrons can  be expected t o  l e ak out  of t he p i pe . 8 I f  

we con s i der t h i s  l eak age t o  be restr i cted c i rcumferent i a l ly  t o  t he l ower 

p i pe s urface s ubtend i ng an  ang l e  of 90° at  t he p i pe cente r ,  t hen the average 

f l ux over that s u rf ace i s  1 x 1 0
- 3  

n/s -cm2 • Th i s  i mp l i e s  a b u i l d u p  

f ac tor  equ a l  t o  3 . 3 .  Th i s  v a l ue i s  not u n reasonab l e ,  so  we s ha l l  u s e  t he  

l atter  v a l ue  of the  average f l ux t o  c a l c u l ate  a m i n i mum detec t i on l im i t .  
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The surf ace are a of the detector con s i dered here i s  about l .  l x 1 03 cm2 . 

Neutron detectors cons i s t i ng of arrays of 3He proport i on a l  counters 

embedded i n  p o l yethy l ene moderators h ave i nt r i ns i c  eff i c i enc i e s  of about 
1 0% . 9 

The detector cons i dered here wou l d  have an i ntr i ns i c  eff i c i ency 
l e s s  than  1 0% ,  and we sh a l l a s s ume i t  to be 5% .  Us i ng t he average f l u x 
d eterm i ned above , t he pas s i ve neutron a ssay system count rate wou l d  be 5 . 5  

-2  
x 1 0  cps  per  gram UOx per  em of  p i pe l ength . 

The  typ i c a l  background cou�t  rate of a detector of the type cons i dered 

here i s  be tween l and 5 cps . 1 0 
Us i ng a background count rate of 3 c ps  and 

t he va l ue of the detector sens i t i v i ty noted above , the m i n i mum detect ab l e  

l i near f ue l  dens i ty for a l 000 second count  i s  4 . 7  g/cm . Th i s  l i m i t  i s  

decreased to 2 . 8 g/cm i f  the p i pe i n su l at i on i s  removed and the  detector i s  

p l aced aga i nst  the l ower hot l eg p i pe s urf ace . I f  the background c ount rate 

i s  2 cps , the m i n i mum detectab l e  l i near  f u e l  dens i ty for th r� l atter geometry 

i s  2 . 4 g i cni u f  p i pe l ength . 

4 . 2 . 2  G amma-Ray Count i n g  

Gamma-r�ys as soc i ated w i t h  t he decay o f  uran i c s  o r  f i ss i on products  can  

be coun ted w i t h  a detector co l l i mated to i nterrogate a sect i on of p r i mary 

syst� r ."' i pe .  The amount of fue l i n  t he p i pe c an be deternl i ned u s i ng t hese 

measurement  d at a  if  the fue l i sotop i c  compos i t i o n  and phy•; i c a l  d i str i bu t i o n  

a re k nown . As  an  a i d  to  determ i n i ng t h e  feas i b i l i ty of t h i s  method , the  

OR I GE N - -ORNL I sotop i c  Generat i on and  Dep l et i on--Code was  u sed to est i mate 

t he f i s s � on prod uct  i nventcry of a TM I -2 fuel as semb l y .  The i nventory was 

c a l c u l ated on the  t hree-month t i me peri od beg i nn i ng J an u �ry 1 ,  1 982 and  

e nd i ng Apr i l 1 ,  1 984 . The resu l t s  of  those c a l c u l at i ons  for a number of  

f i s s i on p rod ucts  are  pre sented i n  Tab l e  B - 1 . 1 1  The  c a l cu l at i on s  were 

p erformed d i sreg ard i ng f ue l  assemb ly  perturbat i on ,  mean i ng t hat the c oncen

t r at i ons  were c a l c u l ated w i thout t ak i ng i nto  account the i nventory l os se s  

t hat  have occurred a s  a res u l t  o f  l each i ng o r  other processe s . 

· · t t · f 1 34c d 1 37c · d 
· 

t d · The act 1 v 1 ty concen ra  1 on s  o s an  s 1 n  1 c a  e 1 n  

T a b l e  B - 1  are p robab l y  about tw i ce the t rue  c oncentrat i on s . These i sotopes 

are k nown to m i g rate toward the  coo l er reg i on s  of a f u e l  p i l e  and t herefo�e 
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TABLE  B - 1 . JUNE  1 982 I SOTOP I C  ACT I V i TY 
OF  A TM I -2 FUEL  ASSEMBLY 

Nuc l i de 

90 � r  
9 0  y 
9 1  y 
93 z 
9 5  z 
9 5  Nb  
99  Tc 

1 06 R u  
1 06 R h  
1 2 5 Sb 
1 25M T e  

dps/g U 

3 . 45 E +08 

3 . 45 E+08 

2 .  72  E +04 

1 . 24 E +04 

1 . 28 E +05 

2 . 76 E +05 

5 . E8 E+04 

1 . 49 E +08 

1 . 49 E +08 

1 . 1 3  E -1 07 

2 � 76 E +06 

CONCENTRAT I ONS P E R  GRAM URAN I UM l l  

Nuc l i d e  

1 34 Cs  
1 3 7 C s  
1 44 Ce 
1 44 P r  
1 44M P r  
1 4 7  P m  
1 5 1  Sm 
1 54 E u  
1 5 5  E u  
235  u 
238 u 

dps/g  U 

4 . 68 E +07 

3 . 72 E+08 

6 .  1 4  E+08 

6 .  1 4  E+08 

7 . 3 7  E +06 

5 . 95 E +08 

7 . 45  E+06 

3 . 06 E+06 

4 .  1 0  E +06 

2 .  '� 1 E +03 

1 . 20 E +04 

tend to  concentrate near the rad i a l  and ax i a l boundar i e s  of the fue l  pe l 

l et s . 1 2  
Th u s , t hey are h i gh l y  s u scept i b l e  to  l e ach i ng when fue l i s  

exposed fo l l ow i ng a c l add i ng bre ac h . R u- 1 06 has a l so been observed to m i g 

r ate . I t  i s  vo l at i l e and tends to  concent rute around t he center l i ne of a 

fue l pe l l et . Three nuc l i des  l i sted i r  Tab l e  B - 1  that do  not m i grate are 

N b ,  1 44c e ,  and 1 54E u . 1 2  One wou l  j ,  t herefore , expect these 

n uc l i de s  t o  rema i n  i ntegrated w i t h  the  fue l . 

Several  nuc l i des l i sted i n  Tab l e  B - 1  may be removed from con s i derat i on 

for f ue l  ass ay app l i c at i on because  t hey are e i ther pure bet a em i tters 

( 90s r  and 93z r )  or  bec au se t he i ntens i t i es or energ ie s  of t he gamma rays 

em i tted are too l ow ( 90Y ,  99
Tc , and 1 4 7Pm ) . 

F or c a l c u l at i on ,  a re l at i ve ly s imp l e  source geometry was a s s umed a nd 

the  ana l ys i s  wh i c h  fo l l ows i s  for that  geometry on l y .  The extens i on t o  morE 

c omp l i c ated geomet r i es ( e . g .  steam generator and �ressur i zer p l enums , d em i n 

era l i zers , and  t ank s ) wou l d  requ i re add i t i ona l  mode l i ng  and c a l c u l at i on .  

9 1  



A s ect i on of hot l eg p i pe shrouded i n  i nsu l at i on i s  s hown i n  

F i gure B-3 . The end-on v i ew of the p i pe i nd i c ates t he f i ve pos i t i ons  at  

wh i c h  the  unco l l i ded f l ux was c a l cu l ated , g i ven a hypothet i c a l  uran i um vo l 

ume source of 5 mm depth  runn i ng t he l ength  of a 1 -meter- l ong  p i pe . The 

u nco l l i ded f l ux per source photon i s  g i ven in Tab l e  8 -2 1 3 
for each  detec 

t or l oc at i on for twe l ve sou rce g amma- ray energ i e s . Detector p os i t i on 5 i s  

the pos i t i on of max imum f l ux .  Tab l e  8-3  l i st s  the c a l c u l ated unco i l i ded 

f l u xes  at  t h i s  pos i t i on ,  per g ram uran i um ,  of t he more i ntense g amma-rays 

of  
238 u and 

235
u .  The i ntens i t i e s of t hese l at ter g amma-r ays a re too 

weak  to  be u sed for a s s ay purposes . The most i nten se f l uxes  are as soc i ated 

w i t h  gamma-r ays em i tted by 1 3 7c s  and 1 34cs . The va l ues of t hese f l uxe s 
2 a re ,  respect i ve ly ,  1 0  and 2 y /cm -s/g  U .  Three g amma-rays emi tted by 

1 44? r  ex h i b i t  respec t ab l e  f l u xes  at a detector d i s t ance of l meter from 

the  p i pe i ns u l at i on s urf ace . The 2 1 86 keV g amma-ray has  the h i ghest  f l u x 
2 0f the  t h ree , w i th a v a l ue of about 1 . 3 y /cm - s/g  U .  These f l uxes  cou l d  

be i nc re ased by a factor of 1 0  by mov i ng t he d etector c l oser to  t he p i pe .  

The u nc o l l i ded f l ux v a l ues of :ab l e  8 -3  determ i ne the  count  rate t hat  

c an be e xpected from a detector whose i ntr i n s i c  p hotopeak eff i c i ency and 

s u rf ace are a  are def i ned . A photopeak  count  rate measured by a detector  

t h at i s  c o l l i mated to  i nterrogate a sect i on of  p i pe i s  e xpres sed a s  a 

f u nc t i on of t hese var i ab l es i n  t he fo l l ow i ng equat i on .  

c / s  . .  
= SJ . •  m . y i . F i . Ad . e: + R8 .  1 J P i 1 

where 

C / S  . .  1 J 
= 

= 

counts  per s econd i n  p hotopeak ( i )  a s soc i ated w i t h  

i s ot ope  ( j )  

source s trength  of i sotope ( j )  i n  d i s i ntegrat i on s  

p e r  s econd per gram uran i um 
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TABL E B-2 . CALCULATE D F L UX PER  SOURCE  PHOTON AT F I V E  POS I T IONS  E XTERNAL TO 
A SECT I ON OF  TM I -2 HOT LEG  P I PE SHROUDED I N  I NSULAT I ON 

D i rect-Beam F l ux ( #/cm2sec / source part i c l e ) a 

Po i nt Detector Pos i t i on 

E nergy ( MeV ) 2 3 4 
3 . 0  3 . 976-9b 3 . 892-9 5 . 4 1 3-9  7 . 490-8 

2 . 0  1 .  1 68-9 1 . 024 -9 1 . 553-9  3 . 694-8 

1 . 5 3 . 742 - 1 0  3 . 1 62- 1 0  5 . 1 1 3- 1 0  1 .  890-8 

1 . 0 5 . 070- 1 1 4 . 469- 1 1  7 . 878- 1 1 5 . 695-9  

0 . 8 1 . 459- 1 1 1 . 338- 1 1  2 . 479- 1 1 2 . 694-9 

0 . 6  2 . 52 1 - 1 2  2 . 496- 1 2  4 . 938- 1 2  9 . 352- 1 0  

0 . 5 7 . 77 7 - 1 3  8 . 22 7- 1 3  1 . 693- 1 2  4 . 595- 1 0  

0 . 4  1 . 5 74- 1 3  1 .  898- 1 3  4 . C80- 1 3  1 . 735- 1 0  

0 . 3  1 . 385 - 1 4  2 . 1 98- 1 4  4 . 94 7 - 1 4  3 . 880- 1 1 

0 . 2 8 . 088- 1 7  4 . 882- 1 6  9 . 962- 1 6  1 . 356- 1 2  

0 . 1 5  8 . 563 . 20 7 . 202- 1 8  1 . 027 - 1 7  1 . 243- 1 4  

0 .  1 1 , 1 96-29  2 . 482-23 6 . 956-24 1 . 239- 2 1  

a .  One i sotrop i c  source part i c l e  i s  emi tted i n  t he source vo l ume . 

b .  Read a s  3 . 9 76 x l o-9 . 
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4 . 2 1 4- 7  

2 . 682- 7 

1 .  745- 7  

8 . 062-8 

4 . 968-8 

2 . 500-8 

1 . 574-8 

8 . 324-9  

3 . 1 1 4 -9 

3 . 378- 1 0  

1 . 459- 1 1  

1 . 376- 1 6  
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TABLE B-3 . CALCULATED UNCOLL I DE D  FLUX PER  GRAM URAN I UM AT DETECTOR 
POS I T I ON 5 ( as of June , 1 98 2 )  

Branc h i ng a , b  Unco l l i ded 

Energya , b F l u x 

H a l f -L i fea , b I nten s i ty 2 Nuc l i d e  ( keV ) ( % )  y/cm -s/g U 

1 37 c s  30 . 1 74 y 66 1 . 645 8 . 50 E+O l  1 . 03 E+O l  

1 34 cs  2 . 062 y 795 . 845  8 .  54  E +0 1 1 . 97 HOO 
1 44 CeO  284 .4  D 2 1 85 . 700 6 . 94 E -0 1  1 . 26 E+OO 

1 34 Cs  2 . 062 y 604 . 699 9 . 76 E+0 1 1 . 1 7 E+OO 

1 06 R u D  368 . 2  D 6 2 1 . 800 9 .  8 1  E+OO 4 . 05 E -01  

1 44 CeO 284 . 4  D 696 . 480 1 . 34 E+OO 3 . 04 E -0 1  

1 44 CeO 284 . 4  D 1 489 . 1 50 2 . 78 E-0 1  2 . 94 E-01  

1 34 C s  2 . 062  y 1 365 . 1 50 3 . 04 E -00 2 . 1 2 E -0 1  

1 34 C s  2 . 062 y 80 1 . 932 8 . 73 E+OO 2 . 04 E-0 1  

1 06 RuD  368 . 2  D 1 (.�1)0 . 1 00 1 . 46 E+OO 1 .  96 E -0 1  

1 34 c s  2 . 062 y 569 . 3 1 5 1 .  54 E+0 1  1 .  60 E -0 1  

1 54 E u  8 . 5  y 1 2 74 . 450 3 . 55 E+0 1 1 . 44 E -0 1  

1 34 C s  2 . 062 y 1 1 67 . 940 1 . 80 E+OO 9 . 45 E -02 

1 34 c s  2 . 062 y 563 . 227  8 . 38 E+OO 8 . 47  E-02 

1 25 Sb  2 .  7 1  y 600 . 770 l .  79 E+0 1  5 . 08 E -02 

1 54 E u  8 . 5  y 1 004 . 760 1 .  74 E+01 4 . 34 E -02 

1 34 c s  2 . 062 y 1 038 . 570 1 . 00 E+OO 4 . 1 1  E -02 

1 25 Sb  2 . 7 1  y 636 . 1 50 1 . 1 5  E+01 3 . 83 � -02 

1 25 S b  2 .  7 1  y 42 7 . 950 3 . 00 E+0 1 3 . 52 E -02 

1 54 Eu  8.5  y 996 . 320 1 . 03 E+0 1  2 .52 E -02 

1 54 E u  8 . 5  y 723. 300 1 . 9 7  E+O l 2 .42 E-02 

1 2 5  Sb 2 .  71 y 4 63 .5 1 0 1 . 05 E+O l  1 . 55 E -02 
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TABL E  B-3 . ( Cont i nued ) 

Branc h i n g a , b  Unco l l i ded 

E nerg/ • b F l u x  

H a l f - L  i fea , b I ntens i ty 2 N uc l i d e  ( keV ) ( % )  A. /em -s/g  U 

1 2 5 S b  2 .  7 1  y 606 . 820 4 . 92 E+OO 1 . 44 E -02 

95 N b  3 5 . 1 y 765 . 78 1  9 . 98 E+O l 1 . 25  E -02 

1 54 E u  8 .  5 y 1 596 . 480 1 . 67  E+OO 9 . 84 E -03 

238  u 4 . 47  E+09 y 1 00 1 . 1 00 8 . 28 E-0 1  8 . 08 E -06 

2 3 8  u 4 . 47  E+09 y 766 . 390 3 . 1 3 E -0 1  1 . 73 E -06 

2 3 5  u 7 . 04 E+08 y 1 85 . 720 5 . 400 E+O l 3 . 1 9 E -07  

a .  N .  C .  Oyer et  a l . ,  11 P rocedures Source Term Measurement Program, 11 
TREE - 1 1 78 ( 1 97 7 ) .  

b .  R .  H .  Augustson and T .  D .  R e i l l y ,  11 F und . of P a s s i ve Nondestruct i ve 
A s s ay of F i s s i onab l e  Mater i a l , LA-56 5 1 -M ( 1 9 74 ) . 

m 

y i 

e: p . 1 

= 

= 

= 

= 

= 

mass of  u ran i um i n  grams i n  sect i on of p i pe be i ng 

i nterrogated 

branc h i ng i ntens i ty of g amma-ray assoc i ated w i th 

p hotopeak ( i ) --gammas per d i s i ntegrat i on 

geomet r i c  detect i on eff i c i ency = rat i o of the n umbe r 

of u nco l l i ded photons of energy ( i )  str i k i ng the  

detector per  second to t he number of p hotons of  

energy ( i )  em i tted per second w i t h i n  t he f u e l  vo l ume 

detector f ace area cm2 

i ntr i ns i c  p hotopeak eff i c i ency at energy ( i ) --rat i o  

of counts  per s econd recorded i n  photopeak ( i )  t o  

number of photons of energy ( i )  str i k i ng the  detector 
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= background count •ate i n  photopeak ( i ) .  

The b ac k ground count  rates i n  the p hotopeaks of t he c e s i ums w i l l  be d u e  

p r i mar i l y  t o  ces i ums t hat are p l ated o u t  o n  i ntern a l  p i pe surfaces or  are 

i n  so l ut i on i n  t he reactor coo l ant w i th i n  t he sec t i on of p i pe be i ng assayed . 

I f  p l ateout  i s  u n i form , t h i s  back ground  contr i but i on can  be est i mated by 

t a k i ng two me asurements , one on the  same rad i a l  ax i s  that  b i sects the  l ower 

surface of  the p i pe and another on the ax i s  that  b i sect s  the upper s urface . 

The  background  count  rate wou l d  t hen be g i ven by 

where 
= 

X 

count rate at d etector l oc at i on 2 , 5  

fract i on a l  decrease i n  source f l ux re l at i ve t o  pos i t i on 

f i ve .  

V a l ues  of x may be determi ned from the  data  of Tab l e  B-2  for t he p art i cu l ar 

source-detec tor geometr i es def i ned prev i ou s l y .  

A l ternat i ve l y ,  background measurements cou l d  b e  made by a s s ay i ng 

vert i c a l  sect i ons  of p i pe t hat are l i ke l y  not to cont a i n f u e l  debri s .  

M i n i n um detec t ab l e  l eve l s  are g i ven be l ow a s  mg UO per meter of X 
p i pe l ength  for an i nt r i ns i c  german i um spect rometer w i t h  a front f ac e  

s urface area o f  1 5  cm2 l oc ated at  detec tor pos i t i on 5 .  I ntr i ns i c  

photopeak eff i � i enc i es were est i mated u s i ng the measured abso l ute 

e ff i c i ency of a G e ( L i ) s pectrometer , PG- 1 , for a p o i nt  s ource at a d i stance 

of  30 em . A l i ve t i me of  1 000 seconds and bac k ground count  rates equa l to 

1 0% of t he source c ount rates were as sumed . 
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E nergy Mo E nergy Mo 
Nuc l i de ( keV ) ( mg/m ) N uc l i de ( keV ) ( mg/m ) 

1 3 7c s  66 1 . 6  9 . 1  1 06Ru0  6 2 1  . 8  44 . 0  

1 34c s  795 . 8  22 . 1  1 44cel) 696 . 5  53 . 7  

1 44ceo  2 1 85 . 7  46 . 6  1 44ceo 1 489 . 1  84 . 3  

1 34c s  604 . 7  25 . 0  1 54E u  1 2 74 . 4  1 1 0 . 0 

Detec t i on l i m i ts  of a Nal ( T l ) crysta l  wou l d  be poorer than  t hese , 

bec ause of the s ignif icant l y  higher back ground count rates . The sensit iv it y  

enhancement pos s i b l e  u s i ng hyperpure german i um i s  ent i re l y  attr i butab l e  to 

the enhanced reso l u t i on of german i um .  A h i gh reso l ut i on spectrometer i s  

c ons i dered essent i a l to  determi n i ng f i s s i on product i nventor i e s  of the f ue l . 

Portab l e  hyperpure german i um spectrometers are avai l ab l e  w i th re l at i ve 

e ff i c i en c i e s  of 5% and g reater,  and may be p urchased w i th l i qu i d  n i trogen 

dewars s i zed to l ast  as l ong  as  24 hours . 

The conceptua l  des i gn of a gammc-ray acqu i s i t i on and ana l ys i s  system 

that  u t i l i ze s  a hyperpure german i um spectrometer i s  s hown i n  F i gure B-4 . 

The  detector , wh i ch i s  hou sed i n  a c o l l i mator s h i e l d ,  i s  f i xed on t he end 

of a te l escop i c  boom hav i ng three degrees of freedom . The front-end e l ec 

t ron i cs acqu i s i t i on sys tem i nc l udes a vendor-supp l i ed preamp l i f i er and 

ana l og-to-d i g i t a l  converter , as we l l  as ana l og pu l se s hap i ng mod u l e s  and 

p u l ser d eve l oped by E G&G I d aho . A mu l t i -c hanne l p u l se he i ght analys i s  sys 

tem ( MCA ) i s  mounted i n  a mob i l e  rack that a l so houses the  front-end e l ec 

t ron i c s  and h i gh-vo l tage power s up p l y .  These component s compose the 

i ntegral  dat a  acqu i s i t i on part of the system and wou l d  be l oc ated i ns i de the 

c onta i nment b u i l d i n g .  

To a l l ow remote d at a  acqu i s i t i on and to  pro v i de for accurate and t i me l y  

data  ana lys i s ,  t he MCA i s  i nterfaced to  a centra l  process i ng u n i t  ( CPU ) con

v en i en t l y  l oc ated l ocat i on out s i de the reactor b u i l d i ng .  Per i phera l s of the 

CPU  i nc l ude dat a  storage and ret r i eva l  dev i ces , an operator conso l e ,  and an  

a n a l ys i s  output p r i nter . 
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An i temi zed cost  e st i mate for t h i s  acqu i s i t i on and an a l ys i s  system i s  

g i ven  i n  Tab l e  B -4 . The Nuc l ear Dat a mode l ND66R MCA , w i t h  the commun i 

c at i ons  opt i ons  l i s ted , i s  t he preferred MCA bec ause i t  cou l d  be i ntegrated 

i nto  the overa l l  system w i thout d i ff i c u l ty and i s  comp at i b l e  w i t h  the RT- 1 1 
o perat i n g sys tem .  

4 . 3 Act i ve Neut ron I nterrogat i on Met hods 

About seven p hotons and e i t her two or t hree neutrons are prompt l y  rad i 

ated i n  a f i s s i on event . I n  add i t i on to t hese prompt neutrons and photons , 

d a l ayed neutrons and p hotons are em i tted by s hort - l i ved f i ss i on products . 

The pre sence of l arge i nventor i e s  of f i s s i on products  i n  t he fue l  and  

reactor coo l ant renders t he count i ng of e i t her prompt or d e l ayed g amma-rays 

very d i ff i cu l t .  For the  app l i c at i on be i ng con s i dered here , the count i ng of 

neutrons  must be t he preferred f i s s i on s i gnature . 

The count i ng of prompt neutrons  when u s i ng a neutron i nterrogat i n g 

s ource i s  comp l i c at ed by t he  presence of neutrons f rom t he i nterrogator . 

Th i s  i s  becau se  the  d i e- away t i me of t he neutron detector i s  on the orde r 

of  t he d i e- away t ime of t he �rompt neutrons or i g i nat i ng from the  source . 

I n  order to avo i d  th i s  d i ff i c u l ty ,  i t  i s  necessary to  count  the d e l ayed 

n eutrons  f o l l ow i ng f i s s i on .  

T h e  pr i nc i p l e  i nvo l ved i n  t he d e l ayed f i s s i on neutron t ec hn i que i s  t h at 

a f i s s i on ab l e  n uc l i d e ,  upon neut ron c apture , c an f i s s i on and emi t  neutron 

r i ch f i s s i on product s . A l t hough  t he se f i s s i on p rod ucts  often decay by beta 

em i s s i on ,  a sma l l frac t i on of t hem decay by d i rect neutron emi s s i on w i t h  a 

h a l f - l i fe c ha racter i s t i c  of t he part i c u l ar f i s s i on product  n uc l i de .  These 

de l ayed f i ss i on neutrons  can  be counted , and prov i d e  a q u ant i tat i ve measure 

o f  t he f i s s i onab l e  c ontent of a sec t i on of  p i pe bombarded w i th i nterrogat i ng 

neutron s . 

For  t h i s  part i cu l ar a s s aj ,  t he neutron act i vat i on ana lys i s/de l ayed 

f i s s i on neu t ron  ( NAA/DFN }  techn i qu e  req u i re s  t hat a p i pe l oc at i on be 
i rr ad i ated w i t h  a neutron f l u x  over a predeterm i ned t i me i nterva l and t hat  
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TABLE  B -4 . GAMMA-RAY ACQU I S I T I ON AND ANAL YS I S  SYSTEM 

E Q U I PfvlENT : 

N u c l ear  Dat a  Mod e l  ND66R MCA w i t h  8 1 92 c h anne l 
so l i d s t ate memory , remote k eyboard , and 
1 2 - i nc h  C RT mon i tor 

N u c l ear Data 70-2437 ND66 Ser i a l  I nterface ( 1 - Port ) 

Nuc l ear  Data  47 -0233 ND66 Commu n i c at i on s  F i rmware 

N uc l ear Data 47 -0207 E xtended Commu n i c at i on s  
F i rmware Pack age ( l P )  

N u c l e ar Dat a  48-8084 Commu n i c at i ons  Software 

Nuc l ear Data Mode l ND575  ADC 

N i m  B i n  

H i gh-vo l t age power supp l y  

F a st front-end e l ectron i c s 

Pu l ser 

P DP 1 1 / 23 , RLOl  Hard D i s k ,  DEC L A 1 20 Conso l e  

Ta l I cy L i ne P r i r.ter 

Magnet i c  t ape d at a  s torage dev i ce 

Hand-he l d  i nt r i ns i c  german i um detector 

M i sc e l l aneou s  equ i pmen t ,  parts , etc . 

MANPOWER : 

E l ectron i cs techn i c i an 
E l ectron i c s  e n g i neer 
P rogrammer 
Mach i n i st 
S c i ent i st 

3 . 0  months 
2 . 5  month s  
3 . 0 months  
1 . 0 month 
6 . 0  months  

at  $50K per  man-year 

1 0 1  

$ 1 1  , 450 

625  

1 , 000  

400 

3 , 000 

1 , 2 5 0  

7 00 

1 , 000 

2 , 000 

500 

2 3 , 000 

6 , 000  

6 , 000 

9 , 000  

_5 , 000 

$70 .92 5  

$64. 600 



de l ayed neutrons  res u l t i ng from the f i s s i on of f i s s i onab l e  materi a l s  be 

c ou nted , c ommenc i ng at the end of a p�edetermi ned dec ay peri od fo l l ow i ng 

term1 nat i on of the  i nterrogat i ng f l ux .  A number of such  cyc l es cou l d  be 

u sed to  opt i m i ze the  s�n s i t i v i ty of t he method . I f  an i sotop i c  neutron 

source prov i des  the i nterrogat i on f l ux ,  a pneumat i c  transfer system i s  

necess ary t o  q u i c k l y  t ransfer t he source between t he a ssay l oc at i on and a 

s h i e l ded storage l oc at i on .  An i nterrogat i on f l ux cou l d  a l ternat i ve l y  be 

obta i ned , u s i ng a Cockroft-Wa l ton type neutron generator . A generator of 

t h i s  type cou l d  be i ntegrated w i t h t he detector as semb l y  and be f i red at a 

p rese l ected frequency . 

The net c ount s ,  C N , expected over n i rrad i at i on  c vc l es  i s  g i ven by
1 4  

where 

where 

U o 
1 

E 

v 

m 

NA 

cr o ( E o ) J J 

= 

= 

= 

-

= 

( n+ l } e  1 + e 1 I ( 1 -e 1 [ n -

-;\ 0 T - ( n+  l )  g 0 TJ -;\ 0 T 2 

t he eff i c i ency of the  neutron counter i n  counts per 

d e l ayed neutron 

t he average n umber of neutrons emi tted per f i s s i on 

mass  of t he f i s s i l e  or fert i l e  materi a l  i n  grams 

Avogad ro • s  n umber ( atoms per gram atom i c  we i ght )  

f i s s i on cross  sect i on of the f i ss i on ab l e  n uc l i de energy 

( E j )  i n  cm2 

10!:  



/ 
/ 

4> - C E . )  
J J 

A 

A. • 1 

to 

t l  

t2 

T 

= 

= 

= 

= 

= 

= average neutron f l ux i n  the  energy band ( E . )  t hat 

i rrad i ates the  f i s s i onab l e  materi a l  in  n/c�2-s  

atomi c mass  n umber of  t he f i s s i onab l e  nuc l i de 

= 

= 

fract i on of f i s s i on neutrons emi tted as de l ayed 

neutrons i n  group i 

decay constant of the i t h  de l ayed neutron group  

( s - 1 ) 

i rrad i at i on durat i on ( s )  

decay i nterva l  f o l l owi ng i rrad i at i on ( s )  

count i ng t ime ( s )  

t he tota l  ana lys i s  t i me/cyc l e  ( t0 
+ t 1 + t2 + decay 

t i me fo l l ow i ng count ) ( s ) . 

For  post - � rrad i at i on decay t imes of l ess  than  about 20 s ,  u ndes i rab l e  
1 7 

background f rom de l ayed neutrons prod uced from 0 by the  f as t-neutro n 

reac t i on 

B 1 7o ( n , p )  1 7N .... 
1 70* .... 1 60 + n ( de l ayed ) 

must  be cons i dered . The t hresho l d  energy f or t h i s  react i on i s  8 . 2  MeV and 

t he h a l f - l i f e  of 
1 7

N i s  4 . 1 6  s . 1 5  

O ne-d imen s i on a l  t ransport c a l c u l at i ons h ave been performed t o  est imate 

the f i ss i on rate and de l ayed neutron l eakage rate �esu l t i ng from the neutro n  

i rrad i at i on of  a h o t  l eg p i pe conta i n i ng U O  • The mode l u sed for t hese X 
c a l cu l at i on s  a s sume t he fue l to be un i form ly  d i spersed i n  an ann u l us that 

i s  cont i guous w i th t he p i pe i ntern a l  surface and 1 em t h i ck . A reattor 

1 03 



.: oc � c.;-:' .. bor or1 concent rat i on of 3 500 ppm i s  a l so a s s umed . F i s s i on rates were 

c a l cu l at ed for t h ree i nterrog at i ng neutron energ i e s  for the case  where the  

i nterrog at i ng s ource i s  l oc ated on t he o u t s i de s urf ace of  the hot l eg p i pe .  

The  c a l cu l ated  va l ues  are g i ven be l ow .  

F i s s i ons/Source Neutron/g UO x 

1'lean 
S ource E ne:-- gy W i t h  I n s u l at i on W i t hout  I ns u l at i on 

88 y Be 

2 52 c f  

Acc e l erator  

l t; Q keV 

2 . 3  MeV 

1 4 . 3  MeV 

7 . 4  

6 .  1 

8 .  1 

( -6 )  

( -6 )  

( -6 )  

9 .  0 ( -6 ) 

1 . 2  ( -5 )  

I n sert i ng 5 em of s ta i n l ess  s tee l between the 1 4 .3 MeV i nterrogat i on source 

and  t he p i pe res u l t s i n  no c hange i n  t he f i ss i on rate . F i ve em of po lyeth

/ l ene c au se s  a decrease i n  t he f i s s i on rate  for a l l t hree sources . Add i 

t i ona l c a l cu l at i ons i nd i c ate  t hat  about 30% of t he de -l ayed f i s s i on neutrons 
1 7  1 7  . c an be expec ted to l eak out of t he  p i pe .  The O ( n , p )  N react 1 on r at e  

-7 w a s  c a l cu l ated  to be 3 . 4  x 1 0  per 1 4 .3 MeV i nterrogat i ng neutron and the  

fract i on of the  neutrons assoc i ated w i t h  the decay of  1 7N that can  be  

e x pec ted t l e ak out of t he p i pe was determ i ned to be 0 . 095 . 

Tab l es B - 5  and B-6 presen t t he c a l c u l ated net detector response ( c/g ) 

a nd net  background cou nt s of act i ve a s s ay systems that  emp l oy,  respec t i ve ly ,  
9 2 52  8 a 1 0  n/s  Cf so urce and a l x 1 0  n/s  neutron generator . The data  

of Tab l e  B - 5  were c a l c u l ated for the  c ase  where the s ou rce i s  adj acent t o  

t he l ower s urface  o f  hot l eg p i pe i ns u l at i on ,  and t he d ata  o f  T ab l e  B - 6  were 

c a l cu l ated  for the c ase  where the i ns u l at i on i s  rernoved and the acce l erator 

h ead  i s  adj acent  t o  t he l ower s u rf ace of the hot 1 eg p i pe wa l l .  A net 

background  c o u n t  rate of 2 cps was  a s s umed . 

B e l ow are t he est i mated m 1 n 1 mum d etec t i on l i m i t s  a s  a func t i on of the 

n umber of  i rr ad i at i on cyc l e s  of a 1 mg 252cf  s huff l e r  a s s ay system and a 

1 x 1 08 n / s  neutron generator a s s ay system . For each  system two c ases 

were c on s i dered ; i n  one  c as e  t he i ns u l at i on was  i n  r l ace , a�d i n  the  other 

t he i ns u l at i on  was  removed . 
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TABLE B -5 . CALCULATED RESPONSE OF ACT I VE ASSAY SY STEM  EMPLOY I NG A 1 MG 252c f  SOURCE 

I rrad i at i on Durat i on :  20 s Count  T i me :  20 s 

Decay T i me :  0 . 5  s Cyc l e  T i me :  41 s ( 0 . 5  s trave l t i me each  way )  

P ercent Cont r i bu t i on to Net Counts By Group 
Nurnber tV 1 u 1 CT/g VNU N BT Cyc les 55 . 7 £.  22 . 7 2 6 . 22 2 . 30 0 . 6 1 0 0 . 230 

2 . 6 75 (.-2 )  1 . 7  4 . 87 3 ( 0 )  4 . 0 (  I ) 
2 5 . 68 3 ( - 2 )  3 . 6  9 . 762( 0 )  8 . 0 (  I )  3 . 8 1  3 8 . 58 30 . 5 2  2 5 . 70 I . 3 1  0 . 07 

3 8 . 80 ( -2 )  5 . 6  I . 46 5 (  1 )  1 . 2 (  2 )  4 . 3 1  39 . 82 2 9 . 62 24 . 90 1 . 2 7  0 . 0 7  

4 1 . 1 96 ( - 1 )  7 . 7  1 . 9 5 3 ( 1 )  1 . 6 ( 2 )  4 . 70 40. 4 7  2 9 . 09 24 . 4 3  I .  25 0 . 07 

5 1 . 5 1 3 ( - 1 )  9 . 7  2 . 4 4 1 (  I ) 2 . 0 ( 2 )  4 . 98 40 . 84 2 8 . 7 5  24 . 1 3 1 . 23 0 . 07 

__. 6 1 . 832 ( - I )  1 1 . 7  2 . 930 ( 1 )  2 . 4 ( 2 ) 5 . 2 0  4 I . 0 7  28. 5 1  2 3 . 93 1 . 22 0 . 07 
0 U'1 

7 2 .  1 50 (  - 1 )  1 3 . 8  3 . 4 1 8 (  1 )  2 . 8 ( 2 )  5 . 3 7  4 1 . 23 28 . 34 2 3 . 78 i . 2 1  0 . 07 

8 2 . 469( - 1 )  1 5 . 8  3 . 906( 1 )  3 . 2 ( 2 )  5 . 5 1  4 1 . 3 5  28 . 2 1  2 3 . 66 1 . 2 1  0 . 07 

9 2 . 789 ( - 1 )  1 7 . 8  4 . 395 ( 1 )  3 . 6 ( 2 )  5 . 62 4 1 . 4 3  28 . 1  I 23 . 5 7 I . 20 0 . 06 

1 0  3 .  1 08 ( - I ) 1 9 . 9  4 . 883 ( 1 )  4 . 0 ( 2 )  5 .  7 1  4 1 . 50 28 . 03 2 3 . 50 I . 20 0 . 06 

1 2  3 . 746 ( - 1 )  24 . 0  5 . 860( 1 )  4 . 8 ( 2 )  5 . 85 4 1 . 60 2 7 . YlJ 2 3 . 39 1 . 20 0 . 06 

1 4  4 . 385 ( - 1 )  28.  I 6 . 837 ( 1 )  5 . 6 ( 2 )  5 . 94 4 1 . 6 7  2 1 . 82 2 3 . 32 I .  1 9  0 . 06 

1 8  5 . 663 ( - 1 )  36 . 2  8 . 790 ( 1 )  7 . 2 ( 2 )  6 . 08 4 I .  7 6  2 7 . 70 23 . 22 I .  1 9  0 . 06 

20 6 . 30 1  ( - 1 )  40 . 3  9 .  76 7 (  1 )  8 . 0 ( 2 )  6 . 1 2 4 I .  79 2 7 . 66 23 . 1 8 I .  1 8  0 . 06 

30 9 . 495 ( - 1 )  60 . 8  1 . 465 ( 2 )  1 . 2 (  3 )  6 . 26 4 l . R8 2 7 . 54 2 3 . 08 I . 1 8  0 . 06 

40 1 . 2 69 ( 0 )  8 1 . 2  1 . 953 ( 2 )  1 . 6 (  3 )  6 . 33 4 1 . 93 2 7 . 4 8  2 3 . 02 I ,  1 :3 0 . 06 



0 
0"1 

TABLE B-6 . CALCULATED RESPONSE OF ACT I VE ASSAY SYSTEM EMPLOY I NG A l x 1 08 n/s  NEUTRON GENERATOR 

Number 
Cyc l e s  

2 

3 

4 

5 

6 

!J 

9 

10 

1 5  

20 

30 

40 

50 

60 

P u l s e Dura t i on ( t0 ) = 3 s 

Oecay T i rne ( tl ) = 8 ms 

6 

i = l  v i u i  CT/ g VNUN 
---

9 . 63 2 (  -4_ )  1 . 66 ( - 2 )  7 . 4 3 7 ( - 2 )  

2 . 5 3 9 ( - 3 )  4 . 39 ( -2 )  2 .  1 72 (  - 1 ) 

4 . 569 ( -3 )  6 . 89( - 2 )  4 . 2 2 9 (  ·· 1 )  

6 . Y6 i ,  - 3 )  1 . 20 ( - 1 ) 6 . 866 ( - 1 )  

9 . 653 ( - 3 )  1 . 6 7 ( - 1 )  1 . 004( 0 ) 

1 . 260 ( - 2 )  2 .  1 8 (  - 1 ) 1 .  3 70 ( 0 )  

1 . 5 7 7 ( -2 )  2 .  72 ( - 1 )  1 .  78 1 ( 0 )  

1 . 9 1 4 ( - 2 ) ::.. . 3 1 ( - 1 )  2 . 23 3 ( 0 )  

2 . 267 ( -2 )  3 . 92 ( - 1 )  2 . 724 ( 0 )  

2 . 636 ( - 2 )  4 . 55 ( - 1 )  3 . ? 50 ( 0 )  

4 . 66 2 ( -2 ) 8 . 05 ( - 1 )  6 . 3 1 6 ( 0 )  

6 . 90 3 ( - 2 )  1 . 1 9 ( 0 )  9 . 92 3 ( 0 )  

1 . 1 7 7 ( - l ) 2 . 03 ( 0 )  1 8 . 084 ( 0 )  

1 . 696 ( - 1 )  2 . 93 ( 0 )  2 6 . !392( 0 )  

2 . 23 7 ( - 1 )  3 . 86 ( 0 )  35 . 98 1 ( 0 )  

2 . 792 ( - 1 )  4 . 82 ( 0 )  4 5 .  1 92 { 0 )  

BT 

9 . 8 ( - 1 )  

1 .  96 ( 0 )  

2 . 94 ( 0 )  

3 . 92 ( 0 )  

4 . 90 ( 0 )  

5 . !.!8 ( 0 )  

6 . 86 ( 0 )  

7 . 84 ( 0 )  

8 . 82 ( 0 )  

9 . 80 ( 0 )  

1 . 4 7 (  1 )  

1 . 96( 1 )  

2 . 94 (  1 )  

3 .  92 ( l )  

4 . 90 (  1 )  
5 . 88 (  1 )  

Count  T i 1ne ( lit )  = 490 ms 

Cyc l e T i me ( T )  = 500 ms 

P ercent Contr i bu t i on to N e t  Counts By Group 

5 5 . 72 2 2 . 72 6 . 22 2 . .10 0 . 6 1 0 0 . 230 

0 . 1 5  2 . 48 7 . 82 3 9 . 5  7 3 1 . 98 1 7 . 99 

o .  1 7  2 . 15 8 . 5 3  4 1 . 98 30 . 85 1 5 . 72 

o. 1 9  2 . 99 9 . 1 7  4 3 . 89 2 9 . 66 1 4 . 10 

0 . 20 3 . 2 2  9 . 7 5 45 . 42 28 . 5 1  1 2 . 90 

0 . 2 2  3 . 4 3  1 0 . 2 7  46 . 66 2 7 . 44 1 1 . 98 

0 . 2 3  3 . 64 1 0 . 7 5 4 7 . 6 6  26 . 4 7 1 1 . 2 5  

0 . 24 3 . 84 1 1 . 20 4 8 . 4 8  2 5 . 5Y 1 0 . 65 

0 . 26 4 . 03 1 1 . 62 4 9 . 1 5  2 4 . 80 1 0 . 1 5  

0 . 2 7 4 . 2 1  1 2 . 0 1  4 9 . 6 9  24 . 09 9 . 74 

0 . 33 5 . 07 1 3 . 65 5 1 . 1 7  2 1 . 4 5  8 . 34 

0 . 38 5 . 85 l 4 . Y2 5 1 . 53 1 9 . 7 7 7 . 55 

0 . 49 7 . 24 1 6 . 74 5 1 . 0 7  1 7 . 80 6 . 6 7  

0 . 5 8 8 . 46 1 7 . 94 5 0 . 1 8  1 6 . 65 6 . 1 8 

0 . 6 7  9 . 54 1 8 . 73 4 9 . 29 1 5 . 90 5 . 8 7  

0 .  7 6  1 0 . 4 9  1 9 . 2 7 4 8 . 4 8  1 5 . 35 5 . 6 5  



I ns u l at i on 

Yes 

Yes 

No 

No 

Yes 

Yes  

No 

No  

1 4 . 3  MeV Neutron Generator 

Detect i on L im i t  

Number Cyc l e s  �x/cm of  p i pe l ength ) 

30 

60 

30 

60 

30 

40 

30 

40 

252cf Shuff l er 

1 . 5 

0 . 8  

0 . 8  

0 . 5  

0 . 07 

0 . 06 

0 . 04 

0 . 03 

The conceptu a l  des i gns  and costs  of these two act i ve assay systems 

a re presented in  F i g ures B-5  and B -6 and Tab l es B -7  and B -8 .  

107 



Neutron 
generator 

electronics 
module 

Negative 

H igh voltage 
power supply 

Control 
console 

Output 
device 

External 
trigger 

INEL-A-18 631 

F i gure B - 5 . DFN  system w i t h  Cockcroft -Wa l ton generator . 
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Phctoelectric 
sensor 

Source 
storage 
shield 

Photoelectric 
sensor 

H igh voltage 
power supply 

Control 
console 

I NEL·A·18  630 

F i gure B-6 . DFN system w i th i sotop i c  neutron source  s h uff l er .  

Timer 

Output 
recorder 



TABLE  B - 7 .  DFN  SYSTEM W I TH COCKCROFT-WALTON GENERATOR 

E Q U I PME NT :  

K aman Sc i ences Mod e l  A-820A Acc e l erator Head 

K aman Sc i ences  Mode l A-620E E l ectron i c s  Mod u l e  

K aman S c i ences Mode l  A-620R Contro l Conso l e  

1 1 5 V .  400 H z  power supp l y  and c a b l i ng 

He- 3 -f i l l ed p t Jport i ona l  counters 

H i gh-vo l t ag e  power s upp ly ( 2  e a )  

E l ectron i cs 

N i m  B i n  ( 3  e a )  

C a l i brat i on materi a l s  and s t andards 

M i sce l l aneou s equ i pmen t ,  part s ,  etc . 

MANPOWER : 

E l ectron i c s  e n g i neer 3 months  

E l ectron i c s  techn i c i an 3 month s  

M ach i n i st 2 months 

Sc i ent i st 1 2  month s 

at  $50K per man-year 

$ 5 , 500 

7 , 000 

3 , 000 

2 , 000 

9 , 000 

2 , 000 

2 5 , 000 

2 '  1 00 

5 , 000 

5 , 000 

$65 , 600 

$83, 300 

;:; -. : 

:'i 
:j 
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TABLE B -8 .  DFN  SYSTEM W I TH CAL I FORN I UM-252 SHUFFLE R 

E Q U I PMENT : 

Pneumat i c  transfer system 

C:i l i forn i um-252  

He- 3 -f i l l ed p roport i on a l  counters 

H i gh-vo l t age power s upp l y  ( 2  ea ) 

E l ec tron i cs 

N i m  B i n  { 3  e a )  

S h i e l d  materi a l s  

Ca l i brat i on mater i � l s  and st and ard s 

M i sc e l l aneous equ i pment , parts , etc . 

MANPOWE R : 

E l ectron i cs 

E l ec tron i c s  techn i c i an 

Mahc i n i st 

Sc i ent i st 

3 months 

2 months  

3 months  

12  month s  

at $ 50K p e r  man-year 

1 1 1  

$ 1 3 , 000 

9 , 000 

2 , 000 

2 5 , 000 

2 , 100  

4 , 000 

5 , 000 

5 , 000 

$65 . 10 0  

$83 .300 



5 .  CONCLUS I ON S  

T h e  a s s ay techn i que hav i n g  b y  f a r  t he best sens i t i v i ty i s  t he pass i ve 

gamma-ray count i ng met hod . Th i s  method re l i es  on  t he detec t i on of the  s i g 

n ature gamma rays o f  
1 44

P r ,  1 54
E u , o r  other i sotopes that  h ave been 

ret a i ned by t he f ue l . Therefore , a pre l i m i nary task  essent i a l  to  t h i s 

t ec hn i que i s  t he exami nat i on of f u e l  debri s s amp l es  c o l l ec ted from t he l et 

down f i l ters a n d  cas i ngs  and other system l oc at i ons . T h e  i sotop i c  i nven 

t or i e s  of  t hese  s amp l es s hou l d  be measured t o  d ef i ne t he ranges of t he 

concentrat i o n s  of tne i sotopes t h at have remai ned i ntegrated w i th t he  f ue l . 

I f  t hese ranges are determi ned t o  be sma l l ,  t he p as s i ve g amma-ray assay 

tec hn i que i s  the  preferred approach . 

System c a l i brat i on c an be accomp l i s hed by ass ay i ng moc k -up  p i pes i n  

wh i c h  i rradi ated f ue l  s tand ard s h ave been p l aced . The fue l d i s tr i b ut i on can  

be  var i ed so  as  t o  measure t he d ependence of t he system response on f ue l  

t h i c k nes s ,  and  the  detector-source geometry c an be var ied t o  eva l u at e  the  

d epencence on geometry . 

The  gamma-ray assay techn i que  w i l l  prov i de q u ant i tat i ve measurements 

of the f i s s i on product  i nventor i es  of f ue l  debr i s and cou l d  eas i ly be 

ad apted f or u se i n  d etermi n i ng f i s s i on product t ransport and depos i t i on i n  

a ux i l i ary systems . 

The  sys t em sens i t i v i t i e s  c a l c u l ated for t he act i ve neutron tec h n i ques 

i nd i c at e  that a neutron generator and an  i sotop i c  source of equa l  output  

( n/ s )  can  be  expected to  y i e l d  comparab l e  system sens i t i v i t i es .  To ach i eve 

a detec t i on l i m i t  s i g n i f i c ant l y  better t han t h at wh i c h  ex i st s  w i t h  a pass i ve 

n e u tron count i ng system ( a  few g/cm ) , i t  i s  necessary to  u se a 1 mg or 
252 l arger Cf  source . S uc h  a source  wou l d  requ i re s ubstant i a l s h i e l d i ng 

and  wou l d  i nt roduce an add i t i on a l , potent i a l hazard t o  personne l i nvo l ved  

i n  a s s ay measu rement s .  A Monte C ar l o  c a l c u l at i on i s  a necessary pre l i m i nary 

t a s k  i f  a ny of t he neutron count i ng techn i ques i s  con s i dered f urther . 

1 1 2 
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APPEND I X  C 

THE FEAS I B I L I TY OF US I NG I NFRAR E D  TECHN I Q UE S  

FOR LOCAT I NG FUEL  D I SPERSED I N  

THE TMI -2  REACTOR SYSTEM 

I NTRODUCT I ON 

T h e  acc i dent at Th ree M i l e  I s l and ( TM I ) affords a u n i que opportu n i ty 

to exami ne the  effect s  of an acc i dent i nvo l v i ng n uc l ear f ue l  rods . P r i o r  

t o  open i ng t h e  p r i mary system and remo v i n g  f ue l  rods f or exami nat i o n ,  i t  i s  

des i red to remote l y  exE :J i ne t he TMI -2  reactor for ev i dence of f u e l  d i s persa l 

w i t h i n  t he p r i mary system . One techn i que s ugges ted for accomp l i sh i ng t he 

remote exami nat i on of the  pri mary system i s  i nfrared I R  t hermography . T h i s 

append i x  exam i nes t he feas i b i l i ty of u s i ng i nfrared t hermography to  remot e l y  

exami ne of the  p r i mary system of t h e  TMI -2  re actor and l oc ate and quant i fy 

t he nuc l e ar fue l d i spersed there i n .  

TECHN I CAL D I SCUS S I ON 

The  i nfrared rad i at i on emi tted f rom an object can  be u sed as  a s i gna

ture to d i fferen t i ate t h at obj ect f rom i ts s urround i ngs . I t  has been est i 

mated ( Append i x  D )  that  about a 9 -mm l ayer o f  f ue l  i n  t he i ns u l ated p i pe i n  

t he p r i mary system of the  TMI -2 reactor s hou l d  produce a 0 . 36°F  ( 0 . 2  K )  

i ncrease i n  temperature at  t he outs i d e  s urface o f  t he p i pe .  Thu s ,  i t  i s  

reasoned that  measurement s o f  the  l oc a l  temperature i nc reases ( rad i ance 

c h ange s )  a l ong  t he s urf ace  of  t he p i pe s hou l d  i nd i cate the  l oc at i on and 

quant i ty of fue l d i s persed w i t h i n  the p r i mary system . I f  we are correct , 

t he i nfrared regi on o� t he e l ectromagnet i c  s pectrum c an be u sed f or i nter

pret i ng the temperature r i ses  that occur a l ong t he surface of the p i pe .  

The  s pectra l  rad i ance , NA , for a b l ack  body i s  g i ven  by t he P l anck 

rad i at i o n  l aw as 1 '
2 

1 1 7 

( 1 ) 

·.::: 
' 



where 

= wave l ength ( em )  

T = obj ect temperature ( K )  

c l 
= 3 . 74 1 8  x l o- 1 2  W cm2 

= 1 . 430 em K .  

Th e max imum b l ack - body spectra l  rad i ance , ( N  ) , occurs at t he waveA m 
l ength and temperature t h at s at i sfy t he equat i on 

A m T 2897 ( ll m  K ) . 

Th i s  i s  the W i en d i sp l acement l aw .  Tab l e  C - 1  l i st s  t he �ax imum spectral  
-2 - 1  

r ad i ance ( watts  em ll m ) and the  wave l ength  A of th i s  max imum m 
va l ue for the  tempe�ature range 250 to 350 K .  

W hen exp ( C2/ (A T )>> 1 ,  L hen Equat i on ( 1 )  c an be approx i mated by 

[ -C2/ (A T ) ]  _ 3  watts em  

( 2 )  

( 3 )  

Th i s  i s  t he W i en rad i at i on l aw .  For wave l engths  of 3 t o  1 0  llm ,  � nd te� 

peratures  of  2 50 to  350 K ,  Equat i on { 3 )  can  be u sed to compute the  spectral  

rad i ance emi tted from a b l ack - body source . Amb i ent temperatures i n  th� 

n e i ghborhood of 90°F  ( 305 K )  can  be expected for pr i mary system p i pe sur

f aces a t  TMI ; t hu s ,  a temperature range of 250C to 350K i s  reasonab l e  t o  

a s sume i n  o u r  a n a l ys i s .  ftn  i nfrared thermograp h i c  c amera system f unct i on i ng 

i n  the  8 to 1 2  ll m reg i me wou l d  be operat i ng i n  the reg i on of peak i nfrared 

r ad i ance output  i f  object temperatures of 250 to 350 K are att a i ned . Detec 

tors of  mercu ry c adm i um te l l u r i d e  ( HgCdTe ) compos i t i on are , i n  f act , ava i l 

a b l e  on  systems where i nfrared measurements are made  i n  t he 8 t o  1 2  llm 

reg i on .  
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TABLE  C - 1 . MAX I MUM SPECTRAL RAD I ANCE ( NA )m , AND ASSOC I ATE D 
WAVELENGTH , A m •  FOR THE TEMPERATURE RANGE 250 to  350  K 

Max imum Spectra l  
Rad i ance 

Temperature Wave l ength  ( NA )  {W  cm-2 !lm- 1 ) 
( K } A m (ll m )  m 

350 8 . 28 7 X 1 0 -3  

340 8 . 52 6 X 1 0-3 

330 8 . 78 5 . 2  X 1 0-3  

320 9 . 05 4 . 5  X w- 3  

3 1 0  9 . 34 3 . 8  X w- 3  

300 9 . 66 3 . 2  X 1 0-3 

290 9 . 99 2 . 7  X w- 3  

280 1 0 . 35 2 . 3  X 1 0-3  

270  1 0 . 73 1 . 9 X w- 3  

260 1 1 .  1 4  1 . 6 X w- 3  

250 1 1 . 59 1 . 3 X w-� 

1 1 9 

� 

� 
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For non - b l ack -body sources ( emi s s i v i ty € < 1 ) ,  Equat i on s  ( 1 )  and 

( 3 )  are mod i f i ed as  

= € N A • 

T he emi s s i v i ty ,  € ,  c an be a f unct i on of both wave l ength and temperature . 

The  effect  of emi s s i v i ty on t he measured temperature , as s um i ng a b l ack-body 

rad i �tor , i s  to y i e l d  an apparent  temperature t hat i s  l ower t han the true 

t emperat ure . Th i s  i s  i l l u strated by use  of Equat i on ( 4 ) . The measured 

r ad i ance , N
A

, i s  reduced from the  true rad i ance by the v a l ue  of t he 

emi s s i v i ty .  Tab l e  C-2  l i st s  the  b l ack - body temperatures i nferred for a 

3 1 0-K object  rad i at i ng w i t h  emi s s i v i t i e s  of 1 . 0 ,  0 . 9 ,  0 . 5 ,  and 0 . 1  at 

3 . 5  J.lm and 10 11 m .  For mater i a l s  w i th l ow emi s s i v i t i es ,  s i gn i f i cant 

e rrors c an be made i n  i nferr i ng true s urface temperatures i f  t he emi s s i v i ty 

i s  not t aken i nto  account . Note from Tab l e  C-2  that  l es s  error i n  t he 

i nferred b l ack -body t emperature i s  made at  3 . 5  11 m versu s  1 0  J.l m .  How-

ever ,  overa l l rad i ance v a l ues are an order of magni tude greater at 10 11m 

t h a n  at 3 . 5  J.l m .  

TABLt  C --2 . E FFECT OF E M I SS I V I TY ON THE I NFERRED  BLACK BODY T EMPERATURE 

Wave 1 engt h 1 011 m 

I nferred 

R ad i ance B l ac k  Body 

- 2  - 1  ) Temperature 
Emi s s i v i ty ( Wcm 11 m ( K )  

1 . 0 3 . 75 X 1 0-3 3 1 0  

0 . 9  3 . 38 X 1 0- 3  "'304 

0 . 5  1 . 88 X 1 0 -3 "'270  

0 .  1 3 . 75 X 1 0-4  "'206 

Wave l ength 

R ad i ance 

( - 2  - 1 ) Wcm J.lm 

1 . 46  X 1 0-4 

1 . 32  X 1 0-4  

7 . 3 1 5  X 1 0- 5  

1 . 463 X 1 0- 5  

3 . 5  ].lm 

I nferred 
B l ac k  Body 

Temperat ure 
( K }  

3 1 0 

'u308 

"'29 5  

"'264 

( 4 )  

When  t he emi s s i v i ty i s  not k nown , t here ar� severa l  measurement tech

n i ques t hat  can  be u sed to compensate  for  the  u n known emi s s i v i ty of the 

o bj ec t .  I n  t he f i rst  techn i que , i f  the  object temperature and the  back

ground temperature are not too d i fferent  and  the  mater i a l  compos i t i o n  of the  
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obj ect  and the  background are the  s ame , then i t  c an be assumed t hat e i s  

a constant . Measurements  of the  object and background i nfrared rad i ances 

at the s ame wave l ength  y i e l d  the temperature d i fference . The meaurement s 

y i e l d  non -b l ack -body object a nd background r ad i ances ,  ( N1 )0 and 

( N  ) b respect i ve ly ,  as  

I -S c2 
( Nl ) o 

= e oC l l exp  - "TI"
o 

( Sa )  

I -S c2 ( NA. ) b 
= E b C 11 exp - ITb 

where 

€ = 
0 

€ 0 = emi s s i v i ty of obj ect 

= emi s s i v i ty of background 

= 

I f  Tb i s  known , t hen t he temperature d i f ference ,  � T ,  can  be c a l cu l ated 

u s i ng Equat i ons  ( Sa )  and ( Sb ) , 

I 

( Sb )  

( NA. ) 
l n  -1-0 

I �I ) 
( 6 )  

\ ' 'A b 

I n  t he second t echn i que , two wave l engths are u sed for t he measurements . I f  

t he object i s  a gray body ( e  = constant < 1 ) ,  and the emi ss i v i ty does 

not c h ange rap i d l y  as a f unct i on of wave l ength , t hen i nf rared r ad i ance 

measurements  made at two wave l engths  y i e l d  both the emi s s i v i ty and the true 

t emperature of t he object . The measurements y i e l d  

1 2 1  
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I 
( N, ) 

" 1 0 

( e: ) = (e: ) , 0 A l 0 " 2 

T h e  temperature i s  c a l c u l ated from 

-c [-1 - -1 ] l n  2 ).. l A 2 

�� ( N� 2 ) o 

f� ( N�
l
) o 

( 7a )  

{ 7b )  

( 8 )  

a n d  t he em i s s i v i ty i s  c a l c u l ated from Equat i on ( 7a )  o r  Equat i on { 7b ) . Two

wave l ength  thermography or rad i ometry a l l ows bot h the emi s s i v i ty and the  

t rue s urface temperature to  be determi ned . 

I nfrared imag i ng t hermograph i c  c amera systems ( d i scus sed i n  next para

g raph ) u s u a l ly  func t i on i n  two-wave l ength  reg imes . These are 2 to  5 �m 

and 8 t o  12  � m .  So l i d -state detectors operat i ng i n  t he former wave l ength  

reg i me use  i nd i um ant i mon i d e  ( I nS b )  or mercury c adm i um t e l l ur i de ( HgCdTe ) 

w i th a s pec i a l  f i l te r ,  whereas  so l i d - state detectors operat i ng i n  t he l atter 

reg i me use H gCdTe . For compar i son , we have prepared s i ng l e-wave l ength

s pectra l -rad i ance versus  temperature p l ots  for t he temperature range 200 to  

340  K for  wave l engths  of  3 . 5  �m and  1 0  � m .  These are g i ven i n  
F i g u re C - 1 . The s pectral  rad i ance at 1 0  �m  i s  one to  t hree orders of 

magn i t ud e  greater than the spectra l  rad i ance at 3 . 5  �m for b l ack -body 

s o u rces  over t he temperature range 200-340 K .  For detectors w i th b andw i dth  

�A , Equat i on s  ( 1 ) ,  ( 3 )  a nd  ( 4 )  can  be i ntegrated between f i n i te l im i t s  

v i a  a n  i ntegr a l  of t he type 

1 22 



�-.--::·� ·_-_ 

1 o - 3 1o - 4  

E ::s.. 
E 10 
::s.. c? 

0 -..... I'll - -
I'll ?"" 

E I 
E ::s.. 

1 o - 4 1o - s ::s.. C\i C\i E I u 
(;; E - u iii (;; .! --I'll ...< .! z ...< 

z 

1o - 6 

1 0 -�00 220 240 260 280 300 320 1o - 1 
340 

Temperature (K) INEL-A-18 627 

F i gure C - 1 . Spectra l rad i ance/temperature p l ot s  for t he temperature range 
200 to 340 K for wave l engths of 3 . 5  and 10 llm .  
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c - 5 [  ( 2 ) J
- 1  - 2  c 1 >.. e x p  IT - 1 dA. watts  em ( 9 )  

A h an d -c a l c u l ator program t o  compu te Equat i on ( 9 )  i s  q i ven i n  Reference 3 .  

W i th amb i en t  b l ac k -body temperatures of 300 K ,  t hermograp h i c  i mag i ng sys 

t ems  operat i n g i n  t he 8 to  12 � m  reg i on cou l d  be a d i s t i nc t  advantage . 

A n umber of ground - based , i nfrared i mag i ng ,  t hermograp h i c  systems are 

a v a i l ab l e .  Tab l e  C-3 summar i zes the c haracter i s t i c s  of the ava i l ab l e  imag 

i ng sys tems . Many of the  syste�s are port ab l e ,  and a l l ow for remote i nter

rogat i on .  As  noted in  the  t Jb l e ,  i nd i um ant i mon i de  ( I nSb ) and mercury 

c admi um t e l l u r i de ( HgCdTe ) are t he two detectors u sed i n  present i nfrared 

c amera systems . The use of HgCdTe has substant i a l l y  i nc reased over the  pas t 

s e vera l years as  advancements  i n  detec tor technol ogy have t ak en p l ac e .  The 

t empera t u re reg i me expected at TM I i nd i c ates t hat HgCdTe systems s hou l d  be 

c aref u l l y  scrut i n i zed for use  on t h i s  program . I f  pos s i b l e ,  c a l i brat i on and 

s i d e - by- s i de  c ompar i son tests shou l d  be performed to c hoose the system bes t  

a b l e  t o  perform the  i nfrared measurements . The c a l i brat i on meas urements can  

b e  u sed i n  conjunc t i on wi t h  measurement s  i n  the  TMI -2 pr i mary system to  

d etermi ne the  l oc at i on and  q u ant i ty of  fue l d i spersed i n  the  pr i mary system 

a t  TM I . 

CONCL US I ONS AND RECOMMENDAT I ONS 

I nf rared  tech n i ques c an be used to  measure t he temperature d i fferences  

t hat  are prod uced by fue l  d i spersed i n  the  primary system of t he TM I -2 

reactor . These  measurements  s hou l d  d i scern c hanges of a t  l east  0 . 2  K from 

t he amb i ent  p i pe t emperature . I nfrared c amera systems are ava i l ab l e  that  

a l l ow remote i nt erroga t i on of  the  pri mary coo l an t  system . Both  hand - he l d  

a n d  man-porta b l e  systems are ava i l ab l e .  I n  order t h at a proper base l i ne or  

d at a  base  be  e s t ab l i s hed , we  recommend that  a ser i e s  of c a l i brat i o n  and 

v a l i d at i on measurements  be performed p ; · i or to any equi pment u se at  TMI .  
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TABLE  C -3 . GROUND-BASED  I NFRARED  IMAG I NG THERMOGRAPH I C  SYSTEMS 

M i n imum 
F i � l d  Oetectao I �  

Manuf d e  turer lletector and r �pdt i a l  Temperature felllp�rd ture "' tJ i sp l o y  
and Spectra I Range V i ew Reso Jut ion D i fference Hange 

Model (�m) ( degree) {mr) (K) (K) Tlee • � 
1\GA 
Secaucus,  NJ 

Mode l 1 10 l nSb 2 to 5 . 6  6 X 1 2  2 . 0  0. 1 -30 to BOO Ct!T Yes 
720 I nS!:> 2 to 5 . 6  1 2  X 1 2  1 . 9  0 . 1  -20 t o  200 CRT Yes 
782 HgC<iTe 8 to 12 7 X 7 C  J . J C 0 . 1  -20 to 900 to VTR or CRT Yes 

I nS� 2 to 5 . 6  1600, w i th f i l ters 
780 and 7 X 7 1 . 1  0 . 1 -20 to 900 to TVM or VTR No 

( du a l  range) HgCdTe 8 to 1 2  1600, w i t h  f i l ters 

FUR Sys terns 
l ake Orange, OR HgCdTe 8 to 1 2  2 l f!  x 28V 1 . 8 0 . 2  -20 t o  1 500 TVH or VTR Yes 

Hughes I ndus t r i a l  
Products D i v i s i on 
Cul ver C i ty ,  CA 

P rooeye I nSo 2 to 5 . 6 I�H x 7 . 5  V0 0. I at 25"C -25 to 850 LEO Yes 

l nframetrics 
dedford, MA 
r�ode l 525 HgCdTe 8 to 12 14 X H id 0 . 2  - 2 0  t o  1 500 TVH VTR Yes 

(4: I zoom) (pol aro i d  
( 3 . 5  X 4 . 5 ) adapter) 

2 1 0  HgCdTe 3 t o  5 14 X IS 2 0 . 2  -20 to 200 
( du a l  range) II to 12 ( 4 : 1 zoom) 1 500 fVH Yes ( H 

I IOv 

UTI  

4Vai l ao I<!) 

Sunnyva l e ,  CA 

Model 90U HgCdTe 2 to I J  3 0  X 3U 1 . 3  0 . 2  t o  20 -9 to 99 '�·'r !lo 
depend i ng on a I so 3X and 
sca l e  l O X  g i ves ran�e 

from -27 to 1000 

a .  CRT = Cathode Ray Tuoe; VTR = V i deotape Recorder; TVH = Te lev i s i on Mon i tor;  LEO = 

o. H = horizonta l ,  V = vertica l .  

c .  A l ternate l enses ava i l ao le:  3 . 5° X 3 . 5 " ,  0 . 5  mr; 12° X 1 2 " ,  1 . 91nr; 20° X 20", 3 . 4mr, 40° X 4U", 5 . 1lmr . 

d .  A l ternate lenses avai l ao l e  { Jx-4 . 2  x · 5 . 4  . 7mr 3 i n . ,  6 i n .  12 i n .  c lose up lenses; microscope -0.0002 inch squar" f ie l d ,  
0 . 0 0 1  i nch spa t i a l  reso l u t i on ) .  ( 10 x - 1 . 4" x I . B " ;  . 2mr) 
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T h e  c a l i brat i on and va l i d at i on measurements t hat are u ndertaken s hou l d  

u se a mock -up  of , or s imu l ate ,  the  TMI -2 pri mary system . Spec i f i c  quant i t 

i es of s pent f ue l , or a heater u n i t ,  to  s i mu l ate t he expec ted heat f l ux 

s hou l d  be cons i dered for u se as  the therma l source . A set-up  w i t h  spent 
f ue l  a 1 1  ows 

• procedures of remote i nterrogat i on of t he p r imary system to be 

estab l i shed 

1 va l i d at i on of t he mode l u sed to  c a l cu l ate the temperature 

i n c reases expected i n  t he pr imary system at TMI -2 

• determi nat i on of the grad i ents  and spat i a l  extent of the i nfrared 

rad i at i on a l ong the surface of the p i pe 

1 determi nat i on of the corre l at i on of t he quant i ty of spent f u e l  

present w i th i n  t h e  p i pe w i t h  t h e  i nfrared rad i ance measured a l ong  

t he p i pe s urface 

• compar i son of several broad -band , i nfrared scann i ng systems and 

the se l ec t i on of the best system of actu a l  TM I measurements  

• the use  of narrow-band i nfrared meaurements to comp l ement and 

extend the  broad band measurements . 

T h i s  ser i e s  of v a l i d at i on and ca l i brat i o� measurement s i nc re ases the  l i ke

l i hood of success  when measurements  are ac t u a l l y  made at TMI -2 .  
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APPEND I X  D 

CALCULATI ON OF THE SURFACE TEMPERATURE OF A N  

I NSULATED  P I P E  CONTA I N I NG DEPOS I TED  FUEL  

I nfrared tec h n i ques can  be used to detect fue l depos i t i o n  i n  the primary -

c oo l ant system of t he TMI -2 reactor ,  prov i ded � T  > 0 . 36 ° F  ( 0 . 2  ° C )  

where 

Tsw 
= s urface temperat ure of the  i ns u l ated pri mary coo l ant p i pe w i th f u e l  

depos i ted i ns i de t h e  p i pe .  

I 
T = surface temperature of t he i ns u l ated pr imary coo l ant p i pe w i thout f ue l  sw 

depos i ted i ns i de t he p i pe .  

A n  i ncrease i n  wa l l t emperature due  to a f ue l  l ayer of f i n i te t h i c kness  i s  

expected due  t o  the decay heat of f u e l . The vo l umetr i c  decay heat rate ( Q ) 

i s  c a l c u l ated be l ow .  

VOLUMETR I C  DECAY HEAT RATE 

R e l evant parameters needed to c a l cu l ate t he vo l umet r i c  decay heat rate , 

Q ( Btu/hr ft
3

) are presented i n  Tab l e  D - 1  for TMI -2 f ue l . The rate of 

emi s s i on of beta and gamma energy i s  often c a l l ed the  decay heat power , 

s i nce t he dec ay heat energy appears i n  the form of heat . 

The decay 

p = 6 . 1 X 

where 

p 0 

heat i s  

1 0- 3  p 0 

g i ven by, 

[ ( t  - t ) -0 . 2  -0 ( t ) -0 . 21 
J 

= steady s tate reactor t hermal  power 

1 3 1  



TABLE D- 1 .  PARAMETERS NEEDED TO CALCULATE THE VOLUMETR I C  DECAY HEAT OF  
TM I - 2 F UE L  

Tot a �  amount  o f  U02 fue l ( l b )  
I rr ad i at i on t ime , t0 
( E ffec t i ve f u l l  power d ays ) 
Decay t ime ( t  - t0 ) ( days )  
Therma l power ( Bt u/ hr ) 
F u e l  dens i ty ( l bs /�t3 ) 
P r imary coo l ant  p i pe d i amete r ,  OD (ft ) 
P r i mary coo l ant p i pe d i ameter , I D  ( ft )  
W a l l t h i ckness  ( ft )  
S t a i n l es s  s tee l i ns u l at i on ( ft )  
Water f l ow rate i n  t he p i pe ( ft/hr ) 
I ns i d e  water amb i ent  temperature ( °F )  
P i pe w a l l therma l conduct i v i ty ( Btu/hr  ft  °F ) 
Fue l t hermal  conduc t i v i ty ( Btu/hr  ft  °F ) 
Out s i d e  p i pe wal l amb i ent temperature ( °F )  

( t - t ) 0 
= decay t ime ( days ) 

t = i rrad i at i on t i me ( days ) .  

U s i n g  the  parameters i n  Tab l e  D - 1 , 

P = 6 . 96 x 1 0
4 

watt s = 2 . 38 x 1 05 ( Btu/hr ) . 

T h e  vo l umetr i c  decay heat rate i s  g i ven by 

Q = � X  P = 755 . 2  ( Bt u /hr• ft3 ) 

where 

p = f ue l  dens i ty 

M = tota l  amount of uo2 f ue l . 

13 2 

2 . 05 X 1 05 

96 . 2  

1 09 5 . 0  
9 . 463  X 1 09 

6 50 . 5  
3 . 48 
3 . 0  
0 . 24 
0 . 04 
3 . 50 

1 30 . 0  
33 . 4  

5 . 3  
80 . 0  



C ALCULAT I ON OF � T  

The  o ut s i de wa l l t emperature , T , uue  t o  a f i n i te t h i ckness , a ( ft ) ,  of sw 
f ue l  d epos i ted i n  t he p i pe can be c a l c u l ated from s te ady s t atL heat con-

duct i on i n  a p l ane wa l l  w i t h  convect i ve coo l i ng of  the  wa l l s  and w i t h  a heat 

s ource . S i nce  the rad i us and l ength  of t he p i pe are s u ff i c i ent l y  l arge com

pared to wal l t h i c k ne s s ,  o n l y  one-d i men s i on a l  s l ab geometry was assumed . 

We have a l so as sumed no heat l o s s  c i rcumferential l y  i n  the p i pe .  The tem

perature ( T5w ) c a l c u l ated at the  surface of the  i ns u l ated p i pe wal l wou l d  

b e  somewhat l es s  w i thout  t h i s a s s umpt i o n .  

The c haracter i st i c s o f  t he phys i ca l  system are s hown i n  F i gure 0- 1 . 

I f  Q represent s t he vo l umetri c t herma l  source strength , expressed as  heat 

generated per un i t  vo l ume and u n i t  t i me ,  t hen  the steady state heat 

c onducton equat i on i s  g i ven by 

h "  . a 

I Stai n less steel 
"mirror" insu lat ion 

I '  Pipe wal l p lus  

i stai n less steel insu lation"-• b----.. 
I 
I 
I 
I I 
I I I I 

I I I I I I 
I hw I I I 
I I 
I 

' � I 
I a � 
I I 

-(a-d ) 0 0 

0 
Water at 
Tb = 1 30 ° F  

INEL-A-18 626 

F i g ure 0-1 . Sketch i l l u strat i ng one-d imens i ona l  steady state conduct i on 
w i th correct i ve coo l i ng of the wa l l s  w i t h  a heat source . 
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where Kf i s  t he t hermal  c onduct i v i ty of the f ue l . I ntegrat i ng 

equat i on ( 1 ) ,  we have 

where c 1 i s  a c onstant t hat i s  equal  to  0 from t he bound ary conu i t i on 

at  x d T  = o ,  d x  = 0 .  I ntegrat i ng equa L i on ( 2 )  we h ave 

T 

where c2 · = Tm from t he boundary cond i t i on t hat at  x = o ,  T = Tm . 

2 
Therefore T - T = � m 2Kf 

At X = ll '  T = T s 

- Q/5 2 
Therefore T T -

m - s - 2Kf 

F rom heat c on vec t i o n ,  the  temperature at the  i nterface between the debr i s 

and the  cool ant i s  g i ven by 
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where hw i s  t he convec t i ve heat transfer coeff i c i ent of water at bu l k  

t emperature ; Tb 
= 1 30°F  and t he cool ant f l ow rate i s  3 . 5  ft/ h r .  Add i ng 

E q u at i ons ( 5 )  and ( 6 ) , we have 

2 
T - T  _ Qo + Qs ( 7 )  
m b - 2R"f � 

Heat ba l ance at T 1 l eads to  

T I -
T 

a = QR ( a-o  ) 

where 

a 

R 

h 
a 

= fue l l ayer t h i c kness  

1 b 
= � + � = t hermal  res i stance  

a w 

= convect i ve heat transfer coeff i c i ent of a i r  

( 8 )  

( 8 .  1 ) 

b = wa l l t h i ckness  p l us sta i n l ess  stee i m i rror i ns u l at i on 

= th i ckness where the temperature i s  max imum . 

From Equat i on ( 4 )  at T = r 1 , we h ave 

From Equat i ons  ( 8 )  and ( 9 ) ,  we have 

2 
Tm = Ta + Q ( a-o ) R + Q ( a -o ) 

2 Kf 

1 3 5  
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So l v i ng for o from Equat i ons ( 7 )  and ( 1 0 } , we have 

A l s o ,  f rom heat b a l ance at T we h ave sw 

S o l v i ng for  Tsw  from Equat i ons  ( 1 2 }  and ( 8 ) , we h ave 

=(Ta + 

( I 

h b T a
K 

a + QaR  
w 
h b 

+ _a_) Kw 

( l l ) 

( 1 2 )  

( 1 3 )  

Convect i ve heat t ransfer coeff i c ients  of a i r  and water are g i ven by 2 -4 I 
h a 

= 

and  

h = 
w 

where 

0 . 2 7  - SW
D 

__ a c _ 

T r 25 

0 

K ee :r Der 33 
0 . 1 4 

1 . 86 w � 
De � 0 

D
0 

= p i pe o ut s i de d i ameter 

R e  Reyno l d s  number 
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P r  

D 
e 

= 

= 

c >I 
(-p-) = Prandt 1 n.umber Kw 

Hydrau l i c d i ameter g i ven  by 

2 
� [360 - S i n- l  ( r -a ) + 

0 = 90 r 
e 2n r 2ra - a - "'T8IT r + 2 v 2 1T 

2 r  = p i pe i nner d i ameter 

a = f u e l  t h i ckness  

L = p i pe l engt h .  

( 1 5 . 1 } 

Th ere are four  u nk nowns and four  equat i ons . The four u nknowns are T , sw 
o ,  R ,  and h a ' and t he four equat i ons  are 1 3 ,  1 1 ,  8 . 1 , and 1 4 .  The four 

e q u at i ons  are s o l ved by u s i ng a c omputer s ubrou t i n e .  The outs i de p i pe wa l l  

temperatu re T sw was c a l c u l ated for  vari ous  fue l t h i c k ness  l ayers rang i ng 

f rom 1 0-4 f t  t o  1 . 5 f t . 

The  d i fferent i a l t emperature i s  � T  = T - T where T i s  the out-- sw sw sw 
s i de  p i pe wa l l  temperature w i tho • t t  source . For a f i rst  approx imat i o n ,  t h e  

wa l l temperature f o r  a fue l t h i ckness  o f  1 0-4ft  corresoonds to T • A - sw 
p l ot of the  d i fferent i a l temperature �T versus fue l t h i c k ness  l ayer a ,  i s  

presented i n  F i gure D-2 . S i nce t he t o l erance of the i nfrared p robe 

i s = 0 . 36 °F , from F i gure D-2 i t  can  be not i ced that the mi n i mum fue l  l ayer 

t h i c k ne s s  that  c an be detected w i t h  an  i nfrared probe i s  about 9 mm. I t  i s  

poss i b l e  t o  scan  t he bottom o f  t he hori zonta l  p i pe and map �T and hence 
f u e l  l ayer t h i c k ne s s . From t he s hape and t h i c kness of the fue l l ayer , one 

can  quant i tat i ve l y  determ i ne the amount of fuel  depos i ted i n  t he p i pe .  How

e ve r ,  c are s hou l d  be t aken to measure accurate l y  the amb ient a i r  temperature 

Ta , the ambi en t  water temperature Tb , and the water f l ow rate , and to 

c a l c u l ate T u s i ng the c omputer s ubrout i ne .  The c a l cu l at i ons p resented sw 
i n  F i g ure D-2 are b ased on Ta = 80°F ,  Tb = 1 30°F ,  and V = 3 . 5  ft/hr 

( f l ow r ate ) . 
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t : 

APPEND I X  E 

THE FEAS I B I L I TY OF 

US I NG OPT I CAL TECH N I QUES TO LOCATE 

FUEL AND NON-FUEL DEBR I S  

Opt i c a l  techn i ques i nc l ude ( a ) f i ber opt i c s  and ( b )  remote v i deo ex am i 

n at i on . The feas i b i l i ty of assay i ng f ue l  debr i s  i n  t he TMI -2 p i p i ng i s  

b r i ef l y  d i scu ssed i n  t h i s  append i x .  

1 .  F i ber Opt i c s  

T h e  u s e  o f  f i ber-opt i c  i mag i ng probes h as been i �vest i gated for poten

t i a l post -operat i on i nspec t i on app l i cat i ons  i ns i de  the reactor vesse l s  of  

t he Loss  of F l u i d  Test  ( LOFT ) at t he I daho Nat i on a l  E n g i neer i ng L aboratory 

and the Three M i l e  I s l and reactors . The res u l ts of these i nvest i gat i on s  

i nd i c ate t hat c urrent state-of-the-art deve l opments i n  i mage-grade opt i c a l  

f i bers are i n suff i c i ent  t o  meet the env i ronment a l  requ i rements  for these 

app l i c aton s . C h i ef among t he several  tec h n i c a l  p rob l ems encountered i s  t he 

poor rad i at i on to l erance . For app l i c at i on s  i nvo l v i ng gamma-rad i at i on 

f i e l d s ,  o n l y  h i gh-qua l i ty g l ass  f i bers c an be u sed ( as opposed to  t he 

spec i a l  p l ast i c  f i bers more commo n l y  emp l oyed ) . The h i ghest rad i at i on 

t o l erance for g l ass  f i bers c urrent ly  on t he market i s  ava i l ab l e  from Schott 

Opt i ca l  Co . ( W .  Germany ) , and the  c umu l at i ve dose is  1 03R . For t he app l i 

c at i ons  cons i dered , the  a l l owab l e  i n -reactor res i dence t ime wou l d  range from 

1 /2 to 5 mi n utes . Th i s t i me i nterva l i s  cons i dered too s hort to pro v i de the  

i nspect i on data  requ i red , e spec i a l ly in  v i ew of  t he substant i a l c osts  a sso

c i ated w i t h  c ustom probe deve l opment and fabr i c at i on . 

Other techn i c a l  p rob l ems encountered by the i nvest i gat i on s  are more 

app l i c at i on-dependent . I n  several  cases , the prob l ems for the custom app l i 

c at i on represent more of a cost-effec t i veness quest i on t han a form i dab l e  

techn i c a l  d i ff i c u l ty .  These techn i c a l  con s i derat i on s  i nc l ude  fol l ow ing : 

1 .  Overa l l  Length--Current f i ber opt i c  i nspect ion probes are gener

a l ly  less  than 25 ft l on g ,  w i t h  an upper l im i t of about 40 ft ; 

t h i s  l ength i s  i nadequate for t he app l i cat i on requ i rements 
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2 .  Contro l  & G u i dance - -Man i pu l at i ng a l ong f l ex i b l e  probe t hrough a 

conf i ned open i ng and a c i rc u i tous  path req u i res  spec i a l 

deve l opme n t  

3 .  Bend R ad i u s--F i ber bund l e s  req u i re f a i r l y  l arge bend rad i i to  

avo i d  over-stres s i ng and s ubsequent f a i l ure of i nd 1 v i d u a l  strand s ; 

s pec i a l hand l i ng ,  c o i l i ng ,  and f eed i ng prob l ems must  be deal t w i t h  

to  prevent bund l e  damage 

4 .  Water-Ti ght Construc t i on--The f i ber bund l e  and objec t i ve l ens  must  

be hou sed in  a f l ex i b l e  sheath t hat prec l udes any water l eak age , 

w i th spec i a l attent i on to  t he s e a l  around t he l ens 

5 .  C u stom Obj ec t i ve Opt i c s - -The obj ect i ve l en s  must be a custom

des i gn meet i ng ang l e-of -v i ew ,  foc a l  range , and refract i on requ i re 

ment s ,  a s  we l l  a s  the  l ens -to-f i ber i nt erface 

6 .  L i ght i ng--Ambi ent l i ght  i �  nonex i stent i n  t he app l i c at i ons  con 

s i dered ; aux i l i ary l i gh� . provi ded e i ther by a second coax i a l  

f i ber  b u nd l e  o r  by att ached e l ectr i c a l  systems , severe l y  l i mi t s  

the  v i ewi ng range of the  p ro be . 

B ased on  t h i s  i nvest i gat i on ,  the  f i ber opt i cs techn i que i s  not s u i t ab l e  

for  remot e  exami n at i on o f  f ue l  debr i s  i n  TMI -2 p i p i ng .  

2 .  REMOTE V I DEO  E XAM I NATI ON 

C l osed c i rc u i t  t e l ev i s i on c ameras are avai l ab l e  for remote v i deo exami 

n at i on of  debr i s  i n  p i pes  and t u bes . The v i s u a l  exam i nat i on system con s i st s  

o f  a t e l ev i s i on c amera , a contro l u n i t ,  a range o f  i nterchangeabl e  v i ew 

head s that  i nc orporate l i ght i n g ,  c amer a  c ab l e  l engths of up to  1 300 ft , and 

a v i deo v i ewer and recorder . The system i s  des i gned for rugged and demand

i ng env i ronments , s uch  as  operat i ng temperatures rang i n g  f rom -250 to 330 K ,  

u nderwater depth of 900 f t  ( 272 m ) , a nd g amma r ad i at i on tot a l  a bsorbed dose 

of 1 08R .  
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The featu res a l l ow entrance through any open i ng l arger than  1 . 6 i n .  

( 4 .  1 em ) d i ameter . The v i ew heads ( arry t he i r  own i ntegral  l i ght i ng source , 

but  an  aux i l i ary l i ght i ng source  can  be attac hed . The c amera contro l un i t  

i s  mod u l a r and portab l e .  The remote v i deo e x am i nat i on system i s  f i e l d 

proven , and t hese systems are mon i tor i ng c r i t i c a l  areas  for a n umber of 

n uc l e ar u t i l i t i es .  

S pec i f i c ation data of remote video ex am i nation systems from a se l ected 

number of supp l i ers are presented i n  Tab l e  E - 1 . 

A remote v i deo e x ami n at i on system w i l l  perm i t  v i deo record i ng of the  

topograph i c  v i ew of  fue l  and  non -fue l debr i s conf i gu rat i on i n  the  P r i mary 

C o o l ant System ( PCS ) . By remote v i deo exami nat i on ,  t he PCS  p i p i ng c an be 

surveyed pr i or to the u se of other nondestruct i ve debr i s assay techn i ques . 

The o n l y  drawb ack w i t h t h i s  techn i que i s  t h at t he reactor core head must  be 

removed to g a i n  access i b i l i ty to the p i p i n g .  A l so ,  t he s i ze of h o l e s  i n  the  

h ot l eg g u ard p l ate may c au se prob l ems for i nsert i ng t he c amera v i ew head . 
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TA�L E E - 1 .  R E MOTE V I DEO E XAM I NAT I ON S Y STEMS 

Manu f ac turer and Addre s s  

1 .  D i amond E l ec tron i c s  
D i v i s i on o f  Ar v i n  
Sys tf'rns I nc .  Co . 
P . O .  Box 200 
L a nc a s te r ,  Oh i o  43 1 30 
( 6 1 4 )  756- 9222 

2 .  Te l ema t i on 
P . O .  Box 1 5068 
Sa l t  L a k e  C i ty ,  U t a h  
84 1 1 5  
( 80 1 )  :1 7 2-8000 

3 .  Fernser I n c .  
The V i deo Corpor a t i o n  
o f  B e l l ' Howe l l and 
Rober t  Bosch 
P . O . Box 1 5068 
Sa l t  L a k e  C i ty ,  Utah 
84 1 1 5 

Mode l 

ST - 5  
1 000 1 i n e  under
w a t e r  r ad i a t i on 
res i s ta n t  c amera 
a nd a c c e s sor i e s  

8 0  s er i e s  wet 
o r  dry a pp l i c a 
t i on s  C amer a :  
R80- T M  and 
R8 I - TI� 
V i ew i ng h e ad s :  
RB0/ 0  1 - TM 
RS0/02-TM 
R80/03 - fM 

R 9 3 - H1 
M i n i a ture 
CC TV 
C amera 

r�c c h an i c a l  

C arner a head : 2 7 / 8  i n . 
d i �rne ter 2 5 - 5 / 8  i n .  
overa l l  l e n g t h  
We i gh t : 1 4  l b .  

C amer a  overa l l 
d i ame ter = l . / 3 i n .  
( 44 rrm )  
L eng t h : 1 5 . 5  i n .  
( 393 · 6rnrn ) 
We i g h t : 2 . 2 - 3 . 7 9 
l b .  

C amerahe ad : D i ame te r  
l - 1 9/ 3 2  i n .  ( 4 0 . 5mm )  
Leng th :  l l -5/ 1 6  i n .  
( 28 7  rnm) 
We i gh t :  < 4 l b .  
B u i l t- i n  l i g h t  sou rce , 
w i th head rot a t i c n ,  

T r a n sm i s s i on 
U i s t <J nce 

1 00 fee t ,  
500 feet 
i s  a v a i l ab l e  

450 feet 
s ubmer s i b l e .  
360° r a d i a l  
s c a n n i ng 

900 feet 
S u bmers i b l e .  
C ab l e  l en g t h  
to 1 300 feet 

E n v i ronme n t a l 
---

Temp : 
Carnerahead : - 2 0  to 60°C 
con tro l u n i t :  0 to 50°C 
water d e p t h  = 1 00 f ee t .  
To t a l  a b s o r b ed r ad i a t i o n 
t o l erance = 1 08R g amma 
r ad i a t i o n  at dose r a t e  o f  
1 06R / h r . 

Opera t i ng temperature 
- 1 0 to 5 5 ° C .  R ad i a t i on : 
1 08R t o t a l a b sorbed dose 
o f g amrna r ad i a t i o n .  

Tempe r a t u re - 25 to gooc 
R ad i a t i on : 1 . 6 x 1 0  R 
g amma tot a l  absorbed d o s e .  

R e s o l u t i o n  

Ho r i zont a l  c e n te r :  
1 000 l i ne s  a t  5 2 5  
l i ne s  p e r  fr ame . 

Hor i z onta l c e n t e r  
3 00 rv l i ne s .  

Hor i z ont a l  c e n t e r :  
600 TU l i n e s  u s i n g 
s t andard 1 1  111111 
l en s . 



APPE ND I X  F 

PULSE D E DDY-CURRE NT TECH N I QU E  

I n  th i s  append i x ,  a b r i ef d i s cu s s i on of t h e  app l i c ab i l i ty of t h e  pu l 

s ed eddy-current techn i que for a s s ay i ng f ue l  debri s i n  t he pr i mary c oo l ant 

p i p i ng of TM I -2 reactor i s  presented . 

The  p u l sed eddy-c urrent sys tem uses  a ser i es of c urrent p u l se s  pa s s i ng 

through a f i e l d  co i l to i nduce eddy c urrents  i n  the spec imen under i nves t i 

g at i on .  The eddy c urrents  are i nf l uenced by t he spec i men • s  c haracter i s t i cs : 

permeab i l i ty ,  cond uct i v i ty ,  wal l t h i c knes s ,  and d i stance between the probe 

a nd spec i men . The resu l t i ng eddy c urrents  produce a p u l sed magnet i c  f i e l d  

that i nd uces  a vo l t age pu l se i n  the p i c k up  co i l .  

Th i s  techn i que has  been successf u l ly  appl i ed at t he I d aho  N at i ona l  

E ng i neer i ng L aboratory to detect c l ad d i ng s urface defects  and  make c l add i n g 

w a l l t h i ckne s s  mea�urements on fresh  and prev i ou s l y  i rrad i ated l i ght water 

reactor fuE l rod s . 

For a ssay i ng f ue l  debri s i n  t he TM I -2 p i p i ng ,  t he f o l l ow i ng i tems 

s hou l d  be con s i dered : 

1 .  E ddy-current transd ucers w i l l  not sense ceram i c  mater i a l s  s uch  a s  

u ran i a  and  z i rcon i a .  

2 .  Con s i deri ng t he wa l l t h i ckne s s  of the  p i p i ng ( 3  i n . ) ,  i ts cross  

sect i on ( 36 i n . ) ,  a nd  t he  type of  mater i a l u sed  ( carbon stee l ) ,  

a ny detec t i on of debri s wou l d  h ave to be done w i th t he transducer 

mou nted i n  the  i ns i de wa l l  of t he p i p i ng .  

3 .  An eddy-current type t ransducer w i l l  operate at  h i gh temperatures  

up  to 8 1 1 K ( l  000° F ) ,  i n  a water env i ronment , and  u nder 

rad i at i on . 

4 .  Tran sducers that  are genera l l y  avai l ab l e  h ave d i ameters of l es s  

than  one i nc h .  T he range of detec t i on of a transducer i s  

a pprox imate ly  equa l  t o  i ts d i ameter .  
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5 .  Bec ause of t he t ransducer • s  range and s i ze ,  many t r�nsducers wou l d  

be requ i red . 

6 .  I t  wou l d  be best i f  t ransducers were r i g i d l y  mou nted to  t he i n s i de  

wa l l  of  p i p i ng .  T h i s task  wou l d  be  h i gh ly impract i c a l . 

Co n s i der i ng the  t ask  of detect i ng f ue l  and  nonfue l debr i s ,  a p u l sed 

eddy-cu rrent transducer wou l d  not be recommended for the fo l l ow i n g  reasons : 

l .  I t  c annot detect fue l  debr i s .  

2 .  Cons i der i ng p i pe d i ameter ( 36 i n .  00 ) ,  t he  t ransducer wou l d  have 

a very l im i ted usef u l  range . 

3 .  Acces s i b i l i ty t o  the i ns i de  p i p i ng wa l l and remote  contro l and  

operat i on are imprac t i c a l . 
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