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ABSTRACT 

The se l ection of methods for removal  of the  pl enum Jnd fuel from the 

Three M i l e  I s l and Un i t  2 (TMI-2 ) reactor vessel  wi l l  necessar i l y  con s i der  

the quant�t i e s  of  rad i oact i v i ty i n  so l ut i on and a s soc i ated w i t h  s u spended 

pa rt i cu l ates in the reactor cool ant . The tota l amount of  suspended so l i ds ,  

whi ch a ffects  water c l arity and equ i pment  wear ,  must  al so be con s i dered 

in the se l ect i on of the defue l i ng techn i que and the subsystems needed to 

mai ntai n acceptab l e  operat i n g  cond i ti ons . Curren t l y  avai l ab l e  data from 

TM I -2 and l aboratory stud i es of re l evant  parameters were rev i ewed and u sed 

to devel op e s t i mates of source terms for tota l s us pended pa rt i cul ates , 

part i cu l ate rad i onucl i de s , and so l ub l e  rad i on uc l i de s  duri ng  TMI -2 defue l i n g  

operat i ons . Potentia l control techn i ques for part i cu l ate s  a n d  so l uble 

s pe c i e s we re rev i ewed and the i r des i gn capabi l i t i es we re est i mated . Add i 

tiona l measurements  that cou l d  reduce the uncerta i n t y  bounds for the 

est imates are recommended. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 

employees, makes any warranty, express or implied, or assumes any legal liability or responsi

bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer

ence herein to any specific commercial product, process, or service by trade name, trademark, 

manufacturer, or otherwise does not necessarily _constitute or imply its endorsement, recom

mendation, or favoring by the United States Government or any agency thereof. The views 

and opinions of authors expressed herein do not necessarily state or reflect those of the 

United States Government or any agency thereof. 



FOREWORD 

Th i s  fi nal report has benefi ted from comments pro;":�d by rev i ewers 

of the draft report and by attendees at rev i ew meetings . Wri tten and oral 

comments were recei ved from Bechtel National, Inc . ,  Bechtel Northern 

Corporati on, EG&G Idaho, Inc., GPU Nuclear Corporation, Oak Ri dge Nat i onal 

Laboratory, and Physi cal Sci ences, Inc . The comments recei ved ai ded our 

efforts to analyze a very complex problem . The authors remai n  responsi ble 

for the evaluat i ons and interpretat i ons gi ven i n  the report and for any 

errors . 
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ESTIMATED SOURCE TERMS 
FOR 

RAD IONUCLIDES AND SUSPENDED PARTICULATES  
DUR ING TM I-2 DEFUELING OPERATIONS 

INTRODUCT ION 

Normal refu e l i ng opera t i ons  i n  a pressu r i zed water reactor ( PWR ) 
i nvo l ve fl ood i ng the refue l i ng cav i ty a round the reactor ves s e l  wi th water. 

After the reactor head and p l enum assemb l y  have been removed and the cav i ty 

ha s been f l ooded , workers pos i t i oned on a br i dge above the water a re ab l e 

to move fue l from one l ocat i on to another i n  the reactor core and tran sfer 

spent fuel  a s semb l i es from the core to the cavi ty and then to the fue l 

storage poo l . Concentra t i on s  of s u s pended so l i ds  and of rad i onucii des i n  

the cav i ty water a re normall y quite l ow dur i ng refue l ing operat i ons . C l ear  

wa ter in  the  cav i ty perm i ts  these  man i pu l at i on s  and s imu l taneou s l y  s h i e l d s  

the workers from the y-rad i a t i on em i tted by fi s s i on product i sotope s  

conta i ned i n  t h e  fue l assemb l i e s . 

Remova l of the fuel from the reac tor vesse l  at  Three M i l e  I s l and Un i t  

Two ( TMI-2 ) wi l l  be more comp l i ca ted . Because  the fue l  wa s damaged dur i ng 

the acc i den t, concentra t i ons  of rad i onuc l i des  and s u spended part i c u l ates  

i n  the  cav i ty water w i l l  be  s i gn i fi cant l y greater than  for a norma l re

fue l i ng .  The concen trat i ons  encountered can  affect TMI -2 defue l i ng 

operat i on s  i n  at  l ea s t  th ree ways . The potent i a l  probl ems are d i scus sed 

i n  the context of norma l refue l i ng ope rat i ons and procedures . F i rs t ,  the 

l evel s of s u spended and d i s so l ved rad i onuc l i des wi l l  affect rad i a t i on dose 

rates to personnel on the refue l i ng  br i dge and a i rbo rne  rad i onuc l i de con 

centrat i on s . These i n  turn w i l l  d i ctate worker stay t i mes and res p i ratory 

protect i on req u i rements. Second , s u s pended pa rt i c u l ates may impa i r  the 

workers' v i ew of the fuel and cause  del ays unti l v i s i b i l i ty i s  improved 

by natura l processes  or unt i l turb i d i ty contro l  systems provi de adequate 

remova l .  Th i rd, sus pended part i c l es ,  i f  abras i ve ,  may bri ng abou t  the 

gradua l deter i ora t i on of mov i ng parts i n  mecha n i ca l  dev i ces  used for de

fue l i ng and may cau se fa i l ures  of e l a stomer i c sea l s .  Water c l ar i ty ,  dose 

rates , and res p i ra tory protect i on req u i rements a re a l l re l ated to worker 

product i v i ty on the job . These factors thus may stron g l y  i nf l uence se l ec 

t i on of the method o f  defue l i ng ,  the des i gn of equ i pment , the number of 
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workers needed , the to tal  radiation exposure during defue l ing , the cost  

of  u pgrading the  refue l ing  cavity c l eanup  system ,  and the  total cost  of 

defue l ing  operations .  

The primary goal of the study reported here was to deve l op engineering 

estimates of the source terms for sol ub l e and sus pended radionuc l ides and 

for visibil �ty impairment due to sus pended so l i ds  duri ng  TM I -2 defue l ing 

operations . These  estimates are pre sented in the general  c on text of a nor

mal fue l handl ing arrangement , i·�·· access  to the  fue l from above with 

shi e l di n g  provi ded by water i n  the reactor ve s sel and re fue l i ng cavi ty . 

A l so considered are potential water turb i dity and radionuc l ide concentration 

control techniques that cou l d  be emp l oyed during defue l ing. Thu s  the study 

provides information to those responsib l e  for se l ecting defue l ing  methods  

and s pecific s ubsystems needed to compl ete the work  in  an optimal manner . 

In the next section, the ori g i nal  core and decayed inventories of the 

radionuc l ides most important to defuel i ng operat i on s  are given . I ndices 

that refl ect the potential rcdio l ogical hazards of these  radion uc l ides  are 

pres ented .  The effects  of the fue l  damage , rad i oactive decay , l eachin g , 

and reactor coo l an t  system ( RCS ) c l eanup , are then  con sidered to make  e sti

mates  of the radionuc l ide distribution at the time of defue l ing . The next 

main section deal s with the e stimated amounts of suspended radioactive and 

stab l e particu l ates  and potential mean s for turbidity control . Thi s aspect 

is discussed first becau se the abil ity to see the fue l is an abs o l ute pre

requisite for wet defuel ing  operation s as descri bed above , and becau se 

control techn i ques for particu l ates may increase con centrations of sol u b l e 

radionuc l ides  in the cavity water .  Sources  of and contro l  techniques  for 

so l ub l e radi onuc l ides are then considered . The l ast section contains 

recommendations for additional measurements  that cou l d he l p  reduce the 

uncertai nty bounds  on the estimates that have been made . 



I NVENTOR I ES AND POTENT I A L  HAZARDS 
OF RAD I ONUCL I DE S  

Radi onuc l i de I nventori es  

The i nven tory of rad i onuc l i des i n  the TM I -2 core at shu tdown i s  

u l t i mate ly  the source of the rad i onuc l i des  that  wi l l be encountered dur i ng 

defue l i ng. Severa l c a l cu l at i ons  of the i nventory have been performed . 1'2 

Reference 1 conta i n s a compar i son of the outputs of (a ) the l atest vers i on 

of the OR IGEN computer code (Vers i on 2 ) , and (b ) the LOR-2 code , a mod i f i 

c a tion by Ba br.ock a nd Wi l c ox of t h e  ORIGEN code . For t he pr i nc i pal n u c l i des 

of i n terest at the t i me of defue l i ng ,  the shu tdown i nven tori es  pred i cted by 

the two codes agree to �1 i thi n about 6%. The res u l t s  of cal cu l a t i ons  u s i ng 

the CINDER- 10  and EPR I -C I NDER codes to est i mate dec ay heat generat i on i n  

the TM I -2 core are g i ven i n  Reference 2. That report a l so conta i n s  some 

i nformat i or. on the core i nventory by i sotope . Because the tabu l a t i on 

empha s i zes decay hea t  produc i ng i sotopes , i t  i s  l es s  comp l ete than the 

LOR-2 and ORIGEN-2 tabu l at ions  i n  Reference 1 .  The comparab l e C I N DE R  

resu l t s are a l so in good agreement wi th those from t h e  ORIGE� code . 

I n  Tab l e 1 ,  the i n ventor i es are g i ven for 18  i so topes of potent i a l 

i n terest . The tabl ed va l ues are those computed by OR I GEN-2 except for 241Pu 

and 241Am ,  for whi ch the LOR-2 ca l cu l ations  are known to be better . 1 The 

sma l l d i fferences between the OR I GEN-2 and LOR-2 est i mates for the other 

nuc l i des wi l l  not s i gn i fi cant l y  affect  the conciu s i on s  of  th i s  study . Most  

of the i sotopes l i sted have one or more of the fol l owi ng  propert i es: l arge 

act i v i ty after 63 months of rad i oacti ve decay , s i gn i fi cant y-emi tter , s i gn i 

fi cant s-em i tter , s i gn i f i cant  a-emi tter ,  and poten t i a l  a i rborne rad i oa(t i v i ty 

hazard . Tri t i um ( 3 H )  i s  l i sted because of i ts importance to our  underst and i ng  

of the behav i or of  othe r  nuc l i des . Its presenr,e as  tri t i ated water prov i de s  

a nor1react i ve tracer o f  fl u i d  movement .  Pre l imi nary schedu l es show the start 

of  defue l i ng in  mi d - 1984 , approx i ma te l y  63  months  a fter shutdown . The 

i nventori es l i sted for tnat decay t i me ref l ect on l y  the changes due to 

decay of the rad i onuc l i des  l i sted and the i r  precursors . The decayed i n ven

tor i e s were hand-ca l cu l ated u s i n g  the OR IGEN-2 output1 and the ha l f-l i ve s3 

shown i n  Tab l e 1 .  I f  defue l i ng i s  del ayed , the act i v i ties  of a l l nuc l ides  

except 241Am wi l l  be  sma l l er than the tabu l ated va l ues . 



TABLE 1. PART IAL L ISTING OF CAL CULATED RAD ION UCL IDE 
'\CT IVIT IES  FOR TMI-2 AT SHUTDOWN AND AFTER DECAY 

Radionuc l ide Activity (Ci) a 

Ha l f-Lifeb At Shutdown After  Decay 
Radionuc l ide (yr) (td 

:: 0 ) (td = 63 months ) 

3 Hc 
12.33 4.1 X 103 3.1 X 103 

ssKr 10.7 9.7 X 104 6.9 X 1Q4 

90Sr  28.8 7.5 X 105 6.6 X 105 
1 o&Ru 1. 01 3.3 X 105 9.0 X 104 
125Sb 2.7 1.2 X 105 3.3 X 104 
l34 Cs d 2.062 1.6 X 1QS 2.7 X 1Q4 

l 37Cs 30.17 8.4 X lOS 7.5 X lOS 

l 44Ce 0. 778 2.5 X 107 2.3 X lOS 

14 7pm 2.6234 2.6 X 1Q5 8.1 X lQS 

1s1sm 90 1.1 X 104 L1 X 104 
1 54Eu 8.5 7"9 X 103 5.2 X 103 

155Eu 4.9 3.2 X 104 1.5 X 104 

238LJ 4.468 X 10'=' 2.7 X 101 2.7 X 101 

23Bpu 87.74 7.3 X 102 7.6 X 102 

23'3pu 2.41 X 104 8.6 X 103 9.0 X 103 

24 0 pu 6.57 X 103 2.4 X 103 2.4 X 103 

2 4 1pu 14.4 2.0 X 105 1.6 X 1Q5 

241Am 433 2.1 X 10 1 1.9x 103 

a .  The quantity td is the decay time . 

b .  Ha l f- l ives were taken from and a re given with the same n umber of 
significant figures as in Reference 3. 

c. An additiona l  200 Ci is e stimated to have been produced by neutron 
activation reactions in the coo l ant  during power operation . 

d .  Observed ratios of 1 34Cs to  1 37Cs  in TM I-2 l iquid s we re higher  than 
wou l d  be expected from these shutdown inventories . If the inventory 
compu ted for 137Cs i s  correct , then the ca l c u l ated 1 3 4Cs inventory is 
l ow by about 27%. 



I nd i ces of Potent i a l  Hazard 

As i nd i cated i n  the  prev i ou s  section , the nuc l ides s hown in fab l e 1 

have d i fferen t characteri st i c s and a re important for aifferent reasons .  

I t  i s  u seful to rank  the nuc l i des according to their potentia l t o  produce 

rad i a t i on exposu re to  personnel  duri ng defue l ing . Three categories of 

exposure were estab l i shed ( externa l gamma exposure ,  extern a l  beta expo

s u re , and inha l at i on exposure ) ,  and che nuc l ides were ran ked u sing an 

i ndex of potentia l hazard for each ca tegory . The ind i ces a re simp l y  indi

cators; t hey a re not defi n i t i ve measures of potentia l exposure . The three 

ind i ces do not have a c ommon basi s  and the numer i ca l  va l ues for one c ate

gory cannot be compared wi th those for anothe r .  

Externa l  Gamma Exposure 

For the first category , externa l  gamma exposure,  the index was ta ken 

to be the product of the decayed inven tory for a nuc l ide ( Qd , Ci ) from the 

l a st co l umn of Tabl e 1 and its specific gamma -ray con stant r ( m2·R/hr·Ci) . 

The specific gamma-ray constant for a radionuc l ide i s  numerica l l y equa l to 

the gan�a exposure rate ( R/hr )  produced at  a distance of 1 metey· by a point 

sou rce conta i n i ng 1 cur i e  of the radionuc l ide . The va l ues of r ,  computed 

u s i ng data from Reference 3, and the product rQd are given in Tabl e 2 for 

the gamma-emi tt i ng nuc l ides . 

TABLE  2. I NDEX FOR EXTERNAl GAMMA-RAY EXPOSURE 

Raaionuc l i de r (m2·R/hr·Ci) Gamma Exposure I ndex ( rQd ) 

85Kr 0. 00 127 8. 8 X 1 01 

l05Ru 0.108 9. 7 X 1 03 

l25Sb  0. 243 8. 0 X 10 3 

l3 4Cs 0.874 2. 4 X 1 04 

l37Cs 0. 318 2. 4 X 1Q5 

l44Ce 0.021 4 4. 9 X 103 

1 51Sm 0. 000498 5.5 X lQO 

l54 Eu 0. 562 2.9 X 103 

1 55Eu  0. 0254 3. 8 X 1 02 

5 



The va l ues  for the two rad i oces i um i s otopes c l ea rl y  drm-nate tnose for 

the other rad i onucl i des . It s houl d be emphasi zed that the i nd i ces  are based 

on po i nt source geometry and do not re fl ect se l f-�ttenua t i on by the  fue l  

debri s or other med i um conta i n i ng the  radi onuc l i de s . 

Externa l  Beta Exposure 

The bas i c  i ndex for extern a l  beta exposure was taken to be the  product  of 

the decayed i n ventory ( C i ) and average beta energy re l ease  per di s i ntegrat i on . 

E8 ( MeV) . The va l ue of E5 for each nuc l i de was computed u s i ng data g i ven 

i n  Reference 3 and i s  g i ven together wi th  �he exposure i ndex in Ta b l e  3. 

Al so s hown i n  Tab l e 3 are brems strah l ung expos u re i nd i ces  for the s ame 

rad i onuc l i de� i n  fuel debri s .  The brems stra h l ung  i ndex ref l ects  the frac

t i on of th� beta energy re l eased that woul d be converted to  �hoton s ,  wh i ch 

are more penetrat i ng than the beta parti c l es . The bremsstrah l ung i udex for 

a rad i on uc l i de i n  water wou l d  be about  9% of  the i ndex for fue l debr i s 

shown i n  Tab l e 3. The domi nant  n uc l i de s  fo r e i ther externa l beta or  

brems s t rah l ung exposure a re 9 0 sr ,  144Ce , iObRu , a nd  13 7Cs . These 

i nd i ces  are ba sed on the amounts  of energy emi t ted du r i ng decay of  the 

n uc l i des  and do not refl ect attenuat i on of  the beta part i c l e s  o r  photons 

i n  the potent i a l  source materi a l s .  

TABLE 3. IND I CES FOR EXTERNAL EXPO�'JRE FROM BETA-EM ITT I NC NUCL IDES 

Radi onu c l i de 

9 0 S r  

1 0 6 Ru 
l2 5 Sb 

l3 4Cs  
l3 7Cs 

l44Ce 

14 7prn 

1 s1sm 
lSL: Eu  

15 5Eu  

E 8 (MeV I d i s )  

1 . 10 

1. 41  

0. 0911 

0.167 

0.185 

1.28 

0. 0699 

0. 0225 

0. 240 

0. 0502 

Beta Exposure 
Index (OdEs) 

7. 3 X 105 

1 . 3 X 105 

3. 2 X 103 

4.5 X 103 

1 .4x 105 

2.9 X 105 

5.7 X 104 

2.5 X 102 

1. 3 X 103 

7. 5 X 1 02 

6 

Bremss t rah l ung  Expos u re 
Index (Fue l Debr i s )  

4.4  X 104 

LO x 104 

1. 7 X 101 

4.1 X 101 

1. 4 X 103 

2.0 X 104 

2 .2 X 102 

3. 1 X w-1 
1. 7 X 101 

2. 0 X 100 



I nh a l ation Exposure 

The index used to estimate the inha l at i on exposure potentia l for n 

radionuc l ide i i the ratio of the decayed inventory act i v i ty (Qd , Ci ) to 

the annua l l im1t on intake ( AL I )  ( C i )  for that nucl i de .  Va l ues of the 

ALis for many rad i o�ucl i des have been deri ved by the Internat i ona l  Com

mi ssion on Radio l ogic a l  Protection (ICRP).4' 5 The ALis are g i ven  in 

Tabl e 4 with val ues of the derived i nhalation exposure index. 

TABLE  4. INDEX FOR INHALATION EXPOSURE 

Inha l at i Gn Exposure 
Rad i onuc l i de AL I ( C i  l Index ( Oa/ AL I )  

3H 8.1 X 10-2 3.8 X 104 

90Sr 2 . 7  X 10-6 2.4 X lOll 

l06Ru 1.1 X 10··S 8.2 X 1Q9 

l2 5Sb 7 . 2 x lo-s 4.6 X 108 

1 3 4Cs 1.1 X 10-4 2 . 5 X 108 

137Cs 1.6x w-4 4.7 X 109 

1�4Ce 1.4 X w-s 1 .6 X lOll) 
l47pm 1.5 X w-4 5.6 X 109 

l51Sm 1.8 X 10-4 6.2 X 107 

l54Eu 1.9x w-s 2 . 7 X 1Q8 

lSSEu 8.1 X 10-S 1.9x 108 

238U 5.4 X w-8 5.0 X 108 

238pu 5.4 X w-9 1.4 X lOll 
239pu 5 .4 X 10-9 1. 7 X 1012 

240pu 5. 4 X w-9 4.4 X lOll 
24lpu 2. 7 X w-7 6 . 7  X lOll 
241Am 5.4 X w-9 3.5 X lQll 
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The tra�suran i c  nuc l i des  i n  the  fue l  debri s have the h i ghEst val ues  

of the i nha l at i on exposure i ndex . The parti a l l y  so l ub l e  fi s s i on products  

wi th  h i gh i nha l at i on exposure poten t i a l  are 90Sr� l 44 Ce, and l 06Ru. 

Su1T111a ry 

The res u l t s  of  the hazard poten t i a l  i ndex ca l cu l at i on s  s how that a 

short l i s t  of  i mportant radi onuc l i de s  can be rat i ona l l y  compi l ed. The c a l 

cu l at i ons i nd i cate that the poten t i al for external exposu.-e of personnel 

i s  domi nated by l 3 7Cs, 134C s ,  106Ru , l4 4Ce, 90sr, and 12 ssb .  Adequate 

contro l  of the concentrat i on s  of  these rad i on uc l i de s  i n  cav i ty water wi l l  

m i n i m i ze the potent i a l external exposu re of  workers duri n g  TMI-2 defue l i ng .  

I t  i s  worth remember i ng that the hazard i nd i ces for extern a l  exposu re are 

based pri mari l y  on the rad i at i on emi s s i on propert i es of the nuc l e i  and that 

phys i ca l  and chemi ca l propert i es of  the var i ous  el ements  and/or the mater i a l  

matri x  wi l l  affect the actual ri s k  t o  personnel . 

The i n hal ati on exposure potent i al is dominated by the tr�n s uran i c  

radion ucl i de s  in the fue l  debri s .  The short l ist of fi s sion products g i ven 

above i s  importan t  as wel l  because there may be a greater �robab i l i ty that  

they w i l l  be  made a i rborne duri ng  wet defue l i ng operat i ons . 



EST IMATED RAD IONUCL I DE D I STR I BUT I ON 
AT THE T IME OF DEFUEL I NG 

The expected d i stri but i on of rad i oact i v i ty at  the t i me of defuel i n g  

depends upon (a ) the ava i l ab l e i nventory ,  (b ) core damage and rad i oncul i de 

re l ease  dur i ng the acc i dent , (c ) l each i ng of rad i oact i v i ty from the fue l  

fol l owi n g  the accident ,  and (d ) l eakage and process i ng o f  reactor coo l ant 

since the acc i den t . The i n i t i a l rad i onucl i de i nventory and that expected 

at the t i me of defue l i ng were d i scus sed i n  the prev i ous sect i on. The 

effects  of the other proces ses  are d i scu s sed  i n  the s ubsect i on s  that 

fo l l ow . 

Effects  of Core Damage 

Genera l Effects 

Croucher has s ummari zed the var ious  l i nes  of ev i dence u sed to est i mate 

the post-accident status of the TMI-2 reactor core and the conc l u s i on s  drawn 

from the avail abl e i nformat i on . 6 There i s  general agreement  that the core 

damage was substanti a l . Vi rtual l y  al l the fue l  rods suffered c l addi ng 

fa i lure. I t  i s  e st imated that 40-60% of the c l addi ng was oxi d i zed . Al 

though i t  is be l i eved the fue l d i �  not me l t, other componen ts  d i d . I t  i s  

bel i eved that a bed of fused core debri s  l i es on top of the structural l y  

weakened but relat i ve l y  i n tact stubs o f  fue l  rods and that a second bed of . . 
l oose  fragmented core mater i �l l i es  on the fused deb ri s. The part i c l e s i ze 

of the core debr i s can onl y  be est imated. Fuel partic l e  s i ze d i str i bu t i o n s  

from a vari ety of  exper im�nts are p l otted i n  Reference 6 .  Med i an part i cl e 

size d i stri but i on s  range from 0 . 1  to 3 mm, wi th mos t  of the val ues  near 

0 . 2  mm. Est imates  of the tota l mas s  of l oose  and fused core debri s range 

from 32 , 000 to 58 , 000 kg . I t  has  been est i mated that core debr i s  has b l ocked 

60-90% of the area th rough wh i ch cool ant normal l y  fl ows upward i n  the core . 6 

The fuel damage that occurred was accompan i ed by substanti al rel eases 

of vol a t i l e  rad ion uc l i des . Large fract ions  of the nobl e gas , rad i oi od i ne , 

and  rad i oce s i um inventori es are known to have escaped from the pr i mary sys 

tem i nto the reactor contai nment  bu i l d i ng. Measu red concentrat i ons of 

rad i onuc l i des  in  var i ou s  fl u i d  sampl es have been u sed to e st i mate the 

re l ea ses  of fi s sion products from the fue l . I n i tial re l ea se frac t i on s  

9 
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for nob l e ga ses , tri t i um ,  rad i o i od i nes , and rad i oces i ums  were e s t i mated to 

be h i gh . 7 --9 The rel ease fracti on e s t i mates  are qua l i ta t i ve l y  con s i s tent 

w i t h  the core damage est imates based on thermal -hydrau l i c and hydrogen gen 

erat i on ca1culat i ons;6 both approaches i nd i cate substant i a l core damage . 

The f i rs t  v i deo p i ctures from w i th i n  the TMI -2 reactor ves sel have 

general l y  confi rmed that there was substan t i a l  damage to the fuel . 10  A bed 

of fue l  debri s was seen approx i mate l y  1 . 5 m be l ow the cen ter of the u pper 

core p l ate. No defi n i t i ve informati on on the s i ze  or other characteri s t i cs 

of the debris i s  presen t l y  ava i l ab l e .  No fuel rods  were observed i n  a 

0 . 7 -m d i ameter ci rcl e where the cer.ter of the core had bee n .  I n sert i on of 

the camera mi dway between the cor� axi s  and the outer boundary revea l ed that 

the �1 . 5-m deep vo i d  was a l so pr�sen t at that l ocat i on .  The debr i s observed 

at  that l ocat i on was l arger than was seen at the core axi s .  Insert i on of the 

camera at  the outer edge of the core was not poss i b l e ,  s howi ng that some 

peri pheral  fue l  rods  were i ntact. I t  i s  not yet known whether the  damage 

was symmetri c  around the core axi s. 

Effects on Ces i um I n ventory 

Knowl edge of the re l ease of the ces i um duri ng the acci dent i s  parti 

cu l arly  i mportant to est imates of the poten t i a l  rad i at i on exposure duri ng 

defue l i ng. Us i ng tank and reactor coo l an t  concentrat i on data and the 

resu1ts 11 of the August  1 979  s ump samp�e , B i s hop et  �- est i mated that 

60-70% of the radi oces i um was rel eased from the fue l ,  w i t h  the  lower va l u e ,  

est i mated us i ng 1 37Cs data , the more probab l e  one . 7 Usi n g  the concentrat i o n s  

measured i n  smal l samp l es of the s ump water that h a s  been proces sed by t h e  

Submerged Dem i nera l i zer System (SDS) and data from EP I COR 111 2  proce s s i ng  

of water from the Aux i l i ary Bu i l ding Tan ks , Dan i el s  et a l .  have e st i ma ted 

that on l y  36% of the rad i oces i um ha s been rel eased from-;h e  fuel . 1 3  If  the 
resu l ts 1 4  of the sump samp l es from Conta i nment  En try #10  are u sed , the  re

l ease fract i on i s  e s t i mated to be about 45%, u s i ng the procedure of Reference 

1 3 . The l atter est i mate i s  bel i eved to be more val i d .  Al l t he s e  e s t i ma te s  

of the rad i oces i um rel ease fracti on i nc l ude both the i n i t i a l re l ease  from the  

fue l  duri ng  the  acc i dent and any l each i ng of  rad i oce s i um from the  fue l  over 
a per i od of several months  thereafter. 



---------------------------- ---- ------------------- -------------

An alternative approach is to calcu l ate the re l ease  of ces i um from 

the fuel during the period when the core was not adequate l y  cooled . The 

expected release depends upon a number of parameters , but the most i mpor

tant i s  the temperatu re d i stribu tion wi t h i n the core as  a funct i on of  t i me . 1 5  

E st imates o f  the temperature h i story o f  fi ve sect i on s  o f  the TMI -2 core 
during the acci dent  have been made us i ng the Tra n s i ent Reactor Ana l ys i s  

Code (TRAC ) . 16  Those tempera ture est imates were used together wi th  re l ea se 

ra te constants g i ven i n  F i gure 4 . 3  of Reference 1 5 .  These re l ease rate 

coeffi ci ents were deri ved from experimen ta l measurements  of t he tota l re

lease from fue l at  the end of a peri od dur i ng wh i ch the  fue l  was at a known 

temperature . Thus , the rel ease rates are l es s  we l l  known than the tota l 

release and are cons i dered to be order o f  magn i tude est i mates . 15  

The re l ea se of cesium from the  fuel duri n g  the peri od between 1 0 , 000 s 

and 1 2 , 500 s ( 2 . 8  to 3 . 5  hours ) after reactor shutdown was est ima ted for 

each of the fi ve sect i on s  of  the core con s i dered i n  t he TRAC cal cu l ati on .  

The average temperatures duri ng 500-s  i nterva l s ,  obta i ned from F i gure 10  of 

Reference 16 , were used to determi ne the rel ease rate coeffi ci en t  for each 

interval . The est imated ces i um rel ease fract i on s  are s hown i n  Tab l e  5 .  

Level a 

3 

4 

5 

6 

7 

TABLE 5 .  EST I MATES OF CES I UM RELEASE FROM THE FUEL , 
2 . 8--3 . 5  HOURS AFTER SHUTDOWN 

Fract i on of Fuel Fract i on of Ces i um 
in Each Level Re l eased from Fue l 

0 . 28 "' 0 

0 . 28 "' 0 
0 . 16 "' 1 

0 . 14 "' 0 . 4  
0.14 "' 0 .  04 

Fract i on of Cs 
i n  Each Level 

0 . 18 

0 . 44 

0 . 20  

0 . 13 

0 .  05 

a .  Corresponds to core d i vi s i ons  g i ven i n  Reference 16. Level 3 con ta i n s  
the lowest  port i on ( 28% ) o f  the core . 

The fue l  temperature est imates for the two l ower leve1s g i ven i n  
Reference 1 6  imp l y  that none o f  the ces i um was re l eased from the fue l 

l ocated there . Howeve r ,  comp l ete re l ease of the ces i um i s  est imated for 

the hottest reg i on .  I t  was assumed that the ces i um d i stri buti on w i t h  

11 
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he i ght ,  in seven l ayers of nearl y  equa l  mas s, cou l d  be adequate l y  approx i 

mated by a cos i ne funct i on that peaked i n  the cen ter  of the core and fe l l  

to zero at the top and bottom p l anes .  The e s t i mated ces i um d i stri but i on i s  

s hown i n  the l ast  col umn . Us i ng col umns 3 and 4 ,  the ces i um rel ease  duri n g  

the per i od was est i mated to b e  25% o f  the i nventory i n  the who l e  core . Mo st 

of th i s re l ease  from the fue l i s  est i ma�ed to have occurred i n  a peri od of 

about 1 0  m i nutes  beg i nn i ng 3 . 2 hours after s hutdown . The h i gh fue l tempera

tures were reduced dramat ica l l y  by the h i g h  p ressure inj ect i on flow about 

3 . 3  hours after s hutdown . 

These ca l cu l at i ons  suggest that before core coo l i ng was res tored, 

approx i mate l �· 28% of the cesium ( inc l uding the gap  i nventory ) had been 

re l eased from the fue l . Approxi matel y  70% of the fue l ( Leve l s 3, 4 and 7) 
conta i ned more t han  95% of i ts i n i t i a l  i nventory, about 1 6% of  the fuel con

ta i ned no ces i um ,  and about 14% of the fue l  con ta i ned 60% of i t s  ori g i na l  

i n ventory .  Because t he est imated fue l  temperatures1 6  dur i ng  the  peri od 

between 3. 2 and 3 . 3  hours a re so h i gh ,  l ower i n g  the esti mated temperature 

by 1 0% {230°C )  does  not s i gn i fi cantl y  change the re l ease est imate for Leve l 5 .  

Hence a l ower bound re l ease  fract i on i s  �o. 2 . Ra i s i ng the  pea k  core tempera

tures  by 200°C y i e l ds a rel ease fract i on of �o . 4  after 3.3 hours. 

The computed i n i t i a l rel ease fract i ons  for ces i um are l ower than the 

fract i onal  i n ventori e s  of ces i um found i n  the s ump l i q u i d .  As noted above, 

th i s  may be the res u l t of l each i ng cf ces i um from the unde p l eted fue l . I t  

may al so ref l ect i naccurac i e s  i n  the temperature est i mates for the vari ous  

core l eve l s ( or  the  appropri atenes s  of  the  l evel s that were estab l i s hed i n  

Reference 1 6 ) and correspon d i ng re l ease rate con stants (Reference 1 5) that 

were used to compute th e i n i ti a l re l ease . The fact that the axi a l and p l an a r  

ces i um d i stri bu t i ons  d o  not correspond to the fue l  mas s  d i stri but i on s  may 

a l so affect the computati ons . Add i t i ona l  d i scus s i on of the d i ffe rence between  

ca l cu l ated and observed rel ease  fract i on s  i s  g i ven i n  t he  sect i on on t he 

effects of l ea kage from the 1eactor cool ant  sys tem ( RCS ) . 

Effec ts on Stron t i um I n ventory 

The i n i t i a l  re l ease of rad i ostront i um was est i mated by B i shop  et �.7 
to be <0 . 1%, u s i ng the i n i t i al RCS concentrat i on. The l ow strontium release  

i s  one  reason for the bel i ef that fue l  mel ti n g  d i d  not  occur duri ng  the  

12  



acc i dent . 6 Subsequent measurements  of both 8 9 Sr and 9 D sr in the RCS showed 

that the  concentrations i ncreased substant i all y and then rema i ned rela t i vely 
con s tant . Measured concentra t i ons  of 9D sr i n  the reactor bu i l d i ng sump 1 1,14 

lead to e s t i mates that 1 . 2 -- 1 . 6% of the i n i t i al i nventory had been found i n  

l i qu i ds  out s i de the core . H igher concentra t i ons  of 90Sr  were found i n  sump 

sol i ds,14 but the mass  of soli ds  i s  not known . 

The i n i t i al release from stront i um from the fue l dur i ng the peri od of 

inadequa te core cool i ng was computed i n  the manner descri bed prev i ously , 

us i ng fuel temperatures from Reference 1 6  and re l ease rate con stants from 

Reference 1 5 .  The e s t i mated re l ease from the fuel prior to core flood i ng 

at  3 . 3  h ours after shutdown was 0.85% of the core i nve ntory .  As was the 

case for ces i um ,  the est i mate of s trontium release from the  fue l i s  lower 

than the amount of stront i um est i mated to be i n  var i ous  l i qu i d s . The 

range of es t i mates obta i nPJ by con s i deri ng average temperatures  that were 

200°C lower and h i gher vhan the pred i cted va l ues \1/aS 0 . 3  to 2% of  the 

core i nventory. 

Effects on I nventori es of Ant i�ny and Ruthen i um 

F i gure 4 . 3  of Reference 1 5  gi ve� est imated release rate con stants 

for two other elements whose i sotopes are i ncludP.d i n  Table 1 :  antimony 

and ruthenium . The =st i mated re l eases  from the fuel of these el ements 

were computed us i ng the pred i cted temperatures g i ven in Reference 1 6 .  The 

predicted re l ease fraction was 7 . 5% for ant imony and 0 . 084% for ruthen i um .  

I sotopes o f  ant imony and ruthen i um could not be observed d i rect l y i n  

li qu i d samples from the sump . 1 1  However ,  detectabl e  concentrat i on s  of 

1 2 5Sb and 106Ru were scavenged from the samp l e s . 1 1  The observed concen

trat i on s  corres pond to 0 . 027% of the 1 2 5Sb i nventory and 0 . 00055% of the 

1 06Ru i nventory .  Both fract i on s  are about two orders of magni tude lower 

than the pred i cted fue l release fract i on s . Both  i so topes were detected 

i n  sol i ds from the sump,14 but the mass  of soli ds  i s  not known . 



Effects of RCS Liqu i d  Los ses  and 

Radionucl i de Appearance Rate s 

The avai l �bl e data on rad i onucli de concentrat i on s  i n  reactor coo l ant 

can be us�d to est imate appearance rates for rad i oces i um and radio

stronti um i n  the  RCS  and the  e ffects of RCS d i scharges and l eakage on 

i nventori es . Long term sequenti a l RCS concentrat i on data are not avai l 

abl e for the other .rel at i ve l y  i n sol ub l e  part i cu l ate rad i on ucl i de s  l i s ted 

in Tab l e 1 ,  so s i mi l ar est imates for those nucl i des  are not pos s i bl e .  

The appearance rates may refl ect a number of processes . Rad i onuc l i des  
enteri ng the  RCS may have been l eached from the  fue l , d i s so l ved from 

a preci p i tated compound , or removed from surfaces wi t h i n  the reactor 

ves sel  or primary pi p i ng. The cal cu l ated appearance rates are est i 

mates of the total contri buti ons of a l l proce s se s . 

The RCS has been sampl ed approx imate l y  once a wee k  since the t i me 

of the acc i dent .  The sampl e  obtai ned on 29  March 1 982 was ana l yzed by 

��est i nghouse Bett i s  Atom i c  Power Laboratory . 1 7  Routi ne  a!lal yt i cal  re

sul ts  for 3H , 8 5 Kr , 8 9Sr , 90Sr , 134Cs  a�d 1 37Cs i n  s ubsequent s ampl es were 

reported by the Lynchburg Research Center of Babcock and Wi l cox,18 and , 
19 more recentl y ,  by GPU Nuclear . Data on s hort-l i ved noblG gases? rad io-

iod i nes , 136Cs and 1 4 0Ba were reported when these radi onucli des were 

present i n  si gn i f i cant quan t i t i e s . Concentrat i ons  of chemical consti tu

ents  of the RCS that have been determined rout i ne l y  by  the s ame l aborator i es 

are B ,  Na+ , c l - , H+ , 02 , H2 , and N2• A few of the RCS samp l es have been 
s p l i t  and ana lyzed t.y other l abor·dtori es to determine uran i um and p l uton i um 

i sotop i c  concentrat i on s  and the concentrat i on s  of f i s s i on product 

rad i onucl i des . 20--22 

Most  of  the RCS samp l es are drawn from the l etdown l i ne  i n  the co l d  

l eg of the RCS between the  out l et of the A-l oop  steam generator and the 

i n l et to reactor coo l ant pump- 1A ( RCP-1A ) . Approximate l y  30 g al l on s  of 

l i q u i d  are purged through the l i ne  pr i or to samp l i n g, wh i ch i s  adequate to 

cl ear the sampl i ng l i ne and the l etdown l i ne . Hmvever , there i s  no  forced 

coo l ant  fl ow through the core and rad i onuc l i de decay h as reduced f l u i d  

movement due to convecti on .  The RCS makeup  f l ow i s  i njected on the outl et 

s i de of the A-l oop reactor coo l an t  pump s . Whether the l i mi ted con vect i on , 
d i ffu s i on , and the l eakage-makeup fl ows prov i de adequate m i x i ng of the RCS 



is not certain . However, the data are s uggestive: (a ) res u l ts 1 8  from the 

few sa-1pl es of  the RCS taken from the pre s s u rizer agree w ith  t hose  for the 

norma l samp l ing  l ocation , (b ) the rate of change of 3H  concen trat i on in 

the RCS is g�nera l ly cons istent wi th the reported rate of RCS l eakage , 

( c )  the fact that the mea sured radi ostronti um concentration s  are re l a 

tive l y  constant shows that 9 0Sr act i v i ty enteri ng  the RCS has  been trans

ported to the saril p l  ing poi n t ,  and ( d ) mea sured con centt�at i on s  o f  ces i um 

during reactor coo l ant proces s i ng operat i o n s  were con s i stent wi th those 

ca l cu l ated using  the average li qu i d  proces s i ng  rates . 19  Wh i l e  none of the 

observations  is unequ i voca l , the maj ori ty of the ev i dence supports the 
view that the coo l ant samp l es are representati ve of rad i onuc l i de 

concentration s in the RCS . 

The rad i onuc l i de act i v i t i es i n  the RCS were computed u s i ng the 

measured RCS concentrations that were decay corrected to t he t ime of 

reactor shutdown. Equati ons ( 1} and (2 } were u sed  to descri be the activity 

in the RCS during  peri ods o f  rel at i ve l y  con stant l eakage. Equat i on ( 1 )  

is a d i fference equat i on: 

in which 

�Q = the measured change i n  acti v i ty (C i ) i n  the RCS 

� t = the t i me peri ad (days ) •r�hen the change occurred 

P = the average i nput to t he RCS duri ng the per i od , the a ppear

ance rate (C i /day }  

Av = the average fracti ona l  l i qu i d  l o s s  rate constant (day- 1 } for 

the per i od 

Q = the average act i v i ty (C i ) i n  the RCS d uri ng the period . 

Equa t i on (2 ) i s  the i ntegrated form of Equa t i on (1): 

Q = Qo e - Av6t + � ( 1 -e-Av�t ) Av 

where 

( 1 )  

(2 ) 



Q0 = the initia l activity ( Ci )  of  the radionuc l ide at the start 

of a time period . 

Estimation of RCS l osses and radionuc l ide appearance rates invo l ves 

recon st ruction of the fracti ona l rates of l iqu i c  ,�ss from the RCS during 

severa l time periods fol lowing the  acc i dento The RCS l eakage rates u sed 

for earl y time periods in this ana l ysis a re based upon a compi l at i on o f  

information o n  l etdown and makeu p  rates from several sources , 23--26 and upon 

discharges from the  pressurizer computed using the Moody critical fl ow 

tabl es  and the RCS hotl eg tempera tures and pressure s . 9 On 28 March , t here 

were two peri ods of s ubstan t i al di scharge of coo l ant from the pre s s uri zer. 

The first occurred during the first two hours and 18 mi n u tes of the 

accident and invo l ved re l ativel y l ittl e t ransport of rad i oactivity out 

of the RCS because substantial fue l  damage did not occur  unt i l  about 

one hour l ater .  From approx imatel y three hours t o  13 hours after the 

initiat i ng event , there were per i od i c  d i scharges for a tota l  of 5 . 9  hours . 

Most  of the l ater d i scharges occurred a fter the peri od of c l addi ng  fai l 

ure ,  c l add i ng oxidation , and c l add i ng and fuel pe l l et fragmentat i on 16 , 2 7  

when concentrat i ons  of radionuc l i des  i n  the RCS were h i g h .  A s  noted i n  

the previous section , the peak fu�l temperatures a re est i mated to have 

occurred between 3 . 2  and 3. 3 hours after shutdown . 16  

The RCS l iqu i d  l oss  rate constants used i n  the ana l ys i s are g i ven 

in Tab l e 6. The i n i t i al val ue of Av i nc l udes an ave rage l etdown rate of 

60 gal l ons  per m i n u te ( gpm ) in  add i t i on to the average rate of  d i scharge 

from the pressurizer  dur i n g  the per i od . 9 Di scharge·3 duri ng the next four 

period s  are based on p l ant data on RCS makeup .  The maj ori ty of  the water 

l oss  occurred dur ing  the f i rst four months . The uncertai nty of the indi

vidua l val ues i s  estimated to be 10% . Howe ve r ,  when the serv i ce water 

l eakage and reactor bu i l d i ng spray vol umes are inc l uded , the sump water 

vo l ume on 28 August pred i cted using Tab l e  6 is within 5% of the 5 16 , 000 

ga l l ons present at that t ime . 

The concentrat i ons  of  3H i n  the RCS were u sed to est i mate the l i qu i d  

l oss  rate constants duri ng  the  l ast  two peri ods . The l oss  rate was obta i ned 
us i ng a l east  squares fi t for an exponent i al decrease dur i ng each per i od . 

The estimates i n  Tabl e 6 assume that there were no s i gn i fi cant add i tiJn s of 

3H to the RCS duri ng the two peri ods . The amount of  3H rema i n i ng i n  the fuel 

at  120 days is estimated to have been <30% of the init i al inventory . A total 



TABLE 6 .  AVERAGE RCS L IQUID LOSS RATE CONSTANiS uSED 
I N  APPEARANCE RATE CAL CULATI ONS 

RCS Leakage Rate Cor.stant 
Time Pe riod >..v (day- 1) 

3-- 1 3  hra 5 . 9  ± . 3  

0 . 5--20 days 0 . 039 ± . 004 

2 1 - -35 days 0 . 036 ± . 004 

36--70 days 0.027 ± .003 

7 1 -- 1 1 9  days 0 . 0070 ± . 0007 

120--481 days 0 . 0030 ± . 0003 

482 --810  days 0 . 0016  ± . 0002 

811--1145 days 0 . 0018 ± . 0003 

a. Di scharges from the pressuri zer p rior to fuel damage d i d  not 
con tain significant  quantit i es of 1 37Cs or 90Sr and were igno red 
in this analysis . 

of 60% of the inventory was i n  liq u i d s  in the sump i n  tanks i n  the Aux i l i a ry 

Bu i lding. An additional 10% was presumabl y re l ea sed wi th  the nob1e gases 

during the first three weeks  after the acc i dent and an  undetermi ned amount 

wa s relea�ed in vent i lat i on a i r  after that.t ime. The 3H l each i ng data from 

the laboratory ��-�·�s28 are h igh l y  vari abl e. The fract i on of 3H that would 

be leached duri ng tht period 120--810 days  i s  e s t i mated us i ng data from 

Reference 28 to Je 0 . 001 to 0 . 006 of the avail abl e i nventory. If  a l l t he 
3H  re11.Jining in f , i s  con s i dered ava i l able , the the 3H  re l ea sed from the 

fuel could be as  high as  �a Ci i n  690 days. The as soci ated underestimate 

of >..v between 120  and 480 days cou l d  be as h i gh as 7% . I n  the  l as t  period , 

the value of >..v could be 48% higher than the tabled value. Lower bound s  on 

these errors can be estimated by a s s umi ng that the fracti on l eached  duri ng 

the period is 0 . 00 1  and that on l y  half the 3H in fue l i s  ava i l ab l e .  Under 

those condi t i on s  the errors due to the a s s umpt ion  that no 3H was leached are 

w i t h i n  the e st imated uncerta i nt i e s  for the va l ues of >..v· The l os s  rate for 

the l ast  per iod  i s  est i mated by p l ant staff to be 0.1 gpm ( 0 . 00 1 7  day- 1 ) ,  
wh i ch i nd i cates that the est imate made u s i ng the 3 H concentrat i on measure 

ments  i s  vali d .  
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Tab l e 7 contain s the resu l ts of the ca l cu l ations of the  appear�nce rates 

of 1 3 7Cs  and 9 0 S r  in the RCS . The time periods used for the ana l yses for the 

two nuc l ides differ because the observed RCS concentration pattern s  differ .  

The appearance rates computed for the fi rst t i me peri od for each nuc l ide are 

based on the as sumpt i on that the in i t i a l re l ease from the fue l entered and 

mixed wi th the RCS �3 hours after s hutdown . 

TABLE 7. EST IMATES OF APPEARANCE RATES FOR 137Cs AND 9Dsr 

1 37Cs 90sr 

Appearance Appearance 
Time Period Rate Time Per·i od Rate 

(days) P (Ci /day) ( days )  P (Ci /day) 

0.1--1.5 5.9 X 1Q4 0.1--35 7.9 X 102 
1.5--15 4.9 X 103 36- -UO 2 . 1  X 102 

16--35 5,5 X 1Q2 81--165 5.5 X 101 
36-50 2.1 X 103 166- -480 2 . 3  X 1Q l 

51-- 70 2.2 X 102 481--810 9.0 X lQO 

71--119 3,6 X 10 1 811--1145 3.8 X wo 

120--480 1.1 X 101 
481--810 1.2 X lQO 
811--1145 3.6 X 1QO 

I t  s hou l d be noted that the mi nimum detectab l e  appearance rate i s  

�2 C i / day , so the est i mated appearance rates for ti mes greater than 480 days 

are q u i te uncerta i n. The uncerta i nties of the appearance rates for t i mes 

before 480 days a re e s t i mated to be between 15 and 20% of  �,le com:,Juted val ues. 

T he cal cul ated appearance rates refl ect re l eas�s trom the fuel that are 

i n  addit�0n to the i n i t i al rel ease fract i on s ,  est i mated above to be 28% for 

137Cs and 0.85% for 90S r .  The addit i ona l  re l ease of 137Cs i s  esti mated to 

be 25% of the ori g i n a l  inventory. For 90Sr ,  the appearance rates i n  Table 7 
i mp l y  an add i t i ona l  re l eas� of  7 .1% of the ori g i nal  i nvento ry. 
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I t  mus t  be noted that the appearance rates  reflec� the time of entry 

of 13 7Cs  and 90S r  i n to the RCS , nJt necessar i l y the t i me of  departure from 

the fue l . T hat is , the entire release from fue l may have occurred between 

2.8 and 3.5 hours , with deposition on s urfaces and p recipitate formation 

del aying the entry of the ces i um and strontium into the RCS. This scenario 

i s  con s i stent with the  dependence of rel ease  rate coefficients on temperatu re 

( Reference 15 ) ;  however ,  it requires e i ther the rel ease rate coeffi cients 

(Reference 15 ) ,  the computed temperature s  ( Reference 16 ) ,  or the simp l ify i ng 

assumpt i ons  ( o r al l three ) u sed i n  the previous  section to be i ncorrect . 

E ffects of RCS Processing 

Proces s i ng of reactor coo l an t  began 1 146 days after reactor s hutdown . 

Five batches of  reactor coo l ant were processed between 1 7  May and 12 J u l y  

1982. The tota l vol ume o f  coo l an t  removed and s ubsequently  treated u sing the 

Submerged Deminera l i zer  System ( SDS ) was �259,000 gal l ons.  F l ow rates  out  

of  the RCS ranged from 14. 3 to 16.9 gpm. Samp l es of  the  RCS were col l ected 

at i n terva l s ranging from �a t0 �24 hours.19  The effects of processing on 

l 3 7Cs and 90Sr i nventories in the RCS are discus sed be l ow .  The eff�cts  of  

RCS pr0cessing after 1 2  J u l y  1 982 are not considered in this eva l ua tion. 

Effect on l37cs Concentration 

The behavior of l 37Cs in the reactor c�o l ant during proces sing was 

q u i te simil ar to that est i mated using Equation (1 ) with P% 0 nnd Av compu ted 

us i ng the we i ghted average l etdown rate . The measured changes in concentra

tion appeared to l ag s l i gh t l y  behind those expected for perfect mixing . The 
l3 7Cs act i vity removed from the RCS is estimated to be 4800 Ci , 0 . 6% of the 

or i g i na l  inventory. App roximatel y  0.07% of the inventory remained in the 

coo l ant after five proces sing campaigns .  

There were increases  in the 13 7Cs concen tration in the RCS between the 

i nit i a l proces s;ng campa i gn s . These were apparen t l y  due to activity from 

the p re s s u rizer . The p re s surizer was intentiona l l y  f l us hed during the fourth 

: �tch by direct i ng the return f l ow o f  processP� water through it. Fo l l owing 
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t he fourth proces s i ng per i od, the ca l cu l ated appearance rate was less than  
1 C i /day. 

Effect on 90Sr Concentration 

The 90Sr concentrat i on i n  reactor coo l ant decreased by �so% during t he 

f i rst proce s s i ng run but l ater  returned to pre -process i ng l evels . After 

the fi fth camp a i gn the concentrat i on was aga i n  about ha l f the ori g i nal value . 

Approx imatel y 11,000 C i  of 90Sr , 1.5�� of the ori g i na l  i n ventory , was removed 

dur i n g  five process i ng rijns. 

The 90Sr behav i or support s the i nterpretat i on made ear l y  on by 

Mal i na u s ka s , Campbe l l ,  and others at Oak R i dge ,
29 that the  so l ub l e 90Sr 

i s  i n  equ i l i br i um with  a stronti um compound that was prec i p i tated i n  t he 

primary system soon after rel ea�e fro., the f1Jel . Fil terab l e  905r i n  the 

RCS samp l es was on l y  �1% of the sol ub l e act i v i ty at the end of the f�fth 

p roce ss i ng run . The total 90Sr act1vity avail ab l e in the primary system 

to support the su1ubl e  90Sr l evel in the coo l ant is not known. 

Effects of Radionuc l ide Leaching 

Leaching of fission products from the fuel deb ris has occ urred since 

the t i me of the accident. However ,  the amount of activity l eached is n ot 

read i l y  determined . Laboratory studies of  radionucl ide l eaching from 

particl es  of irradiated fuel have been conducted under conditions  that 

were simil ar  in many res pects to the TMI -2 situation. The results o f  

these studies a re discussed in this section . 

The l each rates fer a number of radionuc l ides have been measured 

experimental l y  under  l aboratGry conditions , using samp l es of irradiated 

fuel _(28•30-32) The experimenta l l each rates from these studies a re 

qua l itative l y  simil ar . Howeve r ,  quantitative comparisons show the impor

tance of  particl e  size and l each so l utions  on the resul ts . Sol ution s  that 

have been u sed are deionized wate r ,  distil l ed water ,  Hanfo rd groundwate r ,  

synthesized b rine , and simu l a ted pre s surized water reactor cool ant . 

The study performed u sing simu l ated PWR cool ant shoul d be most re l e

vant to l eaching from the  TMI -2 fue l . The so l u tion contained �3300 ppm 

boron and �1100 ppm s odium at a pH of 8.28 Measured va l ues o f  the s ame 
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parameters i n  the RCS at TM I -2 have averaged 3760 ppm b r  t On, 1 J70 ppm 

sod i um ,  and a pH of  7 . 8 . 2 1 • 22 The so l u t i on temperatures  studi ed, 85 a� d 

100°C ,  genera l l y  exceed the post -acc i dent TM I -2 RCS tempera tures  wh i ch 

have ranged from 8 1°C i n  May 1979, to 46°C i n  June 1981 . Temperature d i d  

not  appear  t o  be an important  vari ab l e i n  the 85- 100°C .-ange .
28 The oxygen 

c on tent of the s i mu l ated PWR coo l ant was n ot cont ro l l ed .  Th i s  d i ffe rs from 

TM I -2 where concentrat i on s  of oxygen i n  the RCS have been ma i n ta i ned at 

very l ow l evel s by chemi ca l add i ti on s.  Concentra t i ons of e l ements  other 

than boron and sod i um were a l so not contro l l ed and may have d i ffered from 

the l eve l s i n  the RCS at TMI -2 . 

Mi tche l l et a 1 . 28 mea sured l each i n g  rates and cumu l at i ve l each i ng 

fract i ons  ( amount l eached/ or i g i na l  i n ven tory } for a per i od of 7 . 5  months . 

The re l at i �c rates cf  l each i ng  found were S b > I > 3H > Cs  > Sr  > (Ru, Ce, 

E ·� , and U )  > Pu, a ran k i n g  that genera l ly compared we l l  w i th other stud i e s . 

Ranges of  the expected fract i on of the  ava i l ab l e  i nventory that  wou l d  be 

l eached were extrapo l ated for pe ri ods up  to fou r  years . The es t i mat2s re 

fl e�t d i fferences i n  l each i ng for d i fferent  parti c l e  s i zes . Two pri nc i pal  

fue l part i c l e  s i ze ranges, between 1 4  and 18 mesh  and between 100 a� 1 200 

mes h ,  were used i n  the expe ri ments . The correspondi ng ranges of mesh  open

i ng s  are 1 . 4 -- 1 . 0  mm and 0. 1 5 --0 . 074 mm ,  respect i ve l y . 33  Some resu l ts are 

a l so g i ven for other s i ze range s . Tabl e 8 cont ai n s  the  extrapol ated va l ues 

of cumu l ati ve frac t i on s  l eached a fter peri ods o f  1 to  3 years for e l ements  

of  i nterest for the TMI -2 defue l i ng .  Rough l y 60 to 80% of t he cumu l at i ve 

(3-year ) l each i ng i s  e st ima ted to occur duri ng  the  f i rst  yea r .  The meas ured 

l each rates dropped by an order of magn i tude or more duri ng  the f i rs t  three 

months of the exper iments . The proj ected cumu l at i ve fract i on s  l eached are 

l es s  than 1% for a l l e l ement s  except ant imony . If  the experiments  performed 

u s i ng s i mu l ated PWR coo l ant  are app l i cabl e to TMI - 2 , l i tt l e  of the rad i oces i um 

and rad i os tront i um re l eased from fue l  can be attr i buted to  rad i onuc l i de 

l each i n g . 
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u 

( Pu ) b 

TABLE 8. EST IMATES OF RAD I ONUCL I DE LEACH ING  
FROM REFERENCE 28 

Est imated Rangea for Percentage Leached Duri ng Per i od 

1 Year 2 Years  3 Years 

0.13--0.64 
0.30-- 1.2 
0.29--0.43 

0.066- -0.12 
0 . 016--0.093 
0.012 --0.066 
0.012--0.063 
0.009--0.087 
0.004- -0.022 

0.18--0 . 70 
0. 32--1.5 
0.30--0.48 

0.072--0.15 
0.017--0 . 10. 
0.013--0.074 
0.014--0.073 
0.010--0.11 
0.005--0.026 

0.21--0.74 
0.33--1.6 
0.30--0.52 

0.076--0.16  
0.018--0.11 
0.013--0.079 
0.015--0.080 
0.011--0.13 
0.005--0.030 

a .  The range refl ects resu l ts for two d i fferent s i ze frac t i ons . 

b .  Gro s s  a l pha rad i oact i v i ty was meas u red and a s s umed t o  be rep re sent 
at i ve o f  Pu . 

Est ima ted Radi onuc l i de D i str i but i on s  at  Defue l i ng 

The preced i ng s ub sect i ons  l ead to  a numbEr of conc l us i ons  that  have an  

i mportant  beari n g  on the rad i onuc l i de d i s tr i but i o n s  at the t i me of defue l i ng .  

These conc l u s i ons  a re d i scus sed be l ow .  

The  i n i t i a l re l eases o f  rad i onuc l i des  from the  fue l  were esti ma ted 

us i n g  cal cu l a ted predi cted fue l  temperatures and re l ease rate con stan t s . 

The e s t imated va l ues were 28 , 0.85 , 7.5 , and. 0 . 084 percent of the core 

i nvento r i es of ces i um ,  stront i um ,  ant i mony , and ruthen i um ,  respect i ve l y . 

Howeve r ,  appearance rate cal cu l at i on s  based on measurements  of ces i um and 

s t ront i um i n  the RCS and i n formati on on RCS l os s  rates dur i n g  t he three 

years  s i nce the acc i dent , s howed t hat an add i t i onal  25% of the ces i um 

i nven tory and 7.1% of the stront i um i nvento ry were rel eas ed from the fue l  
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i nto the RCS . I n  add i t i on ,  l a bo ratory stud i es of rac i onuc l i de l each i ng  

from fragmented fue l  by  s i mu l a ted PWR coo l ant  i nd i cate t h at l es s  than  0 . 6% 

of the ces i um and l es s  than 0 . 2% of t he s tront i um re l eases wou l d be due 

to  l each i n g . 

I f  i t  i s  a s sumed that the  l aboratory stud i es app l y, then the i n i t i a l  

re l eases  from the  fue l  mus t  have been �so% o f  the ces i um and >8% o f  the 

stront i um .  These re l eases are doub l e  and ten t i mes  t he corre s pon d i ng  est i 

mates made us i ng References 1 5  and 16 . Approx imate l y  ha l f of the i n i t i a l 

ces i um re l ease  was not i n i t i a l l y  seen i n  the RCS. T h i s may have been due to 

depos i t i on on s urfaces duri ng the peri o d  when the upper port i on of  the core 

and the p l enum were fi l l ed w i t h  steam and hydrogen . Subsequent remova l of 

th i s  act i v i ty wou l d  then l ead to the h i gh appe a rance rates  for 1 3 7Cs i n  the 

RCS du ri ng  the f i rst  few months  fol l ow i n g  the  acc i den t . Most  o f  the 9 0 S r  was 

a l so  not  immed i ate l y  ava i l ab l e .  It i s  bel i eved that  a s t ront i um prec i p i tate 

formed and that i ts subsequent d i s s o l u t i on has  supported t he so l ub l e 9 0Sr 

concen tra t i on in  the RCs . 2 9  

An i n i t i a l s tront i um re l ease  o f  >8% requ i re s  h i g her  fue l  temperatures 

and greater core damage than est i mated i n  References 16 and 2 7 . Under 

t hose cond i t i ons , i t  wou l d be expected1 5  that a correspond i ng l y l arger 

fract i on (�20% ) of the an t i mony wou l d  a l so  have been re l ea sed from the fuel . 

Th i s has not  been observed i n  the 1 2 5Sb concentra t i on s  i n  l i qu i ds ; howeve r ,  

the  ant i mony cou l d  be bound to s urfaces or  p re sent i n  s ol i ds . 

T he est imated 1 3 7Cs appearance rates for the peri ods j u st  p r i o r  to 

RCS proces s i ng ,  481--8 1 0  and 8 1 1 - -1 145  days after s hutdown , a re 1±2 and 4±2 

C i /day , respect i ve l y . Measuremen ts  made after the  fou rth RCS proce s s i ng 

campa i gns  a re con s i stent wi t h  an even l ower ces i um appearance rate , < 1  C i /day . 

Approx imate ly  0 . 6% of the i n i t i a l core i n ventory was removed by proce s s i n g  

fi ve batches o f  the RCS and about 0 . 07% o f  the i n i t i a l i nven tory rema i ned i n  

the RCS . 

T he measured 9 0Sr  concen tra t i on changes duri ng  RCS proce s s i ng support 

the v i ew that  the so l ub l e  9 0 Sr i n  the RCS i s  supported by 9 0 sr i n  s o l i d s  i n  

the pr ima ry system . T he fi ve proce s s i n g  campa i gn s  removed 1 1 , 000 C i  o f  9 0 Sr , 

�1 . 5% of the i n i t i a l core i n ventory ,  wh i l e  reduc i ng the concen t ra t i on i n  the 

RCS by about a factor  of two . The 9 0 Sr  act i vi ty that i s  ava i l ab l e  i n  so l i d s  

i s  not  known . 
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T he res u l t s  of  the three i nsert i on s  o f  t he camera duri ng the  "qu i c k  l oo k "  

s ugge s t  that  the upper port i ons  o f  approx i mat e l y  80 o f  the  fue l  as semb l i e s  are 

no l onger i n  p l ace . I t  i s  poss i b l e  t hat the tops of approx imate l y  30 more 

assembl i es were a l so severely  damaged . However ,  i t  i s  a l so pos s i bl e  that  those 

30 as sembl i es are i n tact ,  as the outer two rows pres umab l y  are . ( Al l t he s e  

est i mates assJme symmetri c damage around the core axi s . ) These est i mates and 

the observed tota l ces i um and stront i um re l eases suggest that the core damage 

was between the reference and max imum damage est imates of Reference 6 .  

In  est i ma t i n g  t he rad i onuc l i de d i stri bu ti on at the t i me of  defue l i ng ,  

t he fo l l ow ing  mas s frac t i on s  of  fue l were u sed : l oose  fragmented debri s ,  0 . 4 ;  

fus ed debr i s ,  0 . 1 ;  re l at i vely i ntact fue l pe l l et s , 0 . 5 . The est i mated frac

ti ons of the or i g i n a l  radi onuc l i de i nventory rema i n i ng in  each category and 

the act i v i ty in that category a re s hown in Tabl e 9 .  The estimated d i stri bu 

t i on of stronti um , anti mony , a nd ces i um are rather uncerta i n . The estimated 

amounts rema i n i ng are con s i stent w ith  the observed fract i ona l  re l eases from 

the fuel . 

TAB LE 9 .  EST IMATED D IST RIBUT I ONS OF IMPORTfu�T 
RADION UC L I DES IN CORE DEBRIS  CATEGORIES  

Al THE T IME OF  DEFUEL ING 

Estimated ( Fract i on Rema i n i ng )  and Act i vi ty ( C i ) 
i n  Each ComEonent 

Rad i onuc 1 i de Loose  Debri s Fused Debri s Fue l  Pel l et s  

9 o sr ( 0 .  7 )  2x105 ( 0 . 9 )  6xl 04 ( 1 )  3x105 

l O G Ru ( 1 )  4x 104 ( 1 )  9x103 ( 1 ) 4xl04 

1 2 ssb ( 0 . 6 )  8x103  ( 0 . 8 ) 3x103 ( 1 )  2x104 

l 3 4Cs  ( 0 . 1 )  lx 103  ( 0 . 3 )  8x102 ( 0 . 9 ) 1x1 04 

1 3 7C s  ( 0 . 1 )  3x 1 04 ( 0 . 3 )  2x104 ( 0 . 9 ) 3x105 

l 4 4 Ce (1 ) 9x104 ( 1 )  2x104 ( 1 )  lx 105 

TRU-a a ( 1 )  6x 103 ( 1 )  1x103 ( 1 )  7x103 

a .  The sum of the act i v i t i es of  2 3 8Pu , 2 3 9Pu , 24 0Pu , and 24 1 Am , the al pha
emi tt i ng transuran i c  nucl i des  in  Tab l e  1 .  



T h e  r�d i onuc l i de concen trat i on i n  the RCS at t he t ime o f  defue l i � g 

depends  i n  part upon the number of add i t i ona l RCS p rocess i ng campa igns  p r i o r  

to defuel i ng .  Seven proces s i ng runs  were schedu l ed ori g i na l l y ,  but  i t  seems 

l i ke l y  that add i t i ona l  t i me for process i ng  w i l l  be ava i l ab l e pr i or to head 

l i f t .  I t  was a s sumed that three add i t i o n a l  process i ng run s wi l l  be comp l eted 

pri or to defue l i ng .  Tab l e  10 conta i n s  the  proj ected i nventory i n  the RCS 

and the gamma exposure i ndex for each nuc l i de .  As i nd i cated , the i nventori es  

of  1 ° 6Ru , l z ssb ,  and  1 4 4Ce  are not  expected to exceed 1 C i , but  these pro 

j ect i ons  are h i gh l y  uncerta i n  because l i t t l e data o n  the concen tra t i on s  of  

these i sotopes i n  t he  RCS a r� ava i l ab l e .  Even a fter proces s i ng , t he  rad i o 

ces i um i sotopes domi nate the poten t i a l  gamma-ray exposure . The brems s trah l ung  

from 9 0Sr i s  est imated to  be the  next mo st i mportant source of  gamma-ray 

exposure . The  gamma-ray and brems strah l ung  contri but i ons  from the other 

nuc l i des  are expected to be muc h  l es s  i mportant .  

TABLE 10 .  PROJ ECTED RCS INVENTORI ES AND GAMMA EXPOSURE 
INDI CES OF mPORTANT RAD IONUCLIDES 

Rad i onuc l i de 

9 D Sr 

l 0 6 Ru 

1 2 ssb 

1 3 4Cs  

1 3 7Cs 

l 4 4 Ce 

AT THE T Ir1E OF DEFUEL ING 

QRc (c i ) 

"' 1x103 

{, 1 

{, 1 

"' 5 

"' 70  

< 1 "' 

r QRC (m2 R/hr )  

"' sa 

{, 0 . 1  
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EST I MATED SOURCES , CONCENTRATI ONS , AND CONTROL 
OF SUSPENDED SOL I DS DUR ING DEFUEL I NG 

Bac kground 

Water c l a r i ty has  been found to be a probl em dur i ng rou t i ne refuel i ng 

of l i ght water reactors . The pr i nc i pa l sources of turb i d i ty were part i 

cu l ate mater i a l  re l eased from primary system surfaces and part i cu l ates i n  

the water from borated water storage tanks . Rel eases  of pa rt i cu l ates from 

primary system surfaces were rel ated to oxygen concentra t i on , pH and tempera 

ture of the RCS ,  and to the fl ow path of the refue l i ng water . Rel ea se s  of 

corros i on products  were found to be i ncreased by f l ood i ng the cav i ty through 

the core (l·�· ' v i a  the col d l eg of the RCS ) fol l owi ng s hu tdown . 34  

The  or i g i na l  des i gns  of f i l tra t i on and i on -exchange systems  u sed for 

cav i ty water c l eanup have been frequent l y  found to be i nadequate by power 

reactor p l ant operators . The i nadequac i e s  res u l ted from a l ack  of c l eanup 

capab i l i ty under certa i n  cond i ti on s .  System s  whose f l ow rates  were too 

sma l l for the vo l ume of water treated ('V4x l0 s ga l l on s ) were unab l e  to reduce 

turb i d i ty promptl y .  Sol u t i on s  to the probl ems encountered have evol ved over 

a peri od of t ime at  each p l ant .  Submers i b l e  i on �exchan�e and f i l tra t i on 

systems  have been devel oped to pro v i de l oca l i zed c l eanup capab i l i t i e s  to 

suppl ement the i n i ti a l des i gn capac i t i es .  S k immer systems  and stand-a l one 

submers i b l e  fi l tra t i on and i on-exchange systems  have both proved u sefu l under 

certa i n  c i rcumstances . Chem i c a l  treatment to  reduce surface f l occu l ants  has  

been part i a l l y  effec t i v e . 34  

The genera l opera t i ona l exper i ence c i ted above s uggests  that  water 

c l ar i ty wi l l  be a ser i ou s  probl em duri ng the defue l i ng of TMI -2 .  I n  add i t i on 

to the rou t i ne corros i on products  respon s i b l e  for v i s i b i l i ty probl ems duri ng  

normal  operat i on s , there are other maj or s ources  of part i c u l ates : 

o Corros i on of  metal s urfaces i n  the primary system duri ng and after 

the acc i dent ha s produced an  unknown mas s  of materi a l  that may enter 

the RCS dur i ng defue l i ng opera t i ons . 

o The bed of l oose core debri s conta i ns fragmented fue l and c l add i ng .  

The part i c l e  s i ze of debr i s part i cu l ates ha s not been measured , but 

i t  i s  l i ke l y  that a s i gn i fi cant mas s  of part i c l es w i l l  be <40 �m i n  

d i ameter . D i s rupti on o f  the debri s bed , necessary for i ts remov al , 
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wi l l  su s pend some of the sma l l pa rti c l es present and may Cduse 

fragmentat i on tha t  wou l d  i nc rease the fract i on of sma l l  part i c l es . 

o The bed of fused core debri s w i l l  have to be separated i nto 

sma l l er p i eces  pri or to remova l  from the reactor ves se l . Th i s  

process  wi l l  enta i l  cutti ng or fractur i ng the fu sed l ayer and  

wi l l  l ead to  rel ea ses of part i cu l ates . 

Some spec i fi c  examp l es of 1 1nonrout i ne 11 prob l ems wi th part i cu l ates i n  

fue l  poo l s have been documented . 35 •36  These i l l u st rate further the  d i ff i 

cu l t i es of reduc i ng tu rb i d i ty when unusua l sources a re pre sen t .  Seconda ry 

probl ems a s soc i ated wi th  part i cu l ates i nc l ude ( a )  depos i ti on on cav i ty 

wa l l s  fol l owed by i ncreased beta- and gamma -rad i ati on dose rates and/or 

resus pens i on of rad i onuc l i des  i nto the a i r  breathed by worker s ,  ( b )  the 

format i on of surface f l occu l ants that i ncrease dose rates and impa i r  

v i s i b i l i ty ,  and ( c )  greater mechan i ca l  wear and degradat i on of components 

to be operated underwater . 

The potent i a l  mag n i tude of the suspended part i c u l ate probl em dur i ng 

TM I -2 defue l i ng i s  addres sed bel ow . F i r st ,  the data from ana l yses  of RCS 

samp l es are presented and the c hanges observed duri ng RCS process i ng are 

d i scu ssed . Then the poss i b l e  genera t i on rates dur i ng defu e l i ng and poten 

ti a l  concentra t i on reduct i on meas u res are con s i dered . A po i nt of reference 

fur these d i scus s i on s  i s  a part i cu l ate corros i on product concentrat i on of 

1 ppm ( 1  mg/ l i ter ) , a l evel  that permi ts  acceptab l e v i s i on through �30 feet 

of water34 for normal PWR refue l i ng .  The concentra t i on that can be tol erated 

depends on a number of spec i fi c  parameters , i nc l ud i ng the type and s i ze of 

the pa rti c l es ,  the l i ght i ng , and the s i z e  of the obj ect that must  be man i pu 

l ated . However , the va l ue of 1 mg/ l i ter can  b e  u sed a s  a genera l gu ide  for 

the concen trat i on of part i cu l ates that cou l d  be tol erated wi thout prov i s i on 

of  equ i pment to a i d  operator v i s i on . 

Measurements of Part i cu l ate Matter i n  Reactor Coo l ant  

The  ava i l ab l e  i nforma t i on on  part i cu l ate mater i a l  i n  the  reactor 

cool a n t  system i s  mos t l y  genera l in nature . Sampl es of the RCS have 

been descr i bed as 11ye l l ow,. and .. turb i d ,. for about two years . However ,  the 

concent ra t i on of suspended part i cu l ates i n  the samp l es i s  not measured 

rout i ne l y . Gross  turbi d i ty mea s u rements  have been made s i nce June 1 982 . 

2 7  



The concentra t i on s  and s i ze d i str i but i on s  of  s u s pended pa rt i cu l ates 
have been reported for two samp l es of the RCs . 20  Part of the data reported 

for the samp l es ca l l ed RCS-1  (col l ected 29 March 1979 ) and RCS-2 ( co l l ected 

14 August  1 980 ) a re g i ven in Tabl e 1 1 .  

Sampl e  

RCS-1 

RCS-2 

TABLE 1 1 . DATA ON PART I CULATES I N  THE RCS , MARCH 1 9 79 AND 
AUGUST 1 980 , FROM REFERENCE 20 

D i str i bu t i on of Part i c l e  D i ameters 

Concentrat i on { Fract i on of Tota l �1as  s ) 
(mg/ l  i ter- ) > 5 )..lm 1 . 2 --5 )..lm 0 . 45--1 . 2  

68 0 . 49 0 . 2 1  0 . 30 

128 0 . 0 0 . 1 5 0 . 85 

)..lm 

The tabl e shows two important features of the data that were marked l y  

d i fferent i n  the two samp l es : ( a ) the tota l  ma s s  o f  s u spended pa rt i c u l ates 

i n  RCS-2 was nea r l y  doub l e that i n  RCS- 1 ,  and ( b ) the part i c l es i n  RCS-2 are 

substant i a l ly sma l l er than i n  RCS -1 . The med i an part i c l e  d i ameter was < 3  J..lm 

i n  RCS-1  and < 1  J..lm i n  RCS-2 . I t  i s  not known whether part i c l es that were 

or i g i na l l y  l arge were fractured to produce sma l l er part i c l es found  i n  RCS-2 

or whether the ori g i na l  part i c l es settl ed and the sma l l  part i c l es are the 

resu l t  of corros i on processes ( or  both ) . 

The pr i nc i pa l  const i tuen t i dent i f i ed i n  the so l i d  port i o n  of the samp l es 

from the RCS and the three l'eactor cool  ant  b 1 eed tanks ( RCBTs ) was i ron , wi th 
Fe 3 04 spec i f i ca l l y  i dent i fi ed by x-ray d i ffract i on i n  RCS- 1 . The e l ements 

Ag , Cr , I n , Na , N i , Sn , and Zr were detected i n  RCS - 1  so l i ds but  not i n  those 

from RCS-2 , and the concentra t i on s  of Al  ant:l Ca were apparent l y  l ov�er i n  

RCS-2 . However , i t  mu st  be noted that on l y  85% of  the so l i ds from RCS-2 ( the 

fract i on wi th  d i ameters between 0 . 45  and 1 . 2 J..lm ) was ana l yzed , so the reported 
c hem i c a l  const i tuents for that samp l e may be s l i g ht l y b i ased . Concentrat i on s  
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of fi s s i onab l e  nuc l i des ( U ,  Pu ) i n  s u spended so l i ds a l so decrea sed s ub s t an 

t i a l l y  duri ng t h e  per i o d  between t h e  t w o  s ampl es , s ug g es t i n g t h at part rl f t t ,  
> 5 - �m frac t i on may have been den se fue l part i c l es .  The concentrat i on of  

d i s s o l ved i ron wa s much h i gher in  RCS-2 than in  RCS- 1 ,  suggest i ng i nc reased 

c orros i on and/or a greater i nj ec t i on rate of corros i on part i cu l ates . 

There i s  i n suff i c i ent  data to determi ne  whether samp l e  RCS-2 represents  

a post -acc i dent equ i l i bri um part i c l e d i str i but i on or  whether c ond i t i on s  have 

changed s i nce that  t ime . I t  must be remembered that samp l e  RCS-2 was co l 

l ected nea r l y  two years ago .  T h e  fac t  that the qua l i ta t i ve descr i pt i ons  o f  

t h e  RCS samp l es h a v e  cons i sten t l y been 1 1ye l l OW 11 o r  11 t urb i d 11 may or may not 

ref l ect  an underl yi ng constancy of  pa rt i c l e concentra t i on and s i ze 

d i str i but i on .  

Effects  of RCS Proces s i ng 

Qua l i tat i ve mea surements of the turb i d i ty of the RCS have a l so been 

obta i ned u s i ng a nephe l ome ter , that  i s ,  by measu r i ng  the l i ght  scattered 

by the part i c l es i n  t he l i qu i d  sampl e .  Un l e s s  the part i c l e  characteri s t i c s 

and a ca l i brat i on curve have been e stab l i shed , t h i s tec hn i que  cannot be used 

to quant i fy t h e  concent rat i on of  s us pended so l i ds .  However the ava i l -

ab l e data can be used to  est i mate the effect of RCS process i ng on turb i d i ty ,  

i f  i t  i s  a s sumed that the s i ze d i str i b ut i on and character of the s u s pended 

so l i ds were not changed i n  the process . The fi rst  f i ve campa i gn s  reduced 

the turb i d i ty from �36 nephel ometr i c turb i d i ty u n i ts  ( NTU ) to 9 . 5  NTU . The 

frac t i ona l decrea se in turb i d i ty was l es s  than that for rad i o ces i um ,  s ug

ges t i ng that  there wa s a con t i nuous  add i t i on o f  part i cu l ate mater i a l  dur i ng  

proces s i ng .  The  average part i c u l ate appearan ce rate duri ng RCS proce s s i ng 

can  be e s t i mated by mak i ng severa l a s sumpt i on s . I t  wa s a s s umed that the 

nature and s i ze di str i bu t i on of part i c l es wa s not changed , that the mas s  

concentra t i on at  the start o f  proces s i ng was the same a s  i n  samp l e  RCS -2 , 

co l l ected nearl y two years earl i er ( see Tabl e 1 1 ) ,  and that changes i n  neph

e l ometer read i ng are l i near l y  proport i ona l  to concent ra t i on change s  i n  t h i s 

concentra t i on range . Under the a s sumed cond i t i on s , the appearance rate for 

part i cu l ates duri ng  RCS proces s i ng was est imated to be �1 kg/day . 
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The average appearance rate for the peri od between samp l es RCS- 1  and 

RCS-2  was est i mated u s i ng the l ea kage rate con stants  i n  Tabl e 6 and the 

concentra t i on  data i n  Tab l e  1 1 . I t  i s  i n teres t i ng , but  perhaps  fo�tu i tou s ,  

that  the est i mated average appearance rate was �o . s  kg/day , con s · stent wi th  

the  va l ue est i mated fo r the  peri od of RCS proces s i ng . Corro s i on rates 

measured under othe r cond i t i on s  have been found to  dec rease wi th  t i me , 37  

so  part of the add i t i on of part i c l es  du ri ng RCS  process i ng may have  been 

due to d i stu rbance of debri s .  The fi rst  v i deo p i ctures from wi th i n  the 

reactor  ves se 1 1 0  s howed that debri s was eas i l y d i s turbed . The movement s 

of the  camera i n  the g u i de tube frequen t l y  d i s l odged part i cu l ates .  

I t  i s  expected that the p l anned addi t i ona l  RCS proce s s i ng wi l l  reduce 

t he suspended  part i cu l ate concentrati ons  even further .  I f  the a s su1�p t i on s  

d i scus sed a bove are va l i d  and  the appearance rate dur i ng su bsequent proces

s i ng i s  a l so  �1 kg/day , then the  concentra t i on at  the  end of  RCS process i ng 

i s  es t i mated to be about 1 6  mg/ l i ter . I f  the  appearance rate dur i ng 

q u i escent peri ods between process i ng �ampa i gn s  i s  greater than 0 . 01 kg/day 

then the fi na l  concentrat i on cou l d  a l so  be g reate r .  The  numer i ca l e s t i ma te s  

made i n  t h i s sect i on a re o f  cour�e h i gh l y dependent o n  t h e  stated a s sump

t i on s ; however ,  they suggest  that even after process i ng the part i cu l a te 

concentra t i on i n  the RCS wi l l  substan t i a l l y  exceed the des i red va l ue  of 

�1 mg/ l i ter . Unti l othe r  data are ava i l ab l e ,  i t  i s  a s s umed that  the par

ti c l e  s i ze d i str i but i on wi l l  resembl e  that  found in  RCS-2 .  On  that  bas i s ,  

the med i an d i ameter of s u spended corros i on part i c l es i s  expected to be 1 e s s  

than 1 �m . The concentrati on  may i ncrease fo l l owi ng  proces s i ng as  the resu l t 

of debri s d i sturbance pr i or  to p l enum remov a l . 

E s t i mated Part i c l e  Add i t i ons  Dur i ng P l enum Remova l  

The  amount  of part i cu l a te materi a l  added to the  RCS duri ng p l enum 

remova l depends upon the d i ff i cu l t i e s  encountered . As a m i n i mum , part of 

the l oose  core debr i s that has  settl ed onto p l e num surfaces w i l l  be was hed  

down i nto the  RCS pr i or to  and  duri ng p l enum remova l .  Remova l of  these  

depos i ts wi l l  reduce both the 8 - and y-dose rates  and the poten t i a l  for 

s urface contami nat i on and resuspen s i on of rad i on uc l i de s . As  noted a bove , 

the v i deo p i ctures 1 0  showed that there was a s i gn i fi cant  amoun t of l oose  

debri s on  p l enum su rfaces .  Howeve r ,  ne i ther t he mas s  o f  debri s depos i ted  
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on p l enum surfaces  nor the frac t i on  that can be removed by water l anc i ng 

i s  known . Sett l i ng vel oc i t i es fo r the l oo s e  core debr i s ( d i scus sed i n  a 

l a ter sec t i o n ) are substant i a l , so  the add i t i on of  th i s ma teri a l  to the 

RCS i s  not expec ted to impa i r  v i s i b i l i ty for an extended peri od . 

I t  may be necessary to cut  the p l enum i nto severa l p i eces to remove 

i t .  Mecha n i c a l  cutt i ng or  m i l l i ng opera t i on s  may be needed to rel i eve 

b i nd i ng between the p l enum and reactor vesse l . The types  and number of 

t hese opera t i ons  wn l depend on the cond i t i o n s  actual l y  encountered duri ng  

p l enum remov a l . Cutt i ng may a l so be  requ i red to  free the rema i n i ng end 

f i tt i ngs  from the l ower sect i on of the pl enum . The ma s s  of  cutt i ng debr i s 

that wi l l  be genera ted i s  u ncerta i n ,  but the part i c l es a re not  expected to 

be sma l l en ough  to i mpa i r  v i s i b i l i ty fo� an ex tended per i od . 

Once the end-f i tt i ng s  have been freed , the l ower p l enum wi l l  not be 

attached to any core debri s .  D i s turbance of  the core debri s ,  and a 

fract i on of  any cutt i ng debr i s  that has  sett l ed on  top of  i t ,  s hou l d 

resu l t on l y from the turbu l ence generated when the p l enum i s  l i fted . 

That wi l l  depend pri nc i pa l l y  u pon the rate at  wh i ch the p l enum i s  l i fted 

out  of the vesse l . I t  i s  ex pec ted that , w i th a caut i ous  l i ft i ng procedu re ,  

remova l  of t he  p l enum wi l l  n ot  great l y d i s turb the  bed of l oo se debri s 

that l i es  approx ima te l y 1 . 5 m ( 5  ft ) bel ow i t .  Any added part i cu l ate 

l oad i ng from l i ft i ng and wa ter l anc i ng duri ng l i ft i ng i s  expected to be 

removed by settl i ng w i th i n  a short t ime after p l enum remova l .  

E st ima ted Part i c l e  Genera t i on Du r i ng Remova l  of Core Debr i s  

The tota l ma ss  of l oose and fu sed core debri s i s  est ima ted to be 

between 32 , 000 and 53 , 000 kg . 6 Some of the fragmented core debr i s fs sma l l 

enou gh to have settl ed to the l ower c ore support stru cture and bottom of 

the reactor vesse l . The ma ter i a l  observed i n  the p l enum and in  samp l es  from 

the l etd own fi l ters strong l y  suggests  that f i ne core debr i s wi l l  be found 

throughou t the pr imary system . The i n i t i a l  a ttempt to probe the depth of  

the  l oose  debr i s bed sugge�ts  that the bed i s  approx ima te l y  36  em \ 14 i n . )  

th i c k  i n  the center of the reactor vesse l . The top of the debri s bed i s  

1 . 5  m ( 5  ft ) bel ow the core s upport p l a te at  that l ocat i on . 1 0  The modera tor 

normal l y  occup i es 58% of the core6 so the th i c kness  of the bed cou l d  accou n t  

for debri s from about 8 6  em ( 34 i n . )  of  core he i ght . A comparab l e amount of  
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debr i s mu st  be d i str i buted ( a ) between i ntact fue l assemb l i e s  i n  the l ower 

part of the core , or ( b )  i n  the bottom of the vesse l , or ( c )  i n  the pr ima ry 

p i p i ng , pressu r i z er ,  and steam generators . 

The fue l  debr i s wi l l  be removed from the p r i ma ry sys tem dur i ng defue l i ng .  

The pre l im i nary defue l i ng schedu l e suggests  that defuel i ng work w i l l l a st 

about  s i x  months . The sma l l  part i c l es of fragmented fue l  and c l add i ng wi l l  

be encountered throughout the defue l i ng per i od .  Wh i l e  the remova l of re l a 

t i v e l y  i ntact stubs of fuel assembl i es wou l d  not norma l l y  be expected to be 

a source of sma l l part i c l es , the sma l l debr i s that has sett l ed i n to the l ower 

part of the core wi l l  be d i s tu rbed . Based on the prel i m i na ry sc hedu l e ,  the 

debri s removal rate i s  est imated to be about  2 5 0  kg/day . 

The effec t i veness  of the equ i pment u sed to remove the debri s can be 

expected to be reasonab l y h i gh ,  80-99% . That i s ,  the suc t i on co l l ect i on 

system wou l d  tra p at  l ea s t  80% of the mater i a l  that i s  freed by app l i cat i on 

of mechan i cal  force to the rubb l e ,  but i t  i s  un l i ke l y to col l ect  a l l of i t .  

Ou r i ng some peri od s , the col l ect i on effic i ency may be as  l ow a s  80% becau se 

forces app l i ed i n  one area w i l l d i sru pt materi a l  i n  a second l oc a t i on d i stant 

from the co l l ect i on equ i pmen t .  However , i t  i s  expected that an average col 

l ect i on eff i c i ency i n  the h i gher port i on of  the range wou l d  be requ i red . The 

average rate of re l ease of debri s bed materi a l  to the water  wou l d  then be 

�1 %  of the debri s  remov a l  rate . Hence , the nomi n a l  source term for core 

debri s part i cu l ates i s  e s t i mated to be �3 kg/day . 

Poten t i a l  Control Tec hn i ques  for Part i cu l ates 

It  i s  c l ear from the prev i ous  d i scu ss i on s  that turb i d i ty contro l  wi l l  

be needed to i mprove water c l ar i ty duri ng defue l i ng .  I n  t h i s sect i on ,  severa l 

potent i a l  control techn i ques are d i scussed . The effects  of grav i ta t i ona l 

settl i ng are con s i dered f i rst ;  then act i ve remova l  proces ses  are con s i dered . 

Grav i ta t i ona l Settl i ng 

Tab l e 1 2  conta i ns the termi na l sett l i ng vel oc i t i es for s pher i ca l  U02 
pa rt i c l es fa l l i ng through water . The vel oc i t i es were computed u s i ng Stoke • s  

Law for water at  37°C and a U02 part i c l e den s i ty of 10 . 9  g/cm3 .  For the 

l e s s  den se part i c l es  of  Zr02 and i ron ox i de s ,  termi na l  sett l i ng ve l oc i t i es 
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under the same cond i t i ons  wou l d  be sma l l er ,  about 46% and 42�& of the tab l ed 

va l ues , respect i v el y .  Tenn i na l  ve l oc i t i es for i rregu l ar l y  s ha ped debr i s 

pa rt i c l  � s  wou l d  be greater than tho se s hown for s pheri ca l parti c l es .  

TABLE 1 2 .  SETTL I NG V ELOC I T I ES FOR SPHERI CAL U02 
PART I CLES I N  WATER 

Parti c l e  D i a�eter 
(�m } 

1 

2 

4 

10  

20  

30 

40 

60 

80 

100 

200 

a .  Compu ted for spher i ca l  U02 
fa l l i ng through wa ter at  37°C .  
and i ron ox i de pa rt i c l e s wou l d  
the tab l ed val ues . 

Termi na l Sett l i ng 
Vel oc i t,t ( cm / s �  

7 . 8 X 1 0 -4 

3 . 1 X 1 0- 3 

1 . 2 X 1 0 -
2 

7 . 8 X 10-2 

3 . 1  X 1 0- 1 

/ . 0 X 1 0-1 

1 . 2 X 100 

2 . 8 X 1QO 

5 . 0 X 10°  

7 . 8 X l QO 

3 . 1 X 10 1 

pa rt i c l es wi th a den s i ty of 1 0 . 9  g/cm 3 
Termi na l  ve l oc i t i es for s pher i ca l Zr02 

be abou t 46% and 42% , res pect i ve l y ,  of  

The t ime requ i red for part i c l e remova l  by grav i ta t i ona l sett l i ng can 

be qu i te l arge . F i ne parti c l es  of U02 fue l debri s ,  from 40 �m to 10  �m i n  

d i ameter , wi l l  fa l l  th rough 4 . 6  m ( 1 5 ft ) of water i n  7 to  45  mi nutes . 

However , the t ime req u i red for 1 -�m i ron ox i de corro s i on part i : l es to fal l 

the same d i s ta�ce wou l d be �19 days . These e st ima tes  i gnore the  P.ffects  
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of  therma l currents , du e to decay heat , that  wou l d reta rd settl i ng .  Gra v i 

tat i on a l  sett l i ng cannot be rel i ed u pon to remove  part i c l es cau s i ng turb i c i ty 

i n  the cav i ty water . The t i me sca l e  i s  too great to  permi t effi c i en t  

opera t i on s  dur i ng defuel i ng .  

D i rec ted Fl ow 

Dur i n g  norma l refue l i ng outages , f i l l i n g the cav i ty from above the core , 

ra ther thdn through the co l d l eg of  the RCS , ha s been found to reduce the 

turb i d i ty generated dur i ng cav i ty f l ood i ng .  Th i s  i s  apparen t l y  because  the 

ma s s  of  s u spenda b l e mater i a l  a ttached to s u rfaces i n  the reactor ves se l  i s  

rel a t i vel y und i sturbed when that procedu re i s  u sed . Refue l i ng experi ence 

has  a l so s hown that water c l ar i ty i s  improved by ma i nta i n i ng f l ow from the 

fue 1 poo 1 throug h the transfer· cana 1 and deep end of  the cav i ty and then 

i n to the reactor vesse 1 . 34 

S i mi l a r f l ow patterns s hou l d  be emp l oyed dur i ng TI� I -2 defue l i ng opera -# 
t i on s . Ma i nteRance of a downward f l ow through  the u pper port ion  of  the 

reactor vesse l  dur i ng defu e l i ng s hou l d  m i n im i ze the d i s pe rs i on of  res u s pended 

pa rt i c l es i nto the cav i ty wa ter .  I ncrea s i ng the downward f l ow vel oc i ty at  a 

phys i ca l  i n terface between the cav i ty and reactor vesse l  by l im i t i ng the s i ze 

of t he open i ng wou l d prov i de even greater confi nement o f  the s u spended 

pa rt i cu l a tes . 

Suppl ementary L i ght i ng and V i ewi ng Equ i pmen t 

Even thou g h  su pp l ementary l i ght i ng and v i ewi ng equ i pment are pos s i b l e  

mea sures to overcome , rather than contro l , v i s i on probl ems caused by tur

b i d i ty ,  i t  seems appropri a te to d i s cuss  them bri efl y in  th i s  sect i o n . 

Poor l i gh t i ng for f l ooded poo l s and operat i ona l d i ff i cu l t i es wi th  

i n sta l l ed systems have been common probl ems at opera t i ng p 1 ants . 34 Refer

ence 34 suggests  the u se of  l ong �ave l ength and pol a r i zed l i g ht to reduce 

scatteri ng and the apparent tu rb i d i ty .  D i rect i ona l ,  rather t han genera l 

area , l i ght i ng i s  a l so recommended . A d i ff i cu l ty a s soc i a ted  wi t h  i n sta l 

l a t i on of add i t i ona l  l i gh t i n g  i s  that  i t  may encou ra ge the g rowth of a l gae 

that can  i ncrease  rad i a t i on l eve l s by concentra t i ng rad i on u c l i des  i n  t he 

cav i ty water and can a l so add to the turb i d i ty prob l em .  
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I t  i s  a l most  certa i n  tha t the norma l refue l i ng gu i de for part i cu l a te 

concentra t i on ( 1  ppm )  wi l l  be exceeded du ri ng substant i a l  port i ons  of  the 

TM I -2 defue l i ng .  A moveabl e underwater v i ew i ng system--v i deo camera wi th  

remote d i sp l ay screen--can be  pos i t i oned nea r the work area to prov i de 

equ i pment operators wi th v i sua l  i n format ion  requ i red to perform the i r work . 

F i l tra t i on 

As i n d i cated prev i o u s l y ,  s k i d-mcunted and s ubmers i b l e fi l tra t i on 

sys tems have been produced to supp l ement  those supp l i ed a t  the t ime of  

rea c t o r  con s truct i o n . Suc h sys tems shou l d be con s i dered for app l i ca t i on 

to turb i d i ty probl ems expected dur i ng the defue 1 i ng o f  TM I -2 . Because  the 

dura t i on of any t u rb i d i ty probl em depends on the rati o  of c l eanu p  fl ow 

ra te to the tota l  vo l ume be i ng treated , care fu l con s i dera t i on must be 

g i ven to the system fl ow rate and a bal ance struck between system s i ze and 

cos t  and the c l eanu p t ime con s i dered acceptabl e .  Determ i na t i on of an ac

ceptab l e c l eanup  t ime and  optimum f l ow rate i s  beyond the scope of th i s 

work . The d i scu s s i on that fo l l ows i s  on l y  concerned wi th the  capab i l i t i es 

of  such systems , not the i r s i ze or  cost . 

The equ i pment descr i bed i n  Reference 34 emp l oys var i ous  types  of 

fi l ters : el ectromagnet i c ,  etched d i s c ,  fabri c bag s , precoated cake on 

mes h , and the cartr i dge types . The cartri dge , bag , and etched d i sc fi l ters 

are ava i l ab l e  wi th  rat i ngs  a s  l ow as  1 �m ; typ i ca l  opera t i on s  have emp l oyed 

fi l ters rated for part i c l es approx imate l y  5 �m i n  d i ameter . For  submi c ron 

part i c l es ,  such  as those o� ;erved i n  s�mpl e RCS-2 , i t  may be neces sa ry to  

emp l oy e l ectromagnet ic  or  cake fi l trat i on systems . The part i c l e remov a l  

effi c i ency of an e l ectromagnet i c  f i l ter wou l d  depend upon t h e  fc� of i ron 
ox i de present i n  t he l i qu i d  under the cond i t i ons  of operat i on .  

Two cond i t i ons  can l im i t  the opera t i on of fi l t ra t i o n  systems : pres su re 

drop acros s the sys tem due to the bu i l dup  of co l l ected part i cu l a tes  and 

rad i at i on exposure due to the  rad i onucl i des  present i n  the pa rt i c u l ate mat

er i a l . I n  norma l u s e ,  the bu i l du p  of rad i onuc l i des  has  been more l im i t i ng 

than the f i l ter mass  l oad i ng ,  but tha t may not be the case  for TM I -2 .  The 

t i me peri od requ i red to change fi l ters and the ease or d i ff i cu l ty i n  hand l 
i ng and d i s pos i ng of the s pent fi l ter  materi a l s a re important cons i dera t i on s  

i n  the se l ect i on of such sys tems . 
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The removal of part i cu l ates  from the RCS or  cav i ty wa ter by f i l tra t i on 
can be descri bed u s i ng Equat ion  ( 3 ) : 

dC _ P 
dt - v 

where 

(� ) c 
v 

C = the part i cu l ate concent rat i on (mg/ l i ter )  

t = t ime ( s )  

( 3 )  

P = the rate at wh i ch part i cu l a tes  are enter i ng  the fl u i d  ( mg/ s )  

V = the fl u i d  vo l ume ( l i ters ) 

E = the removal  eff i c i ency of  the fi l trat i on system 

F = the fl ow rate through the fi l tra t i o n  system ( l i ters / s ) 

\e=EF/V = the effec t i v e  remova l  rate con stant for the f i l trat i on 

system ( s -1 ) . 

Equat i on (3) a s sumes that the domi nant remova l  mechan i sm i s  t he f i l tra t i on 

system and that the system i s  wel l m i xed . I f  e i ther or both cond i t i on s  were 

not met ,  a s im i l ar equat ion w i th a mod i f i ed remova l  ra te constant wou l d  

app l y .  The genera l sol ut i on to Equat i on (3) , when the i n i t i a l concentra t i on 

of part i c l es  i s  C0 (mg/ l i ter ) , i s  

( 4 )  

The model descri bed above can be u sed to est imate tr.e effec t i venes s of 

fi l trat i on systems  for remova l of part i cu l a tes under var i ous  condi t i ons . 

However ,  i t  shou l d  be noted that a tota l l y  eff i c 1 en t  f i l tra t i on system ( we l l 

m i xed fl u i d  and 100% col l ect i on of part i c l es enter i ng the fi l te r )  i s  not 

l i kel y to be found . Reference 34 po i nt s  out that actual cl eanup ha l f-l i ves  

have substant i a l l y  exceeded des i gn va l ues  under some operat i ng cond i t i on s . 

No genera l ru l e  a ppea rs appl i ca bl e to  descri be reduced operat i onal  performance , 

but cau t i on i s  naces sary when d i scu s s i ng ca l cu l ated system character i s t i cs .  

Under cond i t i on s  when the appearance rate ( P ) i s  very sma l l ,  the t ime 

(t* , s }  requ i red to ach i eve a des i red concent ra t i on ( C* , mg/ l i te r )  can be 

computed u s i ng Equat ion ( 5 ) : 
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t* = - l n ( C*/Co ) 

eF/V 
( 5 ) 

I n  th i s case , the c l eanup t ime i s  proport i ona l to the l i qu i d  vo l ume be i ng 

trea ted , so conf i n i ng the part i cu l ates to a sma l l vol ume wou l d  s horten the 

t ime requ i red to c l a r i fy the cav i ty water . 

The more l i kel y s i tuat i on i s  tha t part i cu l a tes  wi l l  be enter i ng the 

l i qu i d  more or l es s cont i nuou s l y  duri ng defuel i ng .  Under suc h  cond i t ions , 

the second term i n  Equat i o n  (4 ) contro l s the equ i l i br i um part i c l e concen

tra t i on ( Ce , mg/ l i ter )  g i ven i n  Equat ion  ( 6 ) . 

c = e 
p 

EF 

The equ i l i br i um concentra t i on of corr-os i on part ic l es for P= l l . 6  mg/ s  

( 6 )  

( 1  kg/day ) enter i ng a system wi th  a con t i nuous  f i l trat ion  rate of 0 . 95 l i te r/s 

( 1 5  gpm )  wou l d  be �1 2  mg/ l i te r ,  i f  €= 1 . 0 .  The va l ue of Ce for a con t i nuous  

source of part i c l es i s  i ndependent of the l i qu i d  vo l ume i n  wh i c h  the part i 

c l es are d i str i bu ted . As s hown earl i er ,  settl i ng wou l d not s i gn i fi cant l y  

affect the concentra t i on o f  these part i c l es . Lower concentra t i on s  cou l d  be 

ach i eved by i ncrea s i ng the f i l tra t i on ra te . A comp l etel y eff i c i ent par t i cu

l ate f i l trat i on system wi th a f l ow rate of 1 1 . 6  l i ters / s  ( 180 gpm )  cou l d  ma i nta i n  

a corro s i on part i cu l ate concen tra t i on of 1 mg/ l i ter i f  the a ppearance rate 

of corro s i on pa rt i c l es were 1 kg/day . As d i scus sed above , supp l emen tary 

l i g ht i ng and v i ewi ng equ i pment are probabl y essen t i a l  for the defue l i ng 

opera t i on s . 

The expec ted average i nj ect i on rates for core debri s are �J kg/day . 

Remov a l  of  the l arger and more dense core debri s part i c l e s  wou l d  be con tro l l ed 

by grav i tat i ona l  sett l i ng ,  not by c l eanup system fl ow rate . Howeve r ,  prov i �  

s i an o f  underwater v i deo eq ui pment  i s  aga i n  des i rab l e  to avo i d  the  de l ay s 

that wou l d  be cau sed by d i s turbances of fue l  debri s du r i ng defue l i ng .  

C hem i ca l  Add i t i on 

Certa i n  compound s  of a l um i num a nd i ron  are wi del y u sed a s  coagu l ants  

i n  wa ter-treatmen t  fac i l i t i es . They react  wi th  the a l ka l i n i ty of the water 

to form i n so l ubl e hydrated ox ides ( commonl y ca l l ed hydrox i des ) , remov i ng 
suspended part ic l es i n  the proces s .  The dosage vari es , depend i ng on the 

37 

I 
I 



wa ter cond i t i ons  encountered , but i s  typ i ca l l y  ten s of mg/ l i ter . H i gh 

turb i d i ty does not necessar i l y  requ i re a l a rge dose  of coagu l ant . The pH 

of the water mu st  be kept suff i c i ent l y h i gh  by add i t io n  of an  i norga n i c  

base duri ng the proces s .  

The c ho i ce of po s s i bl e  c hem i c a l  trea tments for reactor cool ant  and 

cav i ty water i s  narrowed by con s i dera t i ons  of compat i b i l i ty wi th  ma ter i a l s 

i n  the reactor a nd the des i ra b i l i ty of keep i ng  the cool ant  non-ac i d i c .  The 

effec t i v eness of most  of  the pos s i b l e  treatments has not been demon strated 

under TI1 I -2 cond i t i ons . A l so , treatment to reduce turb i d i ty m i ght i nter

fere w i th other water treatment processes . These caveats mu st be kept i n  
mi nd when con s i der i ng c hem i c a l  mod i fi ca t i o n s  of the pr imary coo l ant  and 

cav i ty "'a ter . 

As i nd i ca ted above , compounds  conta i n i ng c h l or i de s hou l d  be avo i ded 

(meta l corros i on ) , and carbonate bases  wou l d evo l ve carbon d i ox i de i f  the 

rea c t i on zone became ac i d i c  ( pos s i b l y  i ncreas i ng a i rborne contami na t i on ) . 

Two prom i s i ng coagu l ants  a re d i l u te so l ut i on s  of hydrated a l u� i num s u l fa te 

( a l um ) and anhydrou s  ferr i c  s u l fate . The second ha s the advantage of 

work i ng effect i vel y over a wi der pH range : 5 . 5  to 8 . 3 versus  6 . 8 to 7 . 5  

for a l um . 38 However , a l um i s  ava i l ab l e a s  a concentra ted so l u t i on that 

i s  conven i ent  to u se .  The preferred bases to u se to ma i nta i n  a l ka l i n i ty 

a re so l ut i ons  of  ca l c i um hydrox i de ( hydrated l ime ) o r  sod i um hydrox i de 

( cau st i c  soda ) . I t  s hou l d  be noted tha t moderate concentra t i on s  of su l fate 

or  pho sphate i on s h i ft s  the optimum pH toward a c i d i ty .  S i mp l i f i ed chem i ca l  

react i ons  for these two coagu l ants  and these t�o bases a re g i ven i n  

Tabl e 1 3 . 

TABLE 13 . SKELETAL EQUAT I ONS FOR REACT IONS OF METAL 
COAGULAUTS W I TH WATER  ALKAL I N I TY 

Al 2 ( S0 4 ) 3 · 14 H 20 + 6 NaOH + 2 Al ( OH } 3  � + 3 Na2S04 + 14  H 20  

Al 2 ( S04 ) 3 · 14 H20 + 3 Ca ( OH ) 2  + 2 Al ( OH ) 3 � + 3 CaS04 + 14 H 20  

Fe2 (S04 ) 3 + 6 NaOH + 2 Fe ( OH ) 3 + + 3 Na2S04 

Fe2 (S04 } 3 + 3 Ca (OH ) z  � 2 Fe ( OH h  + + 3 CaS04 
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To u s e  these or  other chem i ca l s for effec t i ve wa ter treatment they 

mu st  be we l l m i xed i n  the treated vo l ume . A s  coagu l at i on proceeds , f l oes 

a re fo rmed wh i c h  tra p  more suspended materi a l  a s  they settl e .  M i x i ng 

he l ps  to form l a rger f l oe s , wh i ch remove part i c l es more eff i c i en t l y  and 

sett l e i n  a rea sona bl e t ime ( u p  to a few hours ) . F l occu l at i ng a i d s wi l l  

s u pp l emen t ,  o r  d im i n i sh the need for , m i x i ng .  Of the severa l ava i l ab l e ,  

the two that seem most s u i tabl e are act i vated s i l i ca and po lymeri c f l oc

cu l a nt s , a l so known a s  po l ye l ectro l ytes . Act i vated s i l i ca i s  genera l l y  

u sed wi th  a l um and can produce l arge ,  " tough " fl oe s that fragment  l e s s  

when d i stu rbed after sett l i ng .  T he  u se of  act i vated s i l i ca ,  however , i s  

s t i l l  somewha t of an  a rt .
38 Po l ye l ectro l ytes are natura l  or synthet i c  

o rga n i c  po l ymers tha t promo te the fo rma t i on of v e ry l a rge , q u i c k - s e t t l i n g 

f l oe s . Both  k i nds  are ava i l ab l e i n  an i on i c ,  cat i on i c ,  o r  neutra l  types ; 

the preferred k i nd and type for a part i c u l a r  s i tuat i on mu st  be determi ned 

emp i r i ca l l y .  T he cat i on i c  type can be u sed a l one but i s  not as effect i ve 

( l ea ves more res i d u a l  turb i d i ty )  a s  when u sed wi th  a l um .  Together , they 

can f l occu l ate a l ga e  and bacter i a .  Both  acti va ted s i l i ca and the po l y

el ectro l ytes  a re u sed i n  sma l 1  quant i t i es , typ i ca l l y 0 . 1  to 1 . 0  mg/ l i te r .  

Exc es s amounts  wi l l  actua l l y d i sperse f l oes . Benton i te cl ay i n  concen 

tra t i ons  of 1 0  to 50 mg/ l i ter i s  another fl occu l a t i ng a i d  tha t cou l d  be 

u sed . 38 

A system for ou t-of-vesse l  proces s i ng of refue l i ng cav i ty wa ter 

u s i ng these techn i ques  wa s con s i dered i n  Reference 34 , I n  was genera l l y  

con s i dered too compl ex and messy fo r ap� l i ca t i on to a norma l  �efuel i ng 

ou tage .  Use  of e l ectromagnet i c  f i l ters that empl oy the same fl occu l ants  

to col l ec t  non -magne t i c  part i c l e s ( or to  improve the  effi c i ency for 

hema t i te )  was a l so not recommended for the same reason s . 34 

I f  the proper cond i t i on s  can be ach i eved , coag u l a t i on and fl occcu l a t i on 

may be ab l e to reduce coo l ant turb i d i ty to the norma l refue l i ng gu i de va l ue 

of 1 mg/ l i ter . The f l oe s wi l l  coat Jpaque l y  the bottom surfaces  they sett l e  

u pon , t nereby retard i ng the res uspen s i on of  l oose  pa rt i c l e s that have 

prev i ou s l y  sedimented . Such a proces s  wou l d  probab ly  have to be repeated 

seve ra l  t i mes  du ri ng defue l i ng .  Not on l y  wi l l  sma l l part i c l es be re l eased  

by de fue l i n g act i v i t i e s ,  but a l s o  more pa rt i c l es mi ght res u l t from ox i da 

t i on react i ons  when the ves se l  i s  opened . I f  th i s  t reatment  proces s  i s  
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pursued , carefu l se l ect i on and tes t i ng of can d i date coagu l ants  mu st  be 

performed . The effect i veness  of repeated app l i c a t i ons  s hou l d  be eva l u 

a ted exper i menta l l y pr i or  to use . I n  add i t i on ,  carefu l cons i dera t i on of  

poss i b l e  effects  on other processes  and  on  pl a n t  systems and mater i a l s i s  

requ i red pr i or  to  use . 

40 



EST IMATE D  SOURCES OF RAD I ONUCL I DES 
AND THE I R  CONTROL DUR I NG DEFUEL ING  

Two categori es  of  sou rces a re con s i dered i n  th i s  sect i on , rad i on uc l i de s  

i n  suspended pa rt i c l es and rad i onuc l i des  i n  sol ut ion . The generat i on rates 

for pa rt i cu l ates have a l ready been d i scussed , so the exten s i on to pa rt i cu

l ate rad i onuc l i des  i s  con s i dered fi rst .  Then sources of so l ub l e  rad i onuc l i des  

and  potent i a l contro l  techn i ques a re di scus sed . 

Sources of Rad i oact i ve Part i cu l ates 

Th ree pri nci pa l sources of s u spended part i cu l ates have been i dent i f i e d  

i n  the pre v i o u s  sect i on :  corros i on and core debri s that have a l ready been 

observed i n  the RCS , cutt i ng debr i s generated dur i ng destruct i ve p l enum re

mova l , and core debri s d i stu rbed Jur i ng defue l i ng .  These sources  are 

con s i de red i n  subsect ions  be l ow .  

RCS Suspended Part i cu l ates 

The ma ss  of sma l l suspended part i cu l ates i n  the RCS at  the t i me of 

defuel i ng was e s t i mated to be at  l east  5 kg. The actua l va l ue wi l l  depend 

upon the part i cu l ate appearance rate pr i o r  to and after the add i t i ona l  RCS 

proces s i ng  campa i gn s . The tota l mas s  of suspendab l e  corros i on part i cu l ates  

coul d be  much l arger . The  frac t i on of the 1 3 7Cs  that was as soc i ated wi th  

pa rt i cu l ates in  samp l e RCS-2 was 0 . 24 . 20  In  more recen t samp l es , the f i l ter

ab l e 1 3 7Cs frac t i on has been <1% of the tota l . 19  If  that fract i on rema i n s  

constant , then <0 . 7  o f  the �70 C i  o f  1 3 7Cs  expected i n  the RCS a t  the t i me 

of defue l i ng wou l d  be as soc i ated wi th pa rt i c l e s , mo st  of  whi ch wou l d have 

d i ameters <1 �m .  S imi l ar l y ,  <0 . 05 C i  o f  1 3 4Cs wou l d  a l so be i n  part i cu l a te 

form . The amount of 9 0 Sr i n  suspended part i c l es i s  s i mi l ar ly  est i mated 

to be < 1 0  C i . Nea rl y a l l the 1 4 4Ce i n  RCS-2 wa s i n  the  part i cu l a te 

fract i on .  Nei ther  1 0 6 Ru nor 1 2 5Sb was detected i n  RCS-2 , 20  but  the 

sma l l amounts of these nucl i des  est imated to be i n  the RCS ( Tab l e 10 ) 

may be l arge l y  i n  the form of sma l l  part i c l e s . 
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Cutti ng Debr i s  

As was noted prev ious l y ,  vol a t i l e  rad i onuc l i des  were re l eased duri ng  

the per i od when the pl enum assemb l y  wa s f i l l ed wi th  gas  and and were tran s

ported through the p l enum pr i or to the d i scharge . Cond i t ions  were favora bl e 

for s i g n i f i cant amounts  of depos i t i on on p l enum surfaces : 

o the surface to vol ume rat i o  of the p l enum i s  l a rge ( A  = 9100 ft2 , 

V = 1 500 ft2 , so A/V = 6 . 1  ft- 1 or 0 . 20 cm- 1 ) 39 , and the depos i 

t i on rate constant i s  proport i ona l to A/V 

o the f l ow rate of ga s through the p l enum ( Q ) was l ow ,  prov i d i ng a 

l ong contact t i me ( Q  i s  est imated to have been {. 500 ft 3 /mi n ,  so 

Q/V {, 0 . 33  mi n - 1 or � 0 . 0056 s - 1 ) 

o steam was condens i ng on p l enum surfaces dur i n g  the per i od . 

These factors suggest that s i gn i fi cant depos i t i on of rad i o i od i nes  and 

rad i oces i ums may have occurred dur i ng a peri od of �100 mi nutes fol l ow i n g  

fue l  c l add i ng fa i l ure . Unfortunatel y ,  t h e  depos i t i on and resuspens i on  

rates and  the  rates  of compet i ng proces ses (�.�· , scaveng i ng by  drops of  

condensate)  a re not  suff i c i en t l y  wel l  known to pred i ct the  surface concen 

trat i ons  accumu l ated before the p l enum was aga i n  f i l l ed wi th water . The 

depo s i ted act i v i ty has been subject to l eac h i ng  from the surfaces s i nce 

that t ime . 

To compute the  potent i a l  contr i but i on of rad i oces i um i n  cutt i n g  debr i s ,  

the i n i t i a l est imate o f  1 �Cs depos i t i on on the l ead screw su rface was 

app l i ed to p l enum su rfaces at the t i me of p l enum remova l . I f  that were the 

case , then the average p l enum surface concentra t i on wou l d be rough l y  1 7 0 0  

� C i /cm2 . The 1 3 7 Cs act i v i ty re l eased dur i n g  pos s i b l e  cutt i ng of p l enum 

components  i s  est i mated to be l es s  than 4 C i . The part i c l e s generated by 

cutt i ng are expected to be removed by grav i tat i ona l sett l i ng ,  so the 

add i t i on of �6% to the 1 3 7Cs  i nven tory wou l d be temporary . 

Core Debr i s 

The average source term for l oose  core debr i s part i c l es i s  e st i mated 

to be �3 kg/day throughout a 180-day defue l i ng peri od . Duri ng short per i od s , 

t he rate cou l d be up to 50  kg/day . The est i mated average rates of  
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act i v i ty i nject ion  are shown i n  Tabl e 14 . The rates of i nj ect i on for 

part i c l e s wi th d i ameters <40 �m assume that 1 �% of  the deb r i s l i es  i n  

tha t s i ze range . Both esti mates emp l oy average rad i onuc l i de c oncent ra 

t i o n s  based on  the expected i nventory i n  l oose fuel  debri s ( Tab l e  9 )  

d i s t r i bu ted i n  4 5  metr i c  tons  o f  fue l  and c l add i n g . 

TABLE  1 4 .  AVERAGE RATES OF PART I CULATE RAD I ONUCL I DE 
I NJ ECT I ON I NTO THE RCS DUE TO D I STURBANCE OF  LOOSE CORE DEB R I S  

Pa rt i c u l ate Act i v i t� I nj ec t i on Rate { c i /  da,zJ 

Rad i onuc l i de Loose Co re Debri s Core Debri s <40 �m 

9 0 Sr  1 0  2 .  
1 0 6 Ru 2 0 . 3  
1 2 s sb 0 . 4  0 . 07 
1 3 4Cs  0 . 06 0 . 009 
l 3 7 Cs 2 0 . 2  
l 44 Ce 5 0 . 8 

I t  i s  expected ( Tab l e  9 )  that the fu sed debri s and i ntact fue l 

pe l l ets wi l l  conta i n  muc h  h i g her concentrat i on s  of rad i oces i um and some

what h i gher concentra t i ons  of 9 0 Sr  than the l oose core debri s .  Howeve r ,  

the part i cu l ate i nj ect ion  rates for these debr i s  categor i e s  are much l ower . 

Un l es s  the fu sed debri s or  i n tact rod stubs a re pu l veri zed , the mas s  of 

sma l l part i c l es produced dur i n g  remova l of these components sho u l d  be 

sma l l .  For examp l e ,  i t  i s  not expected tha t ch i se l i ng or cutt i ng of fused 

core debri s wou l d  i nj ect  sma l l pa rt i c l es at  a rate comparab l e  to  that for 

the l oose core debri s .  Except for the prev i o us l y  di scus sed d i sturbance of 

l oose deb ri s ,  the remova l  of re l at i ve l y  i ntact stubs  of fue l  rods i s  l i ke 

wi se  not expected to i nj ect sma l l pa rti c l e s i nto the reactor coo l ant . 

43 



Sou rces of Sol u b l e  Rad i onuc l i des 

The most i mportant source of  so l u b l e rad i onuc l i des dur i n g  defLe l i ng  

operat i on s  i s  expected to be i nj ect i on o f  rad i oces i um from fue l debri s 
i n to the RCS . Inj ect i on of  9 0 Sr  may cont i n ue depend i ng ,  a s  d i scus sed pre

v i ous l y ,  upon the tota l amount ava i l ab l e after RCS p roces s i n g . Howeve r ,  

i f  concentrat i ons  do not change substan t i a l l y ,  Tabl e 10  i nd i cates that 

extern a l  rad i at i on from 9 0 sr  wi l l  be a secondary concern . At ex i s t i ng 

l eve l s ,  su rface con tam i nat i on by 9 D s r  may be an  operat i on a l  p rob l em .  The 

potenti a l  for l eac h i ng  of 1 0 6Ru , 1 2 5Sb , 1 4 4 Ce , and transuran i c s appears 

i n s i gn i f ican t ,  bu t the potenti a l  fo r s u rface con tami nat i on and a i rbo rne 

concen trati ons of these nuc l i des cannot be i g no red . 

The rad i oces i um appearance rate duri n g  defuel i ng may exceed that exh i b 

i ted pr i or  to RCS process i ng  because the exposed surface area wi l l  be 

i nc rea sed by di sturb i ng the bed of l oose deb ri s ,  by cutt i n g  fu sed deb ri s ,  

and by fracturi ng  fue l  pe l l ets . Th e vacuum c ol l ect i on system for l oose debri s 

may fragment the deb ri s further and wi l l  wash  the debri s pa rt i c l e s  duri ng  

c ol l ec t i on . The rad i o ces i um content of  the i ntact pe l l ets and fused deb ri s 

i s  est imated to be severa l t imes h i gher  than  that i n  l oose core deb ri s ( s ee 

Tab l e 9 ) ; however , the potent i a l  for expos i ng add i t i ona l  surface a rea to 

water appears g reatest for the l oose debr i s .  I f  the fu sed sect ion  and re l a 

t i ve l y  i ntact sect i on of the core can  be separated by re l at i vel y s i mpl e 

cutt i n g  operat i on s , l i tt l e  3dd i t i ona l  fuel  a rea w i l l  be exposed . I t  i s  

a s s umed that no s i gn i fi cant  pu l veri z a t i on o f  tho se debr i s fract i on s  wi l l  

occ u r .  

T he appearance rate o f  1 3 7Cs  h a s  decreased , fo l l owi ng  the fou rth RCS 

process i ng campa i gn ,  to l es s  than 1 C i /day .  Th i s  i s  l ower than the est i ma ted 

appearance rates j u st  pr i o r  to process i n g  ( Tab l e  7 ) . On the ba s i s  of these 

measu rements , the average l 3 7Cs  appearance rate dur i n g  defue l i ng operat i on s  

i s  est i mated to be 0 . 5--2 C i /day .  An upper l i m i t  of  1 0  C i / day i s  pos s i b l e  

for br ief  peri ods . 

The need for careful mon i tori ng  of the behav i or of  l 3 7 C s  ( and the 

other important rad i onuc l i des ) dur i ng fu tu re RCS p rocess i ng campa i gns 

cannot be overemp ha s i zed . Better and more confi dent est i mates o f  so l ub l e 

rad i onucl i de source terms duri ng  defue l i n g w i l l  depend on addi t i ona l  good 

mea s uremen t  data . 
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Poten t i a l  Control  Techn i ques for Rad i onuc l i des 

A f i l tra t i on system or othe r tech n i que emp l oyed to control concent ra 

t i ons  o f  sus pended part i cu l ates wou l d  s i mul taneou s l y  reduce the amounts  o f  
part i cu l ate rad i onuc l i de s .  Howeve r ,  the  so l ub l e rad i oces i um source w i l l  

probab l y  be the most d i ffi cu l t to control , so add i t i ona l  treatment  wi l l  be 

necessary .  Potent i a l  contr�l techn i ques a re d i scus sed bel ow .  

Dem i nera l i z at i on of RCS and Cav i ty Water 

Var i ous  types of demi neral i zer systems cou l d be used for control  of 

sol ubl e rad i onuc l i des present i n  the RCS and refue l i ng cav i ty water . As 

was the case for the fi l trat ion  systems d i scussed  prev i ous l y ,  the system 

effect i venes s  depends upon the mi x i na and remova l  effi c i ency and the rat i o  

o f  the fl ow rate to the vo l ume o f  water be i ng t reated . Pre s s u re drop 

acro s s  the system and l im i tat i on s  on the amounts of rad i oact i v i ty col l ected 

are potent i a l l y  control l i ng  factors . The frequency of and t i me requ i red for 

rep l acement of the i on -exchange med i um may l i mi t the operat i on a l  effect i ve 

ness  of such  systems . The pre s s u re drop and acti v i ty l i mi ts  depend upon the 

system and res i n  tran sfer cas k des i gns  and are beyond the scope of tn i s  work . 

The effect i veness  of such  systems can be a s sessed i n  the manner pre

v i ou s l y  emp l oyed for fi l trat i on systems . Va ri ants of Equat i on s  ( 3 ) - - ( 6 )  

app l y ,  wi th  t he concentra t i on and p roduct i on terms g i ven i n  mC i / l i ter  and 

mC i / s ,  respect i ve l y .  ( I t  s hou l d aga i n  be noted that an ep s i l on of one may 

not be ach i eved i n  p ract i ce and that system operati ng  effi c i en c i es  have 

been found to be l ower than des i gn va l ues . 34 ) 

Chem i ca l  Treatment of RCS and Cav i ty Water 

Proces ses wh i c h  remove the so l ub l e spec i e s  from so l ut i on so  that 

they can be sed i mented i nc l ude prec i p i tat i on , coprec i p i ta t i on , occ l us i on , 

and adso rpt i on . The measures  prev i o u s l y  descri bed to control turb i d i ty 

prov i de the add i t i ona l  benefi t of reduc i ng the concentrat i on of some sol ub l e  

rad i onuc l i des  by coprec i p i ta t i on . Those more effect i ve l y  removed are cat

i on s  wi th  a val ence state of  3 ,  4 ,  or  5 (�.�· · 1 4 4 Ce ) .  T he eff i c i ency 

i s  often greater than 5 0% ,  somet imes greater than 90% , when i n  s l i ght l y 
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bas i c  water ( pH 7 to 8 ) . So l ub l e Cs and Sr are on ly  very s l i ght l y  removed 
by t hese methods from wate r of l ow to moderate tu rb i d i ty .  

I n  water of h i g her natura l  turb i d i ty ,  coagu l a t i on and fl occ u l at i on 

removed some so l ub l e  Cs and S r .  I nten t i onal l y  i nc reas i ng turb i d i ty by the 

add i t i on of c l ay res u l ted i n  even more remova l .  The resu l ts from severa l 

l aboratory stud i e s a re s umma r i zed  i n  Tab l e  1 5 . 40 The resu l t s  for 8 9Sr  

s hou l d be app l i c ab l e to 9 0 Sr . Added c l ay i s  not  n eeded to  prec i p i tate 

tr i va l ent 3 0 Y .  

TABLE 15 . LABORATORY DATA ON THE EFFECT OF CLAY 
ADDIT I ON ON REMOVAL OF SOLUBLE CES I UM AND STRONT I UM 

Remova l  Frac t i on s  ( % )  for C l al Add i t i on 

Concentrat i on of C l a:t Added { mg Ll i te-r} 
Rad i onuc l i de 0 100 750 5000 

l 3 7Cs  a 35 - -66 a .  0--6 
(38) (87) (98) 

b .  0- -37 
(0 . 5) 

8 9 S r  a .  0--6 2- -12 14- -22 49 --52 
b .  0-- 15 0- -5 1 

( 3) 

a .  Range of observed va l ues ; not ava i l ab l e for some tests . 

b .  Ave rage va l ues for a treatment are g i ven i n  parentheses , not ava i l ab l e 
for some tests . 

The ex i st i ng RCS turb i d i ty cou l d p romote the removal  of  some of the 

so l ubl e Cs and Sr  as turb i d i ty t reatment proceeds . Howeve r ,  those s u s pended 

part i c l es a re not l i ke l y  to have the adsorpti ve propert i es of  c l ays . Any 

add i t i on of c l ays s hou l d  precede the i nt roduct i on of coagu l at i n g  agents . 

The recommended dose of  c l ay a s  a fl occul at i ng a i d ,  10 to 50 mg/ l i te r ,  i s  

too l ow to be u seful  here . Note that hundreds of kg of s l udge wou l d  resu l t 

from addi t i ons  of h undreds of mg of c l ay per l i te r  of coo l ant . 
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Treatmen t w i th ca l c i um oxi de and sod i um ca rbonate ( l i me and soda as h )  

at a concentra t i on of  20 mg/ l i ter can remove , under p roper cond i t i on s , 

approx i mate l y  3/4 of  so l ub l e  Sr . H i gher  concen tra t i on s  removed mo re rad i o 

stront i um wi th  about  99% sed i men ted fo l l ow i ng  a 200-mg/ l i ter  t reatment . 

T h i s t reatment i s  i neffec t i ve for the remova l  of Cs . 40 Pos s i b l e  carbon 

monox i de evo l ut i on i s  a negat i ve aspect of t h i s t reatment . 

Potass i um d i hydrogen pho sphate ( KH2 P04 ) and sod i um phosphate have been 

reported to coagu l ate so l ub l e 9 0 S r .  No data we re p re sented for the effect 

on  rad i oces i um . 40 So l i d  ammon i um mol ybdophosphate wi l l  part l y  scavenge 

s o l ub l e  1 3 7Cs  at l ow ( ac i d i c )  pH . I t  has l i tt l e  effect on rad i ostront i um .  

Appa rent l y  both t reatments have been app � i ed on l y  on a l abo ratory sca l e .  

Ne i the r t reatment can be recommended because of the phosphate-caused pH 

s h i ft toward ac i d i ty ,  as d i scus sed earl i er ,  and because phosphates p romote 

the g rowth of a l gae .  

Any proposed chemi ca l  t reatment s h ou l d  be tested pr i or  tJ  appl i cat i on 

to a s s u re that i t  wi l l  p roduce the  des i red res u l ts unde r  TM I -2  con d i t i on s . 

I n  addi t i on ,  careful  con s i derat i on mu st be g i ven to potent i a l  effects on 

p l ant systems and othe r p roces ses . 

Othe r Approaches 

The d i ffi cu l t i es a s soc i ated w i t h  the two potent i a l  control  techr 1 i q ues  

d i scus sed above are s ub stanti a l . S i gn i fi can t sed i m��tati on of  so l ub l e 

radi oces i um and rad i o stron t i um w i thout  producti on of l arge amounts  of s l udge 

does not seem feas i b l e .  U se of demi nera l i zers to ma i nta i n  a l ow 1 3 7Cs  con 

cen trati on wou l d  be expen s i ve because of th e l arge f l ow needed . To keep 

the dose rate on the refue l i n g br i dge ( 1 . 5 m above the wate r )  at �so mR/hour ,  

the l 3 7Cs  concentrat i on i n  the cav i ty water mus t  be ma i nt a i ned at �0 . 1 2 � C i /ml 

i n  the p re sence c� an average s ou rce term of 1 C i /day wou l d be �1 . 6  gpm i f  

the system effect i vene � s  were 0 . 95 .  Part i a l i so l a t i on of the cavi ty water 

from the reactor ves sel  l� ma i nta i n i ng downward f l ow through  restr i cted 

open i ng s  i n  a phys i ca l  ba rri e r  wou l d  reduce the c l eanup  requ i remen ts . I n  

add i t i on , l ocal  s h i e l d i ng may be dev i sed to reduce dose rates i n  areas 

occup i ed by workers . 
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CONTROL OF THE GROWTH O F  M I CROORGAN I SMS 

Some � i nds of a l gae and bacteri a can grow i n  darknes s and wi t h out 

oxygen , but  i t  i s  un l i ke l y  t ha t  any have s u rv i ved i n  the cool an t .  Ot he r 

a l gae grow best i rt br i ght l i gh t ;  th e po-tent i a l for the i r growth wi l l  

i ncrease when defuel i ng operat i on s  beg i n .  Pho sphates a re a maj or  nut

ri ent source , hence they shou l d  not  be  i nt roduced i nto the  RCS . Ca rbon 

d i ox i de promotes a l ga l  growth , thus coagu l a t i on treatments  that  re l ease 

C02 shou l d  be avo i ded . 

The u se of c h l o r i ne or commerc i a l  ch l ori de-co11ta i n i n g  a g l i c i des and 

bacteri c i des s hou l d probab l y  be avo i ded beca use of poss i b l e corro s i on 

effects . However ,  producers of pro pri etary c ompounds s hou l d  be a s ked 

abou t the potent i a l s u i tab i l i ty of the i r  other products . B romi ne and 

i od i ne are bacteri c i de s ,  but the i r effect i veness i n  contro l l i n g a l 9ae i s  

quest i onabl e .  
3 5  Ozonat i on has been suggested for use at  TM I -2 ;  however , ozone may be 

d i ffi cu l t to d i s perse i n  the  RCS . The bubb l i ng of a n  ozone-l aden gas through 

t he cool ant  seems undes i ra b l e  because i t  probab l y  wou l d  i nc rease a i rborne 

contami nat i on . 

Coppe r ,  mercury , and s i l ver meta l s a re a l g i c i rles  at  concent rat i ons  

l es s  than  1 ppm . S i l ve r  i s  a l so  a bacter i c i de and co� per  i s  s l i gh t l y  effec

t i ve . Compounds of  s i l ver , such  as  AgN03 , have  a l s o been u sed .  However ,  

t urb i d i ty-produc i ng substances adso rb s i l ver ·  i on ,  rende ri n g  i t  i neffect i ve .  

When cost  i s  a con s i dera t i on , cupr i c s u l fate has been preferred ; doses of 

l es s  than 1 mg/ l i ter are u s ua l l y  requ i red . I t  shou l d  be added to water 

before a�y use of hydrated a l um i n um s u l fate ( al um ) because a l um eff i c i ent l y 

removes copper .4 1 Al l these compounds requ i re contact t i mes  of hours to  be 

effec t i ve .  Pota s s i um pennanganate ( K1'1n04 ) i s  rep0 i1ted to  k i l l  bacter i a  and 

a l gae at  concen t ra t i on s  between 0 . 5  and 2 mg/ l i te r .  However ,  a 24-hour 

contact per i od i s  necessary for sat i s factory resu l t s . 42 

I f  any chem i c a l  treatment p roces s i s  pursued , carefu l sel ect i on and 

tes t i n g  mus t  be performed . The effec t i vene s s  of the treatment shou l d be 
eva l uated expe r imenta l l y  pri or to u se .  Careful  con s i derat i on of pos s i b l e  

effects o n  other processes and p l an t  systems i s  a l so requ i red pr i or  to use . 



A treatment  not requ i r i ng chemi : a l addi t i on s  to the wate r i s  i rr�d i 
at i on w i t h  u l tra v i o l et ( UV )  l i ght . To mi n i mi ze absorpt i on l os ses , the 

i rrad i ated water  must be c l ear , so  the UV i rrad i a t i on cel l shou l d fo l l ow 

f i l t rat i on i n  the process i ng sequence . The max i mum bacteri c i da l  e ffect 

i s  ach i eved wi th UV l i ght wi th  wave l engths between 200 and 300 nm . Ster i 

l i z at i on i s  norma l l y  accomp l i shed by fl owi ng a t h i n  l ayer of water past the 

l i ght  source , but i rrad i at i on of water i n  a we l l mi xed ho l d i n g  tan k  seems 

to be a rea sonabl e a l ternat i ve .  



RE COMMENDAT I ONS ?OR ADD I T I ONAL DATA COLLECT I ON 

Co l l ect i on of add i t i ona l  data wou l d  be u sefu l for est i mati ng  the 

source terms duri ng  defuel i ng . The fol l owi ng  are recommended . 

1 .  Carefu l l y  mon i tor the RCS concen tra t i on s  of 9 0 Sr , l 3 7Cs , l 4 4 Ce ,  

and 1 0 5Ru duri ng  futu re proces s i ng  of the coo l ant  by the Sub

merged Dem i nera l i ze r  Sy stem . Obta i n  add i t i ona l  sampl es of the 

RCS from the upper port i on of the reactor ves se l  and p erform 

deta i l ed chemi ca l  and rad i ochem i ca l  ana lyses . 

2 .  Obta i n  samp l es of l oose core debr i s and measure the concent rat i ons  

of rad i onucl i des i n  them . Determi ne by gamma spectrometry the  

d i str i but i on of l oose debr i s w i t h i n  t he  pr i mary system , i . e . , 

w i t h i n  the reactor ves se l , the pressur i zer ,  the steam generators , 

and i n  l etdown and pri mary sy stem p i p i ng .  

3 .  Obta i n  by f i l trat i on pa rt i c l e  s i ze  and s u spended so l i ds concen 

trat i on i nformat i on for add i t i on a l  samp l es of  the RCS to determi ne 

whether the  part i c l e  s i ze d i s t r i but i on ha s stab i l i zed or  f l uctuates . 

Determi ne whether the part i c l e s a re abras i ve and cou l d  damage 

equ i pment  u sed for defue l i n g .  

4 .  Attempt to ver i fy that t he current  l ow l 3 7 Cs appea rance rate w i l l  

con t i nue when the debri s bed i s  d i s turbed . As a mi n i mum , attempt 

a l oca l d i sturbance w i t h  RCS samp l es col l ected n earby p ri or to , 

duri ng ,  and after the  d i sturbance . 

5 .  Cons i der a test to veri fy m i x i ng of  the RCS . I nj e ct i on of a 

tracer , such as 2 4Na or 1 3 2 Cs , cou l d p rov i de the needed i n for

mati on wi thout chang i ng the  chemi stry of  t he RCS . 
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