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ABSTRACT 

Samples from the TMI-2 reactor coolant system were examined to 

determine the nature of deposited materials on the surfaces of the 

samples. Manway cover backing plates were examined from both steam 

generators and from the pressurizer. A handhole cover liner was examined 

from the A-loop steam generator and a resistance thermal detector was 

examined from the A-loop hot leg. Analyses were performed to determine the 

elemental composition of deposits and the concentrations of deposited 

radionuclides. The results of surfaces analyses from the coolant loops 

external to the vessel are compared with the results of earlier studies of 

samples from the upper plenum region of the vessel . The decontamination 

studies, which were performed to identify preferred methods for cleani�g 

contaminated surfaces, are also described. 
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EXECUTIVE SUMMARY 

Thi s report summari zes the resul ts obta i ned by Battel l e  Col umbus 

Di vi s i on and EG&G Idaho, I nc .  from the exami nat i on of samp les  col l ected 

from surfaces i n  the l oops of the TMI -2 reactor cool ant system. The 

sa� l es exami ned were obtai ned from two steam generator manway cover 

backi ng p l ates ( one each from steam generators A and B) a pressuri zer 

•anway backi ng p l ate, a handhol e  cover l i ner from the A-l oop steam 

generator , and a res i stance therma l detector ( RTD) from the A-l oop hot l eg .  

The exami nati ons  had two objecti ves . The f i rst objecti ve was to 

col lect data regardi ng the rel ease and transport of rad i oact i ve materi a l  i n  

the core uncovery port i on of the acci dent  to provi de a benchmark for the 

testi ng of methods for the ana l ysi s of severe acci dent source terms. I t  

was recogn i zed a t  the out set, however, that much of  the i nformat i on re l ated 

to the core uncovery phase of the accident woul d be masked by condi t i on s  

occurri ng after the vessel was ref i l l ed wi th water. The second object i ve 

was to devel op and test methods for decontami nat i ng surfaces . 

Di fferent types of ana l yses were performed on the vari ous reactor 

coo l ant system surface samp l es. Al l of the samp les  were photographed and 

exam i ned v i sually .  The manway cover baki ng p l ates were subjected to the 

.ast comp l ete exami nat i on , incl ud i ng autoradi ography , opt i ca l  

aeta l l ography, scann i ng e l ectron m i croscopy, gamma spectroscopy, and 

i nduct i ve l y  coupl ed argon p l a sma, atomi c absorpti on, and spark source mas s 

spectroscopy . The exami nat i on of the handhol e  cover l i ner was more l i mi ted 

and wa s pri mari l y  used to veri fy the i dent i f i cation of the two steam 

generator manway backi ng pl ates  w1 th the i r respect i ve steam generators . 

The RTD ther.owe l l  was subjected to a vari ety of  decontami nati on steps to 

determi ne the re l at i ve effecti veness  of di fferent decontami nat i on 

sol ut i on s . The e l ementa l aAd rad1 onucl i de composi t i on s  of the removed 

materia l were a l so determ i ned . 
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The physical appearances of the samples varied. The manway backing 

plate from the A-loop steam generator and the handhole cover liner were 

similar in appearance. They were essentially gray with patchy white areas 

of surface deposition. The pressurizer manway backing plate sample was 

uniformly gray, and the manway backing plate liner from the B-loop steam 

generator was smooth and shiny. The RTD thermowell was remarkably 

different in appearance. The tip of the thermowell that extended into the 

coolant flow is orange. 

Metallurgical examination of the manway backing plate samples 

indicated surface layers ranging from 0 to 12 pm. Although the A steam 

generator sample had the highest gamma scan activity. it had the thinnest 

surface layer. The surface layers found on the in-vessel leadscrew samples 

were much thicker, ranging to -100 pm. The metallurgical examinations 

of the backing plate samples showed evidence of indium and tin in addition 

to the major constituents of the steel. 

The elemental analyses of the reactor coolant system ( RCS) samples 

indicate significant transport of silver, aluminum, and tin from the core. 

Results obtained for tellurium are ambiguous. Although significant 

quantities of tellurium were found on some of the backing plate samples, 

none was found on the RTD thermowell, which is closer to the core. 

Radioactive inventory analyses indicate that only a small fraction of 

the original inventory of fission products is currently deposited on 

reactor coolant system loop surfaces. The amount deposited in the 

pressurizer is extremely small, which is not surprising since the 

pressurizer surfaces were never subjected to the extreme accident 

environment. Based on the analysis of the loop samples, -0.15% of the 

core inventory of cesium is €Urrently associated with the surfaces of the 

coolant loops external to the vessel . This is comparable to the amount 

estimated to be deposited on upper plenum surfaces. 

iv 



The ana l y ses of surface sampl e s  described fn th i s  report provide some 

in s i ghts i nto the progre s s i on of the accident. The i mp l icati ons for source 

term .. thodo l ogy deve l opment and val i dation are qu i te l fmfted , however . 

None of the res u l ts o f  the surface deposition analyses provi de unambiguous 

evidence to conf1r. or refute current methodo l ogy. There are i nd i cation s 

of cesium surface reactions, iodine-cesi um assoc i a t i on , aeroso l depos i t i on, 

tran sport of contro l  rod Mater i a l s ,  and tran sport of  structura l materi a l s 

w i thin the ves se l  and reactor coo l ant sy stem. Under more contro l l ed 

cond i tions these coul d have provided a data base for model val i da tion , but 

a l ack of understand i ng of boundary cond i t i ons or the infl uence o f  the 

extended peri od of su�ersion have confounded thi s  possibi l i ty. 
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1. INTRODUCTION 

The U. S .  Department of  Energy ( DOE )  ha s supported the exami nat ion of 

surface deposits  tn the reactor cool ant system ( RCS) of  the Three Mfl e 

is l and Un i t  2 Reactor wi th two pri nc i pa l  objecti ves . The fi rst wa s to 

obtain data that cou l d  be used to check or val i date the model s used i n  the 

ana lys t s  of severe acc i dents i n  li ght water reactors . Because the TMI -2 

acc i dent progressed well i nto the regime of  severe fuel damage i n  whi ch 

substanti al rel ea se and transport of radi onuclides  would have been expected 

wi thi n the reactor coolant systeM , examinat i on of surface depo s i ts offered 

1 uni que opportuni ty to benc�rk severe acc ident codes aga i nst a 

full-scale acci dent . I t  was recogn i zed at  the outset , however, that much 

of the informa t i on rela t i ng to the core uncovery phase of the acci dent 

woul d  be •asked by cond i t i on s  that had occurred over the long peri od 

followi ng the acc i dent i n  whi ch these surfaces were submerged i n  water.  

The second objecti ve was to support the development of methods for acc i �ent 

recovery by i nve st i gat i ng di fferent techn i ques for RCS decontami nati on . 

Stud i e s  to sat i s fy the two object i ves are cl osely related , s i nce the type 

of react i on that occurs between the rad i oact i ve spec i es and the coolant 

syste. surface detenai nes how di ff i cult i t  i s  to decontami nate the surface. 

The purpose of thi s  report i s  to summar i ze results obta i ned by 

Battelle Colu.bus Di v i s i on and EG&G Idaho , Inc . (EG&G) f rom thei r 

exa•i natf on o f  sa•p l es col lected from surfaces i n  the loops of the TMI-2 

reactor coo l ant syste•. Manway cover backi ng plates from each of  the two 

stea• generators , a manway cover backi ng p l a te from the pressuri zer , and a 

handhole cover li ner from the A-l oop steam generator were exami ned at 

Battelle , wi th some support ana lyses provi ded by EG&G and We sti nghouse 

Electric Company. A res i stance temperature detector (RTD) from the A-loop 

hot l eg wa s exa•1 ned by EG&G. The results of  these exam i nat i ons a re 

ca-pa red wi th results obta i ned ear l i er for samples  of control rod 

leadscrews and a leadsc rew support tube, wh i ch are representa t i ve of  the 

upper p l enum reg i on above the reactor core . From the combi ned data ba se , 

conclus ions  are drawn about the characteri st i c s  of  the tran sport and 

depos i t i on of radi onuclt des  that occ urred duri ng the peri od of  core 

uncovery. 
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1 . 1 Background 

The examination of surface depo sit s from the TMI-2 Reactor Coolant 

System is an element of the 11TMI-2 Accident Evaluation Program Sample 

Acquisition and Examination Plan . 11
1 

Although the March 28, 1979, accident at TMI-2 involved severe damage 

to the core of the reactor, it had no observable effect s on the health and 

safety of the public in the area . That such a severe core-disruption 

accident would have no consequent health or safety effects has resulted in 

the questioning of earlier light water reactor (LWR) safety studies and 

estimates .  In an effort to resolve these questions, several major research 

programs have been initiated by a variety of organizations concerned with 

nuclear power plant safety. The U.S. Nuclear Regulatory Commission (NRC) 

has embarked on a thorough review of reactor safety issues, particularly 

the causes and effects of core-damage accident s .  Industrial organizations 

have conducted the Industry Degraded Core Rulemaking ( IDCOR) Program. The 

U .S. Department of Energy (DOE) has established the TMI-2 Program to 

develop technology for recovery from a serious reactor accident and to 

conduct relevant research and development that will sub stantially enhance 

nuclear power plant safety. 

Immediately after the TMI-2 accident, four organizations with 

interests in both plant recovery and accident data acquisition formally 

agreed to cooperate in these areas. These organizations, commonly referred 

to as the GEND Group -- §PU Nuclear Corporation , ;1ectric Power Re search 

Institute, �uclear Regulatory Commission, and Qepartment of Energy , are 

actively involved in reactor recovery and accident research. At present, 

DOE is providing a portion of the funds for reactor recovery (in tho se 

areas where accident recove�y knowledge will be of generic benefit to the 

U .S. LWR industry) as well as the preponderance of funds for severe 

accident technical data acquisition ( such as the examination of the damaged 

core). 

2 



The work descr ibed 1n th1 s report , wh i ch wa s performed by Batte l l e  

Co l u.bus Di vi s i on ,  i s  part o f  the DOE program to i nvo l ve pri vate 

l aboratori e s  i n  the Un i ted States 1 n  the TMI-2 Acc i dent Eva l uation 

Progra• .  The overa l l program i s  coordi nated by EG&G for thi s report. The 

•TMI -2 Acc i dent Eva l uati on Program ( AEP)  Report112 def i nes the program 

requi red to i mplement the DOE a s s i gnments and conta i n s  the gui de l i nes  and 

requi rements for TMI -sampl e  acqu i s i t i on and exami nati ons .  

The a l ready-completed porti on o f  the Sample Acqui s i ti on and Evaluati on 

( SA&E) Pl an i nc l udes 1n s i tu mea surements and samp l e  acqui s i t i on and 

exami nati ons invo l v i ng pri vate organi zati ons and state and federal 

agenc i es .  I t  has provi ded the postacc i dent core and f i ss i on product 

end- state data that i ndi cate the fol l owi ng: 

• The current estimate of  damage and reconfi guratfon of the core 

that occurred duri ng the f i rst day of the acc i dent i s  as fol lows: 

Core Regi on 

St i l l  stand i ng rod bundle geometry 

loose debri s ( unme lted and previ ously 
.a l ten core materi al mi xture) be l ow 
the cav i ty i n  the upper core reg i on 
the cav i ty was 26' of  the 
orig i nal core volume ) . 

P rev i ous l y  mo l ten core materi al: 

Reta i ned i n  core boundary 
Escaped from core boundary 

Percent 
of Core Materi al 

42 

23 

35 

19 
16 

• So.e uran i um d i ox i de fuel melti ng occurred wi th temperatures up 

to at lea st 3 , 100 K. 

• Between 10 and 20 metr i c  ton s  of core and structural ma ter i a l s  

�e l ocated i nto the space between the reactor vesse l bottom head 

and the e l li pti cal  f l ow di stributor . 
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• Fission product retention by the core materials was significant . 

Fission products relea sed from the core were primarily retained 

by the reactor coolant system water and the reactor building 

ba sement water and concrete . 

The examinations described in this report are part of the Reactor 

Coolant Sy stem Fission Product Inventory (RCS FPI) portion of the TMI-2 

Accident Evaluation Program (AEP) SA&E Plan. This part of the plan also 

includes examination of loose deposits from reactor coolant system 

horizontal and low-point surfaces, in situ video and baro scope surveys of 

the reactor coolant sy stem vessels and piping for locating core material 

deposits, and in situ gamma spectrometer surveys for locating uranium in 

the reactor coolant system . The AEP TMI-2 Program requirement s and/or 

objective for the RCS FPI Sample Acquisit1on and Examination Program are: 

"All present experience in characterizing the plant indicates 
relatively small fi ssion product deposition on the reactor 
system surfaces external to the reactor vessel. However, the 
primary cooling sy stem surface deposition may provide the only 
benchmark for the fis sion product transport during the core 
degradation phase of the accident. In particular, the retained 
fis sion product chemical forms may be related to the fis sion 
product chemistry during the transient and the reactor vessel 
chemical environment during the accident. Analysi s of the core 
material debris deposited in the RCS will be conducted to 
enhance our understanding of the plant hydraulic conditions 
during or shortly after the accident. 

" For each sample, the following characteri stic s should be dete�ined: 

• Physical appearance, 

• Elemental and chemical composition, 

• Particle size distribution s, den sity, and surface texture, and 

• Radiochemical measurements of retained fi ssion product 

concentrations and chemical forms. 11 
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1.2 Descript i on of System 

1.2.1 RCS Descript i on 

The TMI -2 reactor coo l ant system pi p i ng and components are shown i n  

F i gure 1 and i nc l ude the fol l owi ng: 

• A reactor vessel contai n i ng the uran i um-fue l ed core . 

• Dual reactor cool i ng l oops (A and B) consi sti ng of  

candy-cane-shaped hot l egs from the reactor vesse l upper pl enum 

to the steam generator tops . two si ngl e-pass type steam 

generators (Figure 2), dua l (four tota l )  cold l egs from the steam 

generator bottom back to the reactor vessel v i a  the four reactor 

cool ant pu.ps . 

• A pressuri zer (Fi gure 3)  connected to the coo l i ng l oops by a 

surge l ine fro. the A-loop hot l eg to the pressur i zer bottom and 

a spray l i ne fro. the A- l oop col d  l eg (down stream of  pump 

RC-P-ZA) to the pressuri zer top . 

• Dua l core f l ood tanks connected to the reactor vesse l . 

1.2 . 2  Manway Cover Backi ng P l ate Desc r ipti on 

The manway cover backi ng p l ates a re 3/4- i n. th i ck ,  Type 304 sta i n l ess 

steel di sc s  used to protect the carbon steel manway covers from the reactor 

coo l ant i r  the upper head reg i ons of the pressurizer and steam generators 

(see Fi gures 2 and 3). The backi ng p l ate i nner surfaces that were exposed 

to the reactor coo l ant are -40 em di ameter. 

1 . 2 . 3  Steam Gen erator Handho l e  Cover Li ner 

The handho l e  cover l i ner  is a l so a Type 304 sta i n l ess stee l p l ate that 

�as exposed to the reactor coo l ant  system envi ronment in the upper head 

reg i on of the A-l oop steam genera tor . The d i ameter of the p l ate i s  -17 em . 

s 
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Figure 1. TMI-2 reactor coolant system piping and components. 
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�1gure 2. TMI-2 steam generator dia9ram. 
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Figure 3.  TMI-2 pressurizer layout. 
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1.2.4 RTO Tht�l l 

The resi stance t�mp�raturt detector exami ned had been used to measure 

pri -.ry fl u id  t .. peraturt i n  the candy cane of  the A-l oop hot l eg. As 

shown 1n Fi gure 4, the tip of  the RTO type 304 sta i nl ess stee l extends 1 nto 

the pri aary coo l ant f l ow stream . The overa l l l ength of the thermowel l i s  

19.9 c •  f� the ba se nut to the t i p, wh i ch i s  -4.3 em i n  l ength . 

1.2.5 Contro l Rod leadscrews 

leadscrews are part of  the control rod dri ve system used to ra i se and 

l ower the contro l  rods i n  the reactor core regi on . A di agram of  the 

reactor vesse l  and i nterna l s  i s  shown i n  Figure 5, whi ch il l ustrates the 

l ocati on of the l eadscrews. The contro l  rods were ful ly  i n serted 

throughout th� acc i dent . A scheMati c of a l eadscrew i s  shown i n  F i gure 6. 

I t  cOMpri ses four .. jor components: a .al e coupl ing wh i ch attaches to the 

contro l rod a ssembly, Type 17-4 PH sta i n l ess steel , 18 em l ong; a l ower 

exten s i on, 304 sta i n l ess steel , 193 em l ong; a threaded secti on, 17-4 PH 

stai n l ess steel ,  384 em l ong; a nd an upper extension , 304L sta i n l es s  stee l , 

137 c• l ong. Three l eadsc rews were removed from the ve sse l  a ssoc i ated 

w i t h  core pos i t i ons H8 ( center) , 88 ( peri phery of core at A- l oop hot l eg )  

a nd  E9 ( m i drad i us) ( Ftgure 7). The l eadscrew support tube from the H8 

pos i t i on was a l so removed for examinat i on . The l eadscrew support tube , 

co.posed o f  Type 304 sta i n l e s s  steel ,  i s  l ocated i n  the dome region of the 

vesse l above the upper p l �num. 

1.3 TMI-Z Acc i dent and Recovery Peri od Envi ronment 

The f i rst 16 h of the TMI-2 acc i dent is the per i od of  ma i n  i nterest to 

accident analysi s researchers. In pa rt i cu l ar ,  from 1 h 40 mi n,  when 

r�actor coo l ant pumps lA and ZA were turned off, unt i l 3 h 20 mi n, when 

high pressur� inject i on wa s i n i t i ated , the core wa s uncovered for an  

extended peri od and underwent heatup, degradati on , and  f i ssi on product 

re l ea se. The pr i ncipa l purpose of the examination of the RCS samp les  has 

bee� to search for signatur�s of this per i od that could help to better 
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understand the phenomena occurring during the process of severe core 

degradation. It is recognized that much of the evidence that once existed 

on these plates has been altered by subsequent events, in particular an 

extended period of submersion in highly contaminated water. 

The steam generator backing plates and handhole cover were taken from 

the tops of the A and B steam generators. Similarly, the RTD thermowell 

was removed from the candy cane of the A-loop hot leg. These regions were 

probably uncovered throughout the entire time period from 1 h 40 min until 

reactor coolant pump A was successfully restarted at 15 h 50 min. During 

the initial phase of core uncovery, the block valve to the stuck-open pilot 

operated relief valve was in the open position and the primary system was 

depressurizing through the relief line. It is unlikely that there was 

significant release of fission products from the fuel at this time, 

however. At 2 h 20 min the block valve was closed and remained closed 

until -3 h 12 min, shortly before initiation of high pressure injection. 

During this period, when most of the release of fission products from the 

fuel is believed to have occurred, there was no loss from the primary 

coolant system. Some steam was flowing to each of the steam generators 

where it was condensed, probably carrying fission product vapors and 

aerosols with it. 

By 3 h the temperatures at the top of the hot legs had risen to 

-700 K where they remained until 10 h. Over much of this time period the 

hot legs and steam generators were apparently isolated from the core 

region. After high pressure injection, the lower portions of the hot legs 

were apparently filled with water, which was subcooled until 1 1  h. At this 

time, the A-leg temperature dropped to saturation indicating the partial 

reestablishment of steam flow through the hydrogen trapped in the region. 

The A-leg temperature subsequently increased by -310 K, indicating that 

flow had again stopped. At 15 h 50 min water flow was reestablished in 

both loops. 
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The pressuri zer manway cover is  at the very top of the pressuri zer . 

As d i scussed earl i er, the block va l ve was c l osed duri ng much of the peri od 

of fi ssi on product rel ease from the fuel . I n  addi t i on , the pressuri zer 

conta i ned a substant i a l  quanti ty of water throughout the acc ident. Any 

f i Ssi on products deposi ted on the cover pl ate e i ther passed through the 

water pool in bubb l es ,  were vol ati l i zed from the poo l , or were deposi ted 

d;rect ly  fro• the water whi l e the pressuri zer was comp l ete ly  f i l l ed .  

Before and a fter water fl ow was reestabl i shed (IS h 50 m i n ) , 

addi t i ona l  events occurred that affected the character and di stributi on of 

core aateri a l s  and f i ssi on products wh i ch escaped from the reactor vessel 

to the reactor  coo l ant system . The .ast si gni f i cant events i nc l ude the 

fol l owi ng: 

• Reactor coolant pump RC-P-28 was energi zed fro• 174 to 192 mi n 

after acc i dent i n i t i ati on. Th1 s event i s  be l i eved to have 

ref l ooded the overheated core reg i on ,  fragmenti ng most of the 

stand;ng fuel t n  the upper core reg i on and creati ng the upper 

core reg i on cav i ty, and causi ng c i rcul ati on of core materi a l  

part i c l es and f i ss i on products throughout the B- l oop components 

and a l so i nto the pressuri zer . 

• A reactor coo l ant sampl e  taken at 283 mi n conta i ned >500 Ci /ml 

gross acti vi ty. 

• Forced c i rcu l at i on cool i ng of the reactor at 949 mi n ( 15 h 

49 •i n )  through the A-l oop wi th reactor cool ant pump RC-P-lA . 

Th i s  act i on f l ushed the noncondensabl e gases from the A- l oop 

steam generator and hot l eg upper reg i ons . 

• A reac tor coo l ant sa•p l e  taken at 36 h 15 mi n measured 1000 R/h 

on contact. 

• 
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• At 6 days after accident initiation, the noncondensable gas 

bubble in the B-loop upper region appeared to be gone. 

1 Natural circulation cooling of the reactor commenced 30 days and 

10 h after accident initiation using both coolant loops. Steam 

generator B was later isolated. 

• Reactor coolant water cleanup using the SES/EPICOR-II system 

commenced 2 years and 106 days (7/12/81) after accident 

initiation and included cleanup of an equivalent of four reactor 

coolant system volumes of reactor coolant water. 

• From the time of the accident until the manway cover was removed, 

the reactor coolant had been a water solution with the following 

target specifications. 

- pH 

- boron 

- buffer 

7. 5 to 7.7 

<4,350 ppm 

NaOH 

• The RCS liquid volume was drawn down for initial reactor 

disassembly in July 1982 uncovering the pressurizer and steam 

generator upper regions. 

• The reactor coolant system surface samples described in this 

report were collected prior to defueling the reactor. 
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2. EXAMINATION AND RESULTS 

2 . 1  Exam i nat ion Program 

F i ve spec i mens were col l ected to characteri ze the deposi t i ons  of  

rad i oact i ve mater i a l s  on the surfaces of  the reactor coo l ant system . Three 

.. nway cover backi ng p1ates that i n terface d i rectly wi th the reactor 

coo l ant system f l ui d  were retr i eved, one from each of the steam generators 

and one from the pressuri zer. From these spec i mens, four samp l es, each 

-2 a.2 i n  a rea, were taken from the center of each quadrant . The 

sa•p l e  fra. Quadrant IV of the A steam generator was offset f rom the center 

of the quadrant. however, to inc l ude a regi on of h i gh surface deposi tion . 

These saMp l es were subjected to a variety of  tests, as i ndi cated i n  

Tab l e  1. to determi ne the elementa l deposi t i on, rad i onuc l ide depo s i t i on, 

a nd phys i ca l  characteri st i c s  o f  the surface depos i ts. 

The fourt� spec i men, the steam generator handho l e  cover l i ner, was 

ana l yzed p rima r i ly  to conf i rm  that the A- l oop and B- l oop manway cover 

backing pl a tes had not been mi sl abe l ed i n  handl i ng .  The l i ner was 

subjec ted on l y  to v i sua l exami nati on and gamma scann i ng.  The phys i ca l  

appearance and pattern of deposited radf onuc l i des o n  t he l iner were qui te 

s1•1l a� to those o f  the backi ng pl ate from the A-l oop steam generator, 

i nd i cat i ng that the backing p l ates had been l abe l ed properly. 

The f i fth spec i men,  the resi stance temperature detector from the top 

of the A-l oop candy cane, was decontami nated and the concentration s  of 

deposi ted rad1onuc l ide s were determi ned usi ng gamma spectroscopy . 

Eieaenta l anaiyse s were also performed. 
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TABLE 1. EXAM INAT IONS PERFORMED 

Cover 
Backing 
Plate A 

Al A2 A3 A4 

Photography X X X X 

Gamma Scan X X X X 

Auto- X X X X 
radiography 

Optical X X X X 
Metallography 

SEM X X X X 

Gamma X X X X 
Snectroscopy 

Sr-90/ I-129 X X X X 

Fissile/ 
Fertilea X X X X 

!CAP X X X X 

AAS X X X X 

Atomic 
Emission 
Spectroscopy 

Spark Source 
Mass 
Spectrometry x X X X 

Surface X X X X 
Deposit 
Removal 

a. Measurements performed 

Cover 
Backing 
Plate B 

B1 82 83 B4 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

• 

by GPU.4 

18 

Manway 
Cover 

Backing Plate 
P1 P2 P3 P4 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

Generator 
Hand
hole 
Liner 

X 

X 

X 

A-loop 
RTO 

Thermowell 

X 

X 

X 



2 . 2  Sum.ary Descript i ons  of Sampl e Preparati on and Exami nati on 

Techni ques 

2.2 . 1  Photography 

The surface features of a l l of the spec i mens were documented by means 

of photographs 1n bl ack and whi te . The RTO thermowe l l ,  whi ch exh i b i ted a 

bri ght orange-yel l ow appearance, wa s photographed i n  co l or .  

2.2 . 2  Ga.ma Spectrometer Scanni ng 

Ga-.a scans  were perfor.ed for each of the RCS samp l es . Each of the 

•anway backi ng p l ates wa s gamma-ray scanned a l ong one compl ete d i ameter 

using the Batte l l e  Wa ste Oru. Counti ng System ( WOCS ) . 5 

Two gaNma-ray scans  were performed across  the d i ameter of the acti ve 

surface of the steam generator handhol e  cover l iner . The samp l e s  were 

positi oned i n  contact wi th a 2-1n. thi ck l ead col l i m.tfon sh i e l d . Through 

the center of the shie l d  was a 1 . 3-cm di ameter ho l e  wh i ch permi tted a sma l l 

a rea of  the l i ner (1 . 3  c•2 ) to be gamma-ray counted . The detector ,  

pos•ti oned on the other s i de of the shi e l d, cons i sted of  a 15% effi c i ent 

[�e l at1ve to a 3 x 3 i n. Nal ( Tl )  detector] i ntri ns i c  germani um detector 

w i th a PWHM reso l ut i on of 2.4 keV at an energy of 1,332 keV .  The scans 

were started at the edge of the l i ner and data were col l ected at 1-cm 

intervals .  The rel at i ve gamma-ray act i v i t i e s  of the most abundant i sotopes 

( Cs-137 and Co-60) were determi ned as  a funct i on of di stance a l ong the ax i s  

of  t ra n s l at i on of the samp l e .  

The gamMa scan ana lys i s wa s performed a l ong the l ength o f  the RTD 

thermowe l l  from the nut to the tfp fOr a d i stance of 20 em at 1-cm 

1 �terva l s. Two scans were performed wfth the thermowe l l  rotated 180 

degree s. 
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2.2.3 Autoradiography 

To determine the distribution of gamma energy-emitting isotopes on the 

surface of the manway cover backing plates, the plates were 

autoradiographed. Each plate was covered on its active surface with a thin 

(0 . 1  mm) polyethylene film to prevent contamination of the radiographic 

film holder. A 35 x 43 em X-ray film was contained in the film holder, 

which was then placed in intimate contact with each plate and exposed for 

45 s (Plate P) or 60 s (Plates A and B). 

2.2.4 Metallurgical Sample Preparation 

Metallurgical examinations were performed on the manway cover backing 

plate samples. 

Samples w�re obtained from the center of each quadrant of the plates, 

except for quadrant IV of Plate A. The surface deposit in quadrant IV, 

Plate A, occurred tangential to the center, so sampling for this quadrant 

shifted accordingly to include these surface deposits. Following 

completion of the nondestructive examinations, the plates were sectioned to 

obtain samples for chemical, radiochemical, and microscopic examination. A 

1.59-cm wide strip was cut through the plates along the center of the 

quadrants of each plate. After the two strips were cut from each plate, a 

0.63-cm wide section was obtained for optical and electron microscopy and a 

1.27-cm wide section for chemical and radiochemical analyses. The samples 

were assigned letter/number designations corresponding to the origin, as 

shown in Table 1. 

2.2. 5 Optical Metallography 

The manway cover backing plate metallography samples were mounted, 

g round, and polished using SiC and Al2o3 abrasives. The samples were 

examined in cross-section with an Olympus microscope along the edge 

containing the surface deposit. Black and white photographs were obtained 

from each sample. 
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2.2 . 6  Scanni ng Electron Mi croscopy 

To i denti fy the s urface l ayers on the manway cover backing p l ate 

.. tal lographic samp l e s , the samp l es were exami ned wi th an IS I Model 100 

scann i ng e l ectron •1croscope equ i pped wi th a Tracor Northern energy 

di spersive sys t� ( EDS ) ana lyzer. 

2.2 . 7  Radi ochemi cal  Sa•ple Preparat i on 

After a revi ew of potent i a l  d i s sol uti on methods , a destructi ve l each 

wi th radioactive tracers wa s chosen as the best method for the ana lysi s of 

the surface depo s i t s  of the manway cover backi ng p l ate samp l es . In  thi s 

.. thod , the samp l e  was supported such that the surface to be l eached was 

i .-er sed i n  a sol ut i on conta i n i ng both carri er and radi oacti ve tracers. 

Stab l e  strontium and i od i ne were added as carri er materi a l  and Sr-85 and 

I-131 a s  tracers. Fo l l owi ng equ i l i brati on of the carri er and tracer wi th 

the surface depo s i ted spec i es ( th i s was determi ned to require 5-10 mi n ). an 

unheated l each was begun. Mul ti p l e l eaches were performed on samp l e s AJ 

and Pl to determi ne the l each t i me requi red for the samp l es. I t  wa s 

determi ned that a co l d  l each per iod of -4 h was requi red to p l ace s971 

of �he mea surab l e  acti vi ty i n  so l ut i on . The sampl es were then s l owly 

heated and the I -129 vo l at i l ized and trapped in d i l ute NaOH. Vi sua l  

exa•i n at i on o f  the metal  coupon after l each i ng indi cated that a l l surface 

.. teri a l  had been r�oved from the l eached surface. Al though some 

redepos i t i on was expected to occur, gross and isotop i c  radiati on 

.ea s ure-ents i nd i cated that the bul k  of the act i v i ty had been removed. 

Upon ca.p l et i on of the l each process, the l each so l ut i on wa s di l uted to 

60 mL and s tored i n  marked vial s for subsequent chem ica l  and radiochemi ca l  

a na l yses. 

Deconta•i natfon of the RTD thenaowe l l surfaces i s  de sc ribed i n  

Sect i on 2 . 2. 13. The decontam i nat ion so l ut i on s  were col l ected and used to 

pe rfo� rad;oche•i stry for the RTD the rmowel l .  
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2.2.8 Sr-90 and I-129 Analyses 

For the manway cover backing plates the bulk diluted solutions were 

analyzed in a known geometry via gamma spectroscopy. Subsequently, 

aliquots were removed from the bulk solution for Sr-90 and I-129 analyses. 

A 5-mL sample was removed and subjected to a standard SrC03 
precipitation 

separation6 followed by gamma spectroscopy for tracer measurements and 

liquid scintillation analysis (Packard T R ICARB model). The radioiodine 

trapped in the NaOH was separated, analyzed by gamma spectroscopy for a 

yield determination, and subsequently activated using the Advanced Test 

Reactor (ATR) facility at the Idaho National Engineering Laboratory ( INEL). 

2.2.9 Fissile/Fertile Analysis 

After removing the manway cover backing plates and handhole cover 

liner from the reactor coolant system, GPU collected scrape samples from 

the surfaces. Radiochemical analysis was used to determine the isotopic 

content of the transuranic isotopes in the samples. By comparing the 

ratios of plutonium isotopes to uranium, the burnup of the fuel deposited 

on the reactor coolant system surfaces can be inferred. A crude assessment 

can then be made of the point of origin of the fuel from within the core. 

2.2. 10 Inductively Coupled Argon Plasma Spectroscopy ( ICAP) and Atomic 

Absorption Spectroscopy (AAS) Analysis 

Approximately 35 mL of the bulk diluted solutions were analyzed by 

!CAP for the elements B, Na, Mg, Al, Si, Ca, Ti, V, Cr, Mn, Fe. Co, Ni, Cu, 

Zn, Zr, Mo, Ag, Cd, Sn, Sb, Te, and Pb using a computer-controlled 

Instrumentation Laboratories Model 200 Inductively Coupled Plasma Emission 

Spectrograph. In addition, cesium was determined by AAS, which is more 

sensitive than ICAP for this element. The IL95 1 Atomic Absorption 

Spectrophotometer features double beam, dual-wavelength measurement with 

selection of integration time plus peak area or height analysis. 
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2.2.11 Spark Source Mass  Spectrometri c (SSMS) Ana l ys i s 

Al i quots ( S ml) from the ori gi nal  di l uted sol ut i ons from the manway 

cover pl ates were ana l yzed wi th an AEI Model MS702R SSMS i n strument . 

2.2.12 Ato.i c Emi ssion Spectroscopy 

The RTO Thermowel l surface deposi t samp l e s were ana lyzed for e l ementa l 

compo s i tion by atom ic  emi s s i on spectroscopy wi th arc-spa rk exc i tat i on .  The 

spectrographi c ana lyses were done on a 3.4 m Javel -Ash, Ebert mount 

spectrog raph with a Custom Var i source Exc i tati on Uni t .  

2.2.13 RTO Thermowe l l Surface Depo s i t  Remova l 

The surface depos i ts on the RTO thermowel l were removed by means  of  

decontam i nation sol ut i on s. 

:.2. 13.1 Decontam i na t i on of the RTD Thermowel l Tip -4.3 em) .  The 

decontami na t i on of the thermowel l  ti p was performed as defi ned i n  

Reference 7 .  The sol ut i on s  u sed, temperature, and t i me o f  each i mmersion 

are l i sted i n  Tabl e 2. Al so gi ven are the gross  rad i ati on mea surement 

readi ngs performed on the RTO thermowe l l  after each decontami nati on 

so l ution wa s r..oved . The gross rad i a t i on read i ng s  are semi quant i tat i ve 

and a re probabl y  not more accurate than  a factor of 2. Ori gina l l y ,  

six aecontam1nat i ons  were pl anned . The thermowel l t i p mea sured -3 Rads/h 

at nea r contact upon comp l et i on of decontami nat i on 6, so 

decontaminati ons  7-12 were added . Upon comp l et i on of the f i na l  

decontaainati on, No. 12, the RTO wel l  wa s returned for a mea surement of 

retained surface acti vi ty by gamma ana l ys i s. About O.l' of the c�-137 

r..ained on the thermowe l l ; no other radi onucl i des  were detected . 

2.2. 13.2 Decontamina ti on of the Thermowe l l  Body. As a resu l t of the 

di ff i cul ty 1r decontami nat i ng the RTD thermowe l l  t i p, it wa s deci ded to 

s�ria l ly decontaminate the top lS em body of the RTD i n  two secti ons. 

Cur i ng decontami nat ion of the body of the RTD thermowe l l ,  the ti p wa s 
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TABLE 2. RTD THERMOWELL T IP SER IAL DECONTAM INAT ION SOLUTIONS 

Radiation 

Decontam- Reading 
ination Solution Time Temp Decontamination 

No. Used (h) ill_ (Rads/h) 

1 Demineralized Water 24 294 4.5 

2 Borated water-3500 ppm 24 294 3.8 
boron as boric acid, pH=7. 5 
with 1% Triton x-100 
surfactant 

3 Sodium carbonate/hydrogen 1 294 3.8 
peroxide 5.0 wt% Na2 
Co3 and 1 wt% H2o2 

4 Two step APC 
a. 10% NaOH - 3% KMN04 1 294 

b. Oxalic acid (25 g/L and 1 294 3.0 
dibasic ammonium citrate 
50 g/L 

5 Nitric/hydrofluoric acid 1 294 3.0 
10 wt% HN03-0.1 M H F  

6 Nitric/hydrofluoric acid 2 294 3.0 

7 Nitric/hydrofluoric acid 3 366 2. 5 

8 Nitric/hydrofluoric acid 3 366 2. 8 
40 wt% HN03 

9 Hydrochloric acid (IN) 1 366 0.5 

10 Hydrochloric acid ( IN) 1 366 0. 2 

1 1  Hydrochloric acid (IN) 1 366 <0. 2 

12 Hydrochloric acid ( IN) 1 366 <0. 15 
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protected wi th aci d-res i stant tape to prevent further etch i ng. Al so , when 

one port i on of the body wa s decontami nated, the other port i on wa s 

protected . The decontami nat ions  performed on the body of the RTO are 

l i sted 1 n  Tabl e  3 .  Upon compl eti on of the RTO thermowel l body 

decontaMi nat i on , the thermowe l l was aga i n  gamma scanned for reta i ned 

acti vi ty .  

2 . 3  Phys i ca l  Appearance 

2 . 3 . 1  Manway Cover Backi ng Pl ates, Handhol e  Cover l i ner, and Thermowe l l 

Each  of the manway cover  backi ng p l ates wa s vi sua l ly exami ned through 

the hot cel l wi ndow . The surface features were documented by means  of 

bl ack and whi te photograph s ( shown i n  Fi gures  8-10). I n  genera l , the 

p l ates  exhi bi ted no unusua l  features on thei r surfaces. Pl ate P appeared 

to be covered by a un i fc rm  gray surface l ayer. Pl ate A ,  on the other hand, 

appeared to have onl y  patchy whi te a reas of surface deposi ts. The surface 

of Pl ate B wa s s.aoth and sh i ny. These observat ions are con s i stent wi th 

the subsequent C s-137 gamma scans of the p l ates . 

The handhol e cover l i ner was v i sua l ly  exami ned at the hot cel l .  The 

surface features were docu.ented by means of bl ack and wh i te photographs , 

a s  i l l ustrated i n  Fi gure 11 .  I n  genera l ,  the l i ner exh i bi ted no  unusua l 

features on i t s act i ve surface. The surface appeared to be covered by a 

� � f form gray surface l ayer wf th patchy dark and l i ght area s. These 

features are s f mil ar to those observed on Hanway Cover Backf ng Pl ate A .  

The RTO wa s rece i ved i n  the l aboratory as  a compl ete assemb l y .  The 

the� l e l ement s were st i l l  i n  the thermowel l ;  and the attachment wi res , 

condu i t, and cab l e head were f n  p l ace. A p l a st i c  s l eeve wa s attached to 

the thermowe l l  fl ange nut to protect the thermowe l l  surface . The t1p of 

the thermowe l l  ( end 4 . 3  em) wa s an orange co l or ;  the rema i n i ng surfaces 
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TABLE 3. RTD THERMOWELL BODY ANALYSIS - ( 4 . 3  - 19. 0cm) 

Decontamination Solution Time Temperature 
Location Number Used 1hL (K) 

Bottom 4 . 3  to 1 Hydroch loric 2 294 
1 1 . 8  em acid ( IN) 

2 Nitric/ 2 
hydrofl uoric 
10 wt% 0. 1 MH F 

Top 1 1.8  to 1 Hydrochloric 2 294 
19. 0 em acid ( IN) 
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Gamma 
directiOn 

Fi gure 8 .  Vi ew of  act i ve surface of  Pl ate A .  
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Figure 9 .  View of active surface of Plate B .  
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Fi gure 10 . Vi ew of act 1 ve surface Qf Pl ate P .  
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F igure 11. V i ew of acti ve surface of handho l e  cover l i ner . 



were brown or brown/b l ack ( F i gure 12) . As rece i ved ,  the RTO thermowell 

mea sured 19 . 9  cm fr� the thermowel l base nut to the t 1 p .  There wa s no 

v i s i ble or .. asured loo se radi onucl i de mater i a l  conta i ned i n  the plast ic  

s l eeve s . 

2 . 3 . 2  Compari son to leadsc rew and Leadscrew Support Tube (LST) 

The appearance of the leadscrew sections vari ed with locat i on in the 

upper p l enuM .  The sect i on closest to the core wa s coated with bl ac k  

debris. Several fla ke s  of s i l ver-co l ored materia l were observed both in 

the debris and on the surface of  the leadsc rew sect i on near the bayonet. 

I n  contrast , the loose material deposited on the surfaces of the hi gher 

leadscrew sect i on s a nd the col l ected debri s were gray in co l or, rathe r than 

b l ack. The rel ative quant i ty o f  surface debris inc rea sed from a l most none 

at the l owe r end of the l eadscrew to a heavy coat i ng near the top of  the 

p l enum a s sembly reg i on .  A di st i nct stepped decrease in debris was observed 

just  above the top of the p lenum a ssembly . The surface of the section near 

the upper end of the leadscrew wa s visually c 1 ean a nd shi ny a nd there wa s 

no observab l e  debri s. The visua l characteristics  of debr i s  deposit i on a nd 

corro s i on were similar on l eadscrews B8 a nd H8 except that the l ower end of 

88 wa s coated wi th white materi al that l ooked simi l ar to sol der  spl atter . 

The entire out s i de sur face of the LST section appeared sol i d  b l ack 

( � i gure 13) . The depos i ts were thin and l arge ly  un i form . Portion s of the 

outer surface on one side were partia l l y  covered by a th i n, yellow-orange 

depo s i t .  The f l at bottom of the section, which  had been or i ented toward 

the reactor core, showed adhe s i on of meta l l i c partic l e s  rangi ng i n  size 

fror. oa re l y  v i sibl e to about 1 mm in di ameter . T he l arge st partic l es 

a ppea red sphe r i ca l . The in side surface a l so appelred bl ack  wit h region s of 

yel l ow-orange sur &ace mate �i a i  wnich  co�erea l es s  o f  a r  area . 

Ba sed on the phy si ca l  appearance of the surface sample s  during the 

acc i der.t, cond i t i on s  in the upper p l e num o� the reactor we re more se� ere 

than  1r. the reactor coolant  l oops . 
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Figure 12. Overall view of the RTD thermowell. I 
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Fi gure 13 .  Photograph showi ng the LST secti on . 
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2. 4 Metallurgical Examination Results 

2. 4 . 1  Manway Cover Backing Plates 

Figures 14- 16 show the optical micrographs for the three specimens. A 

thin surface layer (4- 12 pm) is visible on the specimens from Plates B 

and P ,  but this layer is less than 2 pm thick on the specimens from 

quadrants I - I I I  of Plate A (samples A 1, A2 , and A3). The surface layer on 

sample A4 was thicker (3-4 pm) than on samples A 1-3, in agreement with 

the visua l examinations. On each sample , however , there were no measurable 

differences in the thic kness within the surface layers. 

Detailed examination of the samples showed no major differences in the 

structure and morphology of the surface layer within each sample. SEM 

micrographs of the samples indicate that the surface layers are relatively 

thin Not surprisingly , EDS analysis of the surface layer showed it to 

consist mainly of iron , chromium , and nic kel. The proximity of these 

matrix elements tend to overwhelm the electron energy peaks from any other 

element. However , the presence of indium and/or tin was also revealed in 

specimens A 1  and A4. Since EDS cannot resolve the electron energy peaks of 

i ndium and tin , electron microprobe (wave length dispersive) analysis was 

also performed on specime n A4 to resolve any uncertai nties. Both tin and 

indium were shown to be unambiguously present in the surface layer of the 

specimen. 

2 . 4 . 2  Comparison to Leadscrew and Leadscrew Support Tube 

Surface samples from the H8 leadscrew were metal l ographically examined 

to determ ine the th ickness and nature of the surface layer . In general , 

three layers were obse rved : an i nner layer next to the oase metal, a thin 

middle layer , and a n  outer layer. Near the bottom of the leadscrew these 

l ayers were 28 pm , � pm , and 20 pm , respect i vely . The tota l 1 ayer 

thic kness increased with elevation  and wa s 1 14 pm at the tcp of the 

leadscrew. The top edges of the threads contained the largest layers, 

probably as the result of grav i tational settling of aerosols.
8 
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Fi gure 14 . Opti ca l  m icrographs of specimens from Pl ate A. 
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Figure 15 . Optical micrographs of specimens from Plate B .  



• a. P1 b. P2 

Fi gure 16 . Opt i ca l  m i crographs of spec i men s from P l ate P .  
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In their examination of a section of the H8 leadscrew located 14  ft 

above the core, B&W a l so observed three surface layers. They attributed 

the innermost layer, which was 3 pm thick, to an in-service oxide layer. 

The middle  layer was porous in appearance but tightly adherent. The 

thickness of this layer varied from 10 to 90 pm. Silver-rich metal 

g lobu les of - 15-300 pm were bonded to the outside surface of this 

adherent deposit . Electron microprobe results indicated the presence of 

indium in the si lver globules but no cadmium. The outside layer was 

l oose ly  adherent and cou ld be removed by brushing. The thickness of this 

layer varied from 25 to 75 �m. 

Samp les from the surface of the 88 leadscrew were a l so examined. The 

results were qualitatively simi lar except that the surface layers on these 

specimens tended to be thinner than on the H8 l eadscrew. 8 

On l y  two surface layers were identified on the leadscrew support tube : 

an inner adherent l ayer and an outer loosely adherent layer. Unlike the 

leadscrews, which are made of Type 17-4 pH stain less steel, the support 

tube is made of 304 stain less stee l .  The loose l y  adherent layer varied 

widely in thickness. The adherent layers on the inside and outside 

surfaces of the annu lar tube were quite similar (ranging in thickness from 

15 to 30 m and from 15 to 40 m, respectively) but the l oosely adherent 

layer on the outside of the tube was better defined and thicker than on the 

inside surface ( 4  to 35 �m compared to 0 to 20 m on the inside surface). 

Meta l l ic g lobules were a lso found on the outside of the tube but not on the 

inside surface . As indicated in Figure 17, the end of the tube facing the 

core had a large number of metal lic g l obu l es. The g lobules were primarily 

composed of si l ver, ind ium, and some cadmium.6 

2. 5 E1 ementa i Ana l ysis Resu lts 

2 . 5 . 1 Manway Cover Bac king P l ates and RTD Thermowe l l  

The resu l ts o f  the e l emental ana l yses for a ll  of the RCS samp l es are 

tabu l ated in Tab l e  4. The high values for iron. chromium , and nickel in 
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Fi gure 17 . Appearance of the br i ght meta l l i c g l obu l e s  at bottom end 
of the LST secti on. 
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the aanway cover backi ng p l ate samp l e s  i ndi cate that a s i gn i f i cant amount 

of ba se metal wa s probably r.-oved duri ng the d i s so l ut i on operat i on .  On 

the other hand, there does appear to have been cons iderabl e tran sport of 

core .. teri a l s and fi s s i on products , as i ndi cated by the re l at i ve ly h i gh 

va l ue s  for s i l ver ,  ceri � .  a nd tel l uri u., respecti vely. 

In  Tab le  S ,  the re sul ts obta i ned from the surface samples are 

extrapo l ated to the ent i re surfaces of the reactor coo l ant sy stem l oop 

p i p i ng ( 6  X lO
S 

c.2 ) steam generators ( 2. 4  X 108 cm2) .  upper p l enum 

( 4.25 x 105 c.2) and pressuri zer (9 x lO
S 

cm2) .  On ly those 

e l .-ents that cou l d  be rel ated to the transport of core materi a l  were 

i nc luded i n  the tabu l at i on . Cons i deri ng the wi de vari abi l i ty i n  mea sured 

val ues and the extent of the extrapo l at i on , the se va l ues shou l d  be used for 

i l lustrat i ve purpose s on l y .  The i�p 1 1 ed quanti ty of tel l ur i um depo si ted on 

the surfaces of the RCS l oop , for exaap l e ,  exceeds the ava i l abl e 

i nventory . I t  can be conc l uded that the l oca l i zed depos i ti on of te l luri um 

on the .anway cover bac k i ng p l ates i s  h i gh .  C l early, these samples are not 

rep re sentat i ve of a l l  the steam generator surfaces .  I t  i s  somewhat 

surpri s i ng that the f ract i on of s i l ver depos i ted on the RCS surfaces 

appears  to be h i gher than that of the more volat i l e control rod 

con st i tuent , cadaiua . 

The pri n c i pal e l ements detected i n  the elemental analysi s of  the RTD 

therMowe l l  t i p were boron and i ron, wh i ch were present i n  re l at i ve we i ghts 

of 33 . 8  and 62. 4 wtS of the e l ements detected i n  the samp l e .  Other 

ele-ents aeasured were s i l ver ( 0.6 wtl), z i rcon i um { 0 . 3  wt,), urani um 

{ 2. S wtS), and copper { 0 . 4  wtl). CadM i um and te l l ur i um mea surements were 

also performed, but the se e l ement s , i f  pre sent, were below l i m i t s  of 

detect ion .  

2 . 5 . 2  Compar1 � �n to Leadsc rew and leadsc rew Support Tube 

E l ementa l ana l yses for f i ve l eadscrew samples  are a l so shown i n  

Tab l e  4 for compar i son . In genera l ,  the quanti t i e s of depo s i ted mate r i a l s 

a re small  and 1 n  many cases nea r or be l ow detectabl e l i m i t s .  The amount of 

41 



� 
N 

TABLE 5 .  IMPL IED SURFACE OEPOSITIONa 

Impl i ed Mass Ueposi ted 
Core ( kg) Fracti on of Core I nventory 

E l ement 
I nventory 

( k9) Ori gi n ueeer P l enum RCS Looe Pressuri zer Ueeer P l enum RCS L oo2 Pressuri zer 

Ag 2 , 200 Control rod 6 . 2  2 . 7 ( 2 )  0 .85 2 .8 ( -3 )  0 . 1 2  3 . 9 ( -4 )  

Al 2 1 5  Burnabl e poi son 1 . 0 7 . 4 1 . 2 ( -2 )  4 . 7 ( -3 )  3 . 4 ( -3 )  5 . 6 ( -5 )  

Cd 1 38 Control rod 0 .84 2 . 0{ -4 )  6 . 1 ( -3 ) 1 .4 ( -6 )  

S n  369 Zi rcal oy 0 . 34 5 . 4  1 . 3 ( -2 )  9 . 2 ( -4 )  1 . 5 ( -2 )  3 . 5 ( -5 )  

Te 3 .65 Fi ssion product 7 . 1  2 .8 ( -2 )  1 .9 7 .7 ( -3 )  

a .  The val ues i n  thi s tab l e  i nvol ve the extrapol ati on of data wi th h i gh vari abi l i ty to much l arger surface areas . I t  
i s  qui te possi bl e that thi s extrapol ati on i s  not val i d ,  as evi denced by the impl i ed deposi ti on of tel l uri um on RCS 
surfaces whi ch exceeds the ava i l ab l e  i nventory . These resul ts are provi ded for i l l ustrati on onl y .  

• 



s i l ver on  the l eadscrews ( see Tab l e  S)  i nd i cate s that l e ss than 11 of the 

ori g i na l  control rod s i l ver deposi ted i n  the upper p l enum . There 1 s  a 

s i gn i f i cant a•ount of  a l u.i nu. on the l tadsc rew surfaces that apparent l y  

ori g i nated fro. burnable  poi son s .  

Abso l ute va l ue s for i nner l ayer surface depo s i t i on o f  e l eme n t s  wa s not 

dtten.i ntd for the l eadsc rew support tube. Re l a t i ve amounts of the 

pri nc i pa l  e l ements  were dete r. i ned for p i eces o f  the l oo s e l y  adherent and 

adherent l ayers . Typ i ca l l y , on l y  the s tee l mater i a l s were mea surabl e on 

the surface . A l oo s e l y  adheren t  samp l e  did , howeve r ,  i ncorporate one or 

.are .. ta l l i c gl obul e s  and i nd i cated a l a rge frac t i on  of s i l ver , i ndi um ,  

c a� i u. ,  and t i n  1 n  the samp l e .  

2 . 6  Rad i oac t i ve I nventory Ana lys i s  Re su l t s 

2 . 6 . 1 Ga ... Sca n s  

T he  re l at i ve C s- 1 3 7  act i v i ty i s  pl otted i n  Fi gure 1 8  a s  a func t i on o f  

d i s tance f ro. the edge o f  the manway cover P l ate A ( i n i t i a l  gamma sca n s  had 

s hown the surface act i v i ty to conta i n  ma i n l y  C s - 1 37 wi th very mi nor amounts 

o f  Co-60 a nd C s - 134 pre sen t ) . Re sul ts for P l ates 8 a nd P a re a l so shown i n  

F i gure 18 . T he C s- 1 37 act i v i ty p rof i l e s show very l ow count rate for a l l 

sca n s  except near the edges of the p l ates . I n  fact, P l ate P shows 

si gn i f i cant  C s - 1 37 acti vi ty on l y  wi thi n 1 em of the edge ; the acti v i ty 

p rof i l e  goe s to near zero across  the rema i n i ng surface . P l ate B ,  on the 

other hand , exh i bi ts  a C s - 1 37 p ro f i l e very s i m i l a r  to that obta i ned on 

P l a te A ,  a l tho ugh the overa l l count ra te wa s a pprox i mate l y  fi ve t i mes  l ower 

tna r on P l a te A .  

Ga�a scan s  were performed o n  tne nandho l e  cover l i ner . The re s u l t s  

a re  s hown 1n F i g u re 19 . T h e  C s - 1 37 act i v i ty prof i l e  shows an uneven 

d f s t r t but ton  a c ro s s  the 1 1 ne r  s urface , a l though the re doe s appea r to be a 

� l i ght i nc rea se t n  acti v i ty nea r the edges o f  the l i ne r .  T h i s C s - 137  

act i v i ty d1 str 1 button appea rs to  be somewhat s i Mi l a r to  that  obta i ned 

p rev i ou s l y  on the Ma nway cover bac k i ng P l ate A .  
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The RTD thermowell was gamma scanned on two sides at 0 and 180 degrees 

at 10-cm intervals from the thermowell nut (flange) to the tip . The Cs-137 

analysis results for the radionuclides detected are plotted in Figure 20 . 

The amount of Cs-137 deposited near the end of the body of the thermowell 

closest to the flow stream is essentially the same a s  on the thermowell tip . 

2. 6. 2  Autoradiographs 

The autoradiographs of the manway cover backing plates are shown in 

Figures 21 , 22 , and 23. Very little gamma activity is  evident in the 

autoradiographs, which is not surprising since the gamma scans had 

previously shown very little activity on the surface of the plates. Closer 

inspection of the radiographs reveals that the gamma activity is uniformly 

distributed over the surface , in agreement with the results of the gamma 

scans. The Plate P radiograph shows significant gamma activity only at the 

very edges of the plate. 

2 . 6. 3 Radiochemical Analysis 

Table 6 lists the total radionuclide content leached from the inner 

surface of each coupon from the manway cover backing plates corrected to 

April 1, 1986, to facilitate comparison with other data . 5 

The A and 8 samples from the steam generators tend to have 

significantly higher concentrations (10-100 times) than the P samples from 

the pressurizer, which appear to have come from an area of lower 

radionuclide surface deposition. Also the Cs-137/Cs-134 ratio is less, 

which suggests that the deposited cesium in the pressurizer came from a 

different region of the core than that deposited in the A and 8 sample 

locations. 

The surface activity of the RTD thermowell is also shown in Table 6. 

The measured values for most of the radionuclides ( I-129 is the exception) 

are higher than for the steam generator coupons , which is to be expected 

because the RTD thermowell was closer to the core. 
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Figure 21. Autoradiograph of Plate A. 
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F igure 22 . Autorad1 ograph o f  P l ate B . 

• 
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Fi gure 23 . Autoradi ograph of P l ate P .  
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TABLE 6 .  RADIONUCLIDE SURFACE ACTIVITY 

Supl e Co-60 

Leadscrew - H8 5 . 3 ( -1 ) 

Leadscrew - 88 5 .8 ( -1 ) 

RTU Therwowel l 1 . 1 ( - 1 )  

Manway Backi ng Pl ate - SGA 7 . 4 ( -2 )  

• Manway Back i ng P l ate - SGB 4 . 4 ( - 2 )  

Manway Back i ng Pl ate - Pressuri zer 2 . 4 ( -2 )  

a .  Corrected to Apri l 1 • 1986 . 

Sr-90 

2 . 7 (0 )  

7 . 5 ( 0 )  

8 . 9 ( 0 )  

1 .8 ( -1 )  

9 . 3 ( -2 )  

4 .0( -1 ) 

2 I 
Surface Actfvf� C!&1lei ) 
Sb- 1 25 cs- 1 34  Cs-137 Ru-106 1 -1 29  

1 . 0 (  1 )  1 . 2 ( 1 ) 4.6 ( 2 )  1 .4( -4 )  

5 . 6 ( 0 )  8 . 2 ( 0 )  2 .8( 2 ) 2 . 2 ( -1 ) 6 .8( -5 )  

8 . 3 ( - 1 ) 4 . 7 ( -1 ) 2 . 0 ( 1 ) 8 . 0 ( 1 )  

5 .0 ( -1 ) 1 .6 (  -1 ) 5 .8(0)  5 . 3 ( -1 ) 7 . 2 ( 1 ) 

2 . 8 ( -2 )  5 . 5 ( -2 )  1 . 9(0 ) 

4 . 3 ( -3 )  2 . 1 ( -3 )  4.8( -2 ) 



Table 7 shows the data with the surface areas of the upper plenum 

(4.25 x 106 cm2), loop piping (6 x 10
6 

cm2), steam generators 

(2.4 x 10
8 

cm2), and pressurizer ( 9  x 10
5 

cm
2

)to obtain an estimate 

of  the surface deposition in the entire reactor coolant system. The 

fractions of the fission product species deposited on the primary system 

surfaces are all small. This does not imply , however, that the fractions 

deposited during the accident sequence were small, since deposit of 

aerosols and soluble species could have been washed away from the surface. 

The fission product inventory fractions deposited in the pressurizer are 

extremely small, both because of the small surface available and the low 

concentrations of materials. 

2.6.4 Surface Deposit Removal 

The objectives for removing the surface deposition from the manway 

cover backing plates were directed more at the measurement of the amount of 

deposited radioactive material than toward the determinat ion o f  the 

effectiveness of  different decontamination techniques. As noted in 

Section 2.2.7, a cold leach period of -4 h was required to place 97% of 

the measurable activity in solution. Visual examination of the metal 

coupon after leaching indicated that all surface material had been removed 

from the leached surface. 

The RTD thermowell tip was serially decontaminated as shown in 

Table 2 .  The concentration o f  individual radionuclides removed from the 

tip during the 12 decontamination steps was measured for each solution. 

The fraction of  each radionuclide removed for each step is shown in 

Table 8. In general, aggressive acid leaching was required to remove most 

of the surface activity from the thermowell tip , indicating tightly 

adherent, insoluble chemicaJ species for most rad ionuclides. 

52 



U" 
w 

• 

TABLE 7 .  TOTAL SURFACE ACT I V I T I ES 

1 n t.!..1 Ac t, i v i  t.y ..l� I 

R85J I III I I IC I J.c!!.l 

CO - hfl 

S r· - 90 

<;b- 1 ?., 

1 - 1 29 

c s - 1 ' '' 

c�- 1 1 1  

Ru- 1 06 
- · -- - -

Up(•e_!:_ r 1 �_r}um 

2 . 3 ( 0 1  

7 . 2 ( t I 

l . J ( l ) 
,, . 3 (  -4 ,  
,, . l (  1 , 

1 . 6 (  l )  

4 .  7 ( - t ,  

RCS ! oo_p t..rt.UJLti ·:U 
1 • !I ( 1 l 2 .  I (  -2 )  

8 .  7 I 1 I L fi ( - 1 )  

fi . � ( t )  3 . 9 ( - l ) 

1 . 7 ( - 3 )  

2 . 8 ( t l 1 .  ? (  - l l 

t . 0( 3 )  4 . 3 ( -2 1  

1 . 3 ( 2 ) 

llJlU.r. PI tnua 

3 . !1 ( - � 1  

1 . 6 ( - 3 )  

1 .  7 ( - 3 1 

2 . 9 ( · 3 )  

2 . 2 ( - 3 ) 

1 . 7 ( · 5 1  

-- - - ·  - -------

RCS LOOR Preuurlzer 

1 . 4 ( -4 )  � . 1( - 7 )  

3 . 0( - 3 ) 1 . 8 ( - 7 )  

7 . 4 ( • 3 ) 

1 . � ( - 3 )  1 . 0 (  - 7 )  

1 . 4 ( - 3 1 5 . 9 ( -8 )  

4 . 6 ( - 3 )  



TABLE 8 .  FRACTION OF TOTAL ACT IVITY REMOVED FROM RTO THERMOWELL TIP B Y  EACH DECONTAMI NATION SOLUT ION 

Fraction Removed 
{ \ )  • 

Total Radionuc1 i de Decon Sol utions Ac i d  Leaches 
Concentrati on Removed 

Radi onucl i de ( "Ci ) 1 2 3 4 5 6 7 8 9 1 0  1 1  1 2  

Mn-54 3 . 4 ( -3 )  1 1 . 8 0 0 0 0 0 0 0 0 0 88 . 2  0 

Co-60 2 . 1 7 ( 0 )  1 . 0 0 . 2  3 . 3  1 . 4 24 . 4  4 . 7  1 . 2 1 3 . 7 5 . 9  42 . 2  2 . 4 1 . 8 

Sr-90 1 . 47 ( +2 )  8 . 6 4 . 9  6 . 5  9 . 9  5 . 6 3 . 7 2 1 . 8  6 . 6 3 . 9  21 . 8  3 . 4 3 . 4  
(1'1 
� 

Sb-1 25 2 . 07 ( 0 )  1 . 0 0 . 5  8 . 9  1 3 . 5  38 . 2  1 6 . 9  1 . 4 1 2  0 1  7 . 2  0 0 0 

C s-1 34 1 . 46 ( +1 )  0 . 1  <0 . 1  0 . 1  5 . 5  0 .8 9 . 6 2 .8 25 . 2  5 . 5  50 .0 <0 . 1  0 . 6 

C s-1 37 3 . 1 2 ( +2 )  0 . 1  <0 . 1  0 . 1  5 . 3  0 .8 9 . 3 3 . 0 25 . 4  5 . 3 47 . 4  2 . 4 0 . 6  

Ce-1 44 4 . 08 ( 0 )  0 . 4  0 . 1  3 .8 2 . 2  26 . 5  1 1 .8 0 . 7  40 . 4  1 2 . 3 0 1 . 4 o . s  



Nt i thtr [two-sttp outer (4 . 3  to 1 1 .8  em) surface decontami nati on and 

tht s 1 ng l e-sttp i nntr ( 1 1 . 8 to 19 . 5  c.) surface dtcontami nati on] procedure 

�vtd l argt fracti ons of the rad i onuc1 1dts . Compar1 son of  before and 

after ga .. a scans i ndi cates the decontami nat i on steps each removed about 

101 of the surfact conta•i nati on . 

The co.b1 ned ac1d  l each1 ng and the use of HCl on l y  as  a l eachi ng agent 

y ie ld  about the saMe overa l l decontaMi nat1 on effecti veness . The experi ence 

vi th the decontami nati on of the t i p  i ndi cates that 1 combi nati on of  strong 

aci d  l each i ng and e l evated t�peratures 1 s  requi red to tota l l y  so l ubi l i ze 

and reaove the adhered act1 v 1 ty .  

• 
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3. INTERPRETAT ION 

There were two objectives for the examination of specimens from the 

TM I-2 reactor coolant system surfaces . The principal objective was to 

learn more about the processes of radionuclide release, transport , and 

deposition that occurred in the accident . The second objective was to 

examine different techniques for surface decontamination to determine which 

were the most effective . In this section of the report, results obtained 

from the examinations will be reviewed to identify insights that can be 

drawn about the course of the accident . 

3. 1 Origin of Surface Layers 

The surface layers observed on the reactor coolant system surface 

samples are substantially different than those of the leadscrew samples 

from the upper plenum. The surface layers on the 8-steam generator and 

pressurizer manway backing plates are in the range of 4 to 12 pm thick. 

The A-steam generator backing plates had an even thinner surface layer. 

Since the pressurizer always contained water, it is likely that the 

pressurizer sample was never exposed to a severe accident environment and 

that the surface layer resulted from the operational history preceding the 

accident . Because of the similarity between the surface layers on the 

steam generator samples and pressurizer sample , it further appears likely 

that they are of similar preaccident origin. Radionuclides and structural 

materials released from the core apparently interacted with this 

preexisting layer. 

In contrast , the surface layers in the upper plenum appear to have 

been large ly  determined by the accident environment. Most of the cesium is 

assoc iated with the adherent intermediate layer . Since the cesium is 

tightly bound, it is likely that it chemically reacted with the layer while 

in a vapor state, as observed in  high temperature vapor deposition 

experiments with cesium hydroxide. Globules of molten control rod material 

were appa rently carried into the upper plenum by high steam velocity at 

some time after substantial reaction had occurred with the leadscrew and 
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support tube surfaces . The g l obul es appear to be at the i nterface between 

the adherent l ayer and l oosely adherent l ayer .  The adherent l ayer i s  

apparentl y  composed of  aeroso l i zed materi a l  whi ch deposi ted and settl ed 

e i ther fro. the ga s pha se duri ng the core uncovery peri od of the acci dent 

or fro. l i qu id  after core recover,y . 

3 . 2  Transport of Control Rod Materi a l s 

Control rod Materi a l s were apparently transported wi th i n  the reactor 

coo l ant system as vapors  and as part i c l e s .  As di scussed prev i ous ly .  

dropl ets of  contro l  rod .. teri a l  were carri ed by rap id ly f l owi ng steam i nto 

the upper p l enu. at some peri od  whi l e  the core was uncovered . The 

ca.po s i t i on of the dropl et s  i ndi cates  that some preferenti a l  vapori zation 

of the aore vol at i l e  consti tuents  cadMi um and t nd t um  had occurred pri or to 

deposi t i on af the drop l ets . Neverthel ess , l ess than t1 of the core 

i nventor,y af s i l ver i s  est imated to be deposi ted on upper p l enum surfaces .  

In contrast , t f  the reactor cool ant syst .. saMpl e s  are representati ve of 

depost t t on i n  the reactor coo l ant syste., i nc l uding the l arge steam 

generator surface a rea , 121 af the s i l ver i nventory i s  on these surfaces . 

I n  ca.part son , only  0 . 61 o f  the cadMi um i nventory i s  represented on the 

reactor cool ant systea surfaces . I t  i s  not c l ear whether the si l ver was 

tran sported throughout the reactor cool ant system a s  a vapor ,  an aerosol , 

or by l t qut d  transport after the acc i dent . 

3 . 3  Transport of Structural Materi a l s 

The •a s s  of  z 1 rcon 1 u.  on reactor  coo l ant  surface samp l es i s  be l ow 

detectabl e  l f m f t s .  Tt n .  a consti tuent of Z i rca l oy ,  1 s  unambi guous ly  

present tn  these sa•pl e s  and wa s observed in  the EDS spectrum as wel l .  

These resul ts are con s i s tent wi th the l eadscrew ana lyses i n  whi ch 

ca.parat tve ly  l i tt l e  z i rconi um was found except t n  brushoff debri s near the 

botta. o f  the l eadscrews . 
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3. 4 Transport of Ce sium 

Because of its half life and volatility, cesium wa s found to be the 

principal source of radioactivity on all the reactor coolant system 

surfaces .  Neverthele ss, the total inventory of cesium integrated over all 

surfaces is small. As a result , it is not possible to draw conclusions 

about how the bulk of the cesium was transported during the core uncovery 

phase of the accident. The surface deposition of ce sium on the leadscrews 

is  substantially higher than on the RTD thermowell, which is  in turn higher 

than on the steam generator samples .  Not surpri singly , the amount 

deposited decreased with distance from the core. 

The isotopic ratios of C s-134 and Cs-137 on the backing plates may 

provide some clue as to the progres sion of the accident. The ratios are 

0.052 and 0.055 for the A and B steam generator samples and 0.084 for the 

pressurizer sample indicating that the pressurizer cesium originated from a 

region of higher burnup. 

3.5 Relationship between Cesium and Iodine 

It was previously concluded from the deposition of C s-137 and I-129 

determined in the analysis of leadscrew samples8 that cesium and iodine 

transported with similar modes. It was not possible to draw any conclusion 

from the reactor coolant system samples, largely because of the small 

quantities of iodine-129 present. 

3. 6 Transport of Tellurium 

The amount of tellurium present on the reactor coolant system surfaces 

is difficult to estimate because of the variability of the results for 

different sample s. In many cases the quantity was below detectable limits ;  

on some samples, howeve r, there was considerable tellurium present. Based 

on the rate of reaction of tellurium with steel, it would be surprising to 

observe a substantial quantity of tellurium transported into the reactor 

coolant system unless it was transported a s  an aerosol or by liquid after 

the accident. 
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3 . 7  Transport of Fue l 

Before shi ppi ng the .. nway cover bac king p l ate s ,  GPU col l ected scrape 

sa�les whi ch were subsequently  ana lyzed to determine the abundance of 

uran i u.  a nd pl utoni u.  i sotope s .  The p l uton i um concentrati on i n  fue l  on the 

p ressuri zer surface was l ower than on the steam generator surfaces ,  

i nd i cati ng that the fuel i n  the pressuri zer came from a reg i on o f  l ower 

burnup . A pos s i bl e exp l anati on i s  that the deposi t ion i n  the pressuri zer 

resul ted from .. teri a l  tran sported at the t ime of reactor coo l ant pump 

operati on at 2 h 54 mi n .  The cesi u11 ( probably i n  the form of CsOH) 

transpo rted wi th the stea• i nto the pressuri zer was from the hottest , h igh  

burnup regi on o f  the core , whereas  fuel carri ed i nto the pressuri zer came 

fro. the frag .. n tat ion o f  l ower burnup fue l at the top of the core . I n  

genera l , the p l uton i um concentrations i n  fue l o n  the reactor coo l ant system 

surfaces are l ower than wou l d  be expected from the core averaged ORIGEN 

concentra t i on . Fro• exa•i nation o f  the core i t  i s  apparer.t that a 

substant i a l  port i on of the hi gher burnup reg i on of the core mel ted and 

reso l i d i f i ed wi thi n  the vesse l . 

Substanti a l  quant it ies of fuel debri s were apparent ly  transported 

around the reactor coo l ant syst.. . Fuel debri s that wa s deposi ted on the 

reac tor coo l ant syst .. surfaces wa s a s soc i ated wi th the l oosely adherent 

l ayer that cou l d  be brushed from the surface . Al though a sma l l amount of  

ura n i u.  was mea sured on the  RTD thermowe l l ,  none wa s measured on the manway 

cover p l ates .  The uran i um found on the l eadscrews was pri mari ly l oose ly  

adhered and near the bott011 . 

3 . 8  Effects of E x tended Per i od of Submers i on 

It  i s  not pos s i b l e  to quanti fy the effect of water submers i on on the 

depos its  of materi a l s that occurred duri ng the period o f  core uncovery .  It  

i s  l t ke l y  that at so•e poi nt i n  the acc ident , the ma ss of f i ssi on product 

•at.er1 a l  depos i ted on reactor coo l ant system surfaces on reactor cool ant 

syst .. surfaces wa s substant i a l ly hi gher than the amounts measured on 

reactor coo l ant system surfaces as  refl ected 1 n  terms o f  fraction of core 
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inventory in  Table 3. The analyses performed on  surface specimens were not 

able to reveal how much material that may have been deposited on the 

samples during the accident sequence was subsequently removed by water 

immersion or how much of the material currently on the specimens may have 

been deposited during submersion, rather than  during the period of core 

uncovery. 

3.9 Decontaminatability of RCS Surfaces 

The general conclusions from the leaching studies are that an  acid 

solution will decontaminate the RCS surfaces. By immersing the components 

for 3 to 4 h in the acid solution at 280 to 300 K , over 95% of the surface 

activity can be removed. Other neutral or basic solutions are not very 

effective. 

3. 10 Implicatio n �  of Deposition Data to Source Term Understanding 

The analyses of surface samples described in  this report provide some 

insights into the progression of the accident . The implicatio ns to source 

term methodology development and validation are quite limited, however. 

None of the results of the surface deposit ion  analyses provide unamb iguous 

evidence to confirm or refute current methodology. There are indications 

of cesium surface reactions, iodine-cesium association, aerosol deposition, 

transport of control rod materials, and transport of structural materials 

within the vessel and reactor coolant system, that under more controlled 

conditions could have provided a data base for model validation but which 

are confounded by lack of understanding of boundary conditions or the 

influence of the subsequent environment. The greatest cont r i butio n to the 

ambiguity i n  the interpretat ion of the sample results is the years of 

submersion in  water. 

The review of the applicability of surface disposition data to code 

development and validation that has been performed by the authors has been 

quite limited. There is considerable information regarding source term 
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behavi or conta i ned i n  the surface depos 1 t 1 on data that have been 

col l ected . More careful exami nati on of these data by source term model 

devel opers could  i denti fy uses that have not been 1dent1 f ied 1 n  th1 s report . 
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