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ABSTRACT 

The estimated behavior of te l l urium during a nd a fter the accident at 

the Three Mil e I s l a nd U nit-2 is presented . The behavior is based on a l l 

avai l ab l e  mea surement data for 1 29mTe , 1 32Te , stabl e  te l l urium 

( 126Te , 128Te a nd 130Te ) ,  a nd best e stimate c a l c u l ation s  of te l l urium 

re l ea se and tra n sport . The predicted re l ea se wa s ca l cu l ated using current 

techniques  that re l ate re l ea s e  rate to fue l tempe�ature and hol dup of 

te l l u rium in z i rca l oy unti l sig nificant oxidatio n occurs. The ca l c u l ated 

re l ea se fraction was  l ow ,  -7%, but the tota l mea sured re l ea se for samp l e s  

a n a l yzed to date is  about 5 . 8% .  O f  the mea sured tel l urium about 2 . 4 ,  1 . 8 ,  

0 . 88 ,  0 . 42 , 0 . 17 a nd 0.086% o f  core inventory we re in the containment sump 

wate r ,  upper p l enum a s sembly  surface s ,  containment s o l id s  in the sump 

wate r , ma keup a nd purification deminera l izer ,  containment in side surface , 

and the reactor p rima ry coo l a nt ,  re spective l y . A significant fraction 

( 54%) of the te l l urium c a l c u l ated to be retained on the upper p l enum 

surfa c e s  ( 4 . 6 1% of  the core inventory )  wa s deposited during the high 

pre s s u re inj ection  o f  coo l a nt at about 200 min a fter the reactor sc ram . 

Comparison of  te l l urium behavior with in-pil e  and out-of-pi l e tests 

strong ly sugge sts that zirca l oy ho ld s  te l l u rium until significant c l adding 

oxidation occ urs . Ana l yses.o f samp l e s from the core region of  TMI -2 may 

provide an a s se s sment of the l a rge fraction of te l l urium retained there , 

thu s val i dat i ng the zirca l oy-oxidation-dependent te l l urium release mode l s .  
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TEJLU�I�_ �ElfASE AND OEPOSJJJ9N DU��NG�HE_!MI-2 ACCI��N! 

I NTRODUCTION 

Unt i l  recent ly. stud i e s  of  te l l uri um re l ea se from the core were based 

on t .. perature ,  and i t s vo lat i l i ty i n  compari son wi th other potent i a l l y  

i aportant  rad i on uc l ides (I, and Cs) .  1 However , tests at the core me l t  

fac i l i ty a t  Oak Ridge Nat i ona l laboratory ( ORN l ) , the severe fue l damage 

tests at t he Idaho Nat i ona l Engi neeri ng laboratory ( INE l ) , and the SASCHA 

tests at  Kar l sruhe suggest that tel l ur i um may be he l d  up by z i rca l oy 

c l add1ng wh i c h  resu l ts i n  s i gn i f i cant l y  l ower re l ea ses  f rom the core. 

These tests  a l so da.onstrated that te l l ur i um re l ea ses  i nc rease 

sign i fi ca n t l y  when the z i rca l oy c l add i ng i s  ox id i zed and the prev i ou s l y  

held  u p  te l l uri ua i s  rel ea sed. lorenz et a1 . 2 empha s i zed that a 

l ower-than-expected te l l ur i um  re l ea se does not necessar i l y  mean a l ower 

ca l cu l ated re l ea se to the env i ronment , but rather that the te l l ur i um 

transport pathway t s  d i f ferent f rom prev i ou s l y  env i s ioned , and hi gher or 

l ower rel ea ses  to the env i ron�nt may resu l t dependi ng on z i rcal oy 

oxidat i on dur i ng an acc ident progress i on .  A l so , E l r i c k  and Sa l l ach3 

i nd i cate that te l l ur i� may react  wi th struc tura l  materi a l s  ( sta i n less  

stee l ) and thereby be reta i ned i n  the pr ima ry coo l ant sys tem . S i l ver ( from 

the contro l  rods )  and t i n  ( a  mi nor con st i tuent of z i rca l oy c l add i ng ) 

aero sol s a re eff i c i ent  scavengers of  te l l ur i um vapor . 3 

The te l l uri um behav i or dur i ng and after the Three M i l e  I s l and-Un i t  2 

acc i dent aay shed further l i ght on tel l ur i um tran sport duri ng a severe 

accident. The acc i dent at TMI-2 on Ma rch 28, 1979. resul ted i n  severe 

daaage to the reactor core. As a con sequence. n umerous data are be i ng 

gathered to study f i s s i on product behav i or dur i ng and after the acc i dent . 

A l arge data base wi th support i ng ana l yses ex i sts  for nobl e ga s ,  i od i ne ,  

a nd ces i um  behavi or. Most o f  the rad i o l og i ca l  and chem i c a l  ana l yses of the 

sAap l e s  f roa TMI-2 ( e spec i a l l y those taken soon after the acc i dent ) 

spari ngly report te l l ur ium l eve l s. Th i s l ac k  of data i s  probabl y  due to 

the fact that spec i a l  analyt i ca l  methods are requi red to determi ne the l ow 

te l lur i ua concentra t i on s  i n  h igh l y  rad i oact i ve samp l es; and un less  a 

spec i a l  e f fort i s  aade. the te l l ur i um content i s  usua l l y  not measured . 

• 
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Detai l s  of  te l l ur i um ana l ytica l  methods be i ng used at INEL  a re p re sented in 

Appendix A. Atomic emis s i on spectro scopy using an inducti ve ly  coup l ed 

p l a sma exc itati on source ( I CP-AES ) wa s used to a n a l yze te l l urium in TMI-2  

l eadscrew samp l e s .  A l imited n umber of  samp l e s drawn from p rima ry coo l a nt 

water , reactor coo l ant b l eed tan k  water , the containment in s i de surface , 

the conta i nment sump water and so lids , containment atmo sphere , aux i l ia ry 

bui l d i ng  sump water ,  ma keup and puri ficati on system , and upper p l enum 

a s sembl y  surfaces we re ana l yzed for te l l uri um .  Examinat i o n s  o f  te l l ur i um 

on a l imited number of core debris samp l e s a re underway at INEL . 

The objective s  of this report are to present the re s u l ts of  te l l urium 

ana lyses  performed to date on TMI-2 samp l e s , e stimate the te l l urium 

d i stribution and the re l ea se and deposit i on fractio n s , a nd compa re the data 

with current be st esti mate behavior mode l s  and data from out-of-reactor and 

in-reactor tests . 

The fo l l owing sections  present : mea surements a nd ca l cu l at i o n s  of  

te l l ur i um re l ea se from the TM I-2 Core , the te l l urium re l ea se data from ORNL 

te sts , te l l uri um re l ea se s  from the PBF Severe fuel damage tests and the 

SASCHA te sts , compar i son s  of the TMI-2 te l l urium behav i or w i th the above 

out-of-pi l e and i n-p i l e  te sts , and conc l u s i on s  reached i n  this 

i nvestigation . 

The  f i na l  report on  te l l ur i um behavior is  expected to be re l ea sed in 

August 1 985 . I t  w i l l  i nc l ude data on core g rab samp l e s , data from the PBF 

te sts S FD 1-3 and  S FD 1 -4 ,  a ny of  the avail ab l e  te l l urium data from TMI-2 , 

te l l urium chemistry and data from the TRAP-MELT computer code ca l cu l ation s .  

2 



TELLUR IUM RELEASES 

Mea s uremen ts  of Te l l ur i um Re l ea sed from TMI -2 Core . �- ----- ·- --- -

A s�ry of te l l urium measured i n  samp l es to date ta�en from the 

TM I-2 p l ant syst .. s and co.ponents  i s  l i sted i n  Tabl e  1. The systems and 

co-ponents i nc l uded i n  the tel l uri um i nvesti gati on were: ( a )  reactor 

priaary coo l ant ,
4

•
5 

( b) reactor coo l ant  b l eed tank wa te r ,6 ( c )  contai nment 

i ns i de surface ,
5
•7 ( d )  conta i nment sump water and so l i d debr i s ,8-11 

( e )  containment ataosphere , 12  ( f ) aux i l i ary bui l d i ng sump water , 13 

( g )  aakeup and purif i cat i on f i l te r ,  14• 15 ( h )  upper p l en um surfaces 16  

( saap l es froa the H8 and 88 leadscrews ) .  and ( i )  core debri s  ( g rab samp l es ) . 

Approx i •ate l y  0. 0861 of  the 132Te core i nventory wa s deter.i ned to 

be in the priaa ry coo l ant water , ba sed on an ear l y  ana l ys i s ( March  29 . 

1 979 ) of  water samples. 4 Th i s  l ow tel l uri u. i nven tory may be due 

to: ( a )  l ow  tel l ur iUM re l ea se ,  ( b) l ow te l l ur i um sol ubi l i ty i n  water , or 

( c )  the retent i on of tel l ur i um by react i on w i th z i rca l oy c l addi ng .  

About 9 x 10-ls o f  the core i nventory wa s est iaated to be i n  the 

reactor  coo l ant b leed tank  ba sed on the data obta i ned on December 8 ,  1 979 , 

by ORNL . 
6 

P l ug "40 1• vh i ch ts  1 pa i n ted stee l disk o f  7 cm ( 2 . 75 in . )  d i ameter 

p rojec t i ng into the containment  bu i ld i ng wa s gamma scanned at ORNL on 

August 29 , 1979 . I t  i s  assumed that the di sk  wa s representative of  the 

enti re i nner conta i nment surface area of  2. 2 x 108 cm2 . Ana lysts5 
of  

this fndicated that  -o . 04S and 0. 121 o f  12�mTe and 129111re core 

i nventories , respect i ve l y , were depos i ted on conta i nmen t  bu i l d i ng i n side 

surfaces. Te l l ur i um p l ateout on the hydrogen recombi ner i n l et spool p i ece 

wa s ana lyzed.7 The hydrogen recombtner assembly  l ocated outside the 

conta i nMent ts connec ted to the conta i nment by p i ptng. The tn l et spoo l 

p i ec e  wa s ana l yzed for 129"'Te and the resu l ts  i nd i cated that 0 . 171 of  the 
1 2�e core inventory wa s depos i ted on conta i nment surfaces. The 

e f fec t i ve area of the conta i nment  wa s estima ted i n  a very approx imate 

•anner;  the re l ea se frac t i on is probab ly  no better than an 

order-of-magn i tude est i mate. 
• 
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TABLE 1. SUMMARY OF TELLURIUM RELEASE FRACTIONS IN TMI-2 SYSTEMS 

System or Component Sampling Date 

Reactor primary 3-29-79 

coolant 3-30-79 

4-10-79 

6-21-79 

Reactor coolant 12-18-79 
bleed tank water 

Containment 8-29-79 

inside surface 8-29-79 

9-09-79 

Containment sump 6-20-79 

water 6-20-79 
8-29-79 

Solids in water 8-28-79 

Sludgeb 10-26-82 

Containment 5-1-80 
atmosphere 

Auxiliary building 3-25-80 

sump tank water 
sample 

Makeup and May 1983 

purification May 1983 
demineralizer 

Upper plenum September 1984 
surface 
(Lead screw data) 

4 

Tellurium 
Isotope 

132Te 
132Te 
132Te 
132Te 

129Te 

127Te 
129mTe 
129mTe 

129Te 
132Te 

129mTe 

129mTe 

130Te 
128Te 
126Te 

129mTe 

Stable Te 
Stable Te 

Stable Te 
Te impuri
ties fn 
stainless 
steeld 

Percent of 
Initial 

Core a Inventory 

0.086 

0.086 

0.010 

0.014 

0.009 

0.045 
0.12 
0.17 

1.06 
2.40 
0.008 

0.47 
0.88 

765 ppm 
108 ppm 

27 ppm 

4.0 X 10-7 

1.3 X 10-4 

1 5 10-3 . X 

4.2 X 10-1 

3 1 10-1 . X 

1.83 

Reference 

(4) 

(4) 

(4) 

(5) 

(6) 

(7) 

(5) 

(7) 

(8) 

(8) 

(9) 

(9) 
( 10) 

( 11) 

( 11) 

( 11) 

(12) 

(13) 

(13) 

(14,15) 

(14,15) 

(16) 



TABLE 1 .  ( cont i nued) 

Core debr i s __ c 

Te l l ur i um 
I sotope 

Stab l e  Te 
Te i mpur i
t i e s i n  
stli n l ess  

steel d 

Percent o f  
I n i t i a l  

Core 
I nvento!Y1 Reference 

__ c 

s.s 

a. Core i nventory ca l cu l ated by ORIGEN-2 code ( Reference 17) and decayed to 
ti .. of sa� l e  ana l ys t s. 

b. Not ana lyzed . 

c. Ana l y s i s 1 s  underway and wi l l  be reported i n  the f i n a l  report i n  1985 . 

d .  T e l l ur i u.  1 apurt ty t n  the sta i n l ess  stee l components i n  the core wa s 

est i aated to be about 804 g and the cal cu l ated stab le  tel l ur i UM  and 1 2s.re 
i nven tory was about 3649 g. 

e .  The sua o f  l arges t  te l l ur i �  re l eases mea sured i n  the p l ant systea • 

• 
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8 
The containment sump water was analyzed on June 20, 1979. The 

estimated inventory of 129mTe and 132Te were 2. 4, and 1.69 x 10-5 

9 
�Ci/ml. Based on the containment sump volume of 2.16 x 10 ml and the 

11 . 129m 
core inventory on June 20, 1979 (4.9 x 10 �C1 for Te, and 

1.53 x 106 �Ci for 132Te), the estimated release fractions of 
129mTe and 132Te are 1.06 and 2.4%, respectively. 

Water samples (30 ml) from the top, middle, and bottom of the 
9 

containment sump were analyzed on August 28, 1979, at ORNL. About 

0.035 �Ci/ml of 129Te was detected in the bottom sample. Two samples 

of solid debris collected with the bottom water sample were taken; they 

were centrifuged, washed, and gamma scanned. About 0.277 and 0.514 pCi/mL 

of 129mTe was detected. Based on the containment sump water volume 

(2.16 x 109 ml) and the tellurium core inventory (9.65 x 1011 �Ci for 
129Te and 1.27 x 1011 pCi for 129mTe),10 on August 28, 1979, the 

estimated core release fractions from the water sample and two solid 

samples were 0.008, 0.47, and 0. 88%, respectively. Semiquantitative spark 

source mass spectrometry was performed on the containment sludge sample on 
October 26, 1982, and identified 900 ppm (�g/g) of a stable tellurium 
(126T 128T d 130T ) 11 e, e, an e . 

A containment building air sample, including associated suspended 
matter was analyzed during April 29 to May 2, 1980.12 The air contained 
20 �Ci of 129mTe, which represents 4 x 10-7% of the core inventory of 
129mTe projected at this time by ORIGEN code. 17 

A water sample from auxiliary building sump tank 2B was analyzed by 
ORNL on March 25, 1980.13 About 1 X 10-3 �Ci/ml of eTe was 
identified. This analysis was accomplished by chemical separation and 
subsequent beta counting of the sample which contained 6Te (beta 
emitting tellurium) which is a mixture of long lived 127mTe and 129mTe. 
Based on the auxiliary building sump tank 2B volume (5.11 x 107 ml) and 
the projected core inventory of nuclides on March 25, 1980, the estimated 
release fractions of either 127mTe or 129mTe are 1.3 x 10-4 or 
1.5 x 10-3%, respectively. These release fractions are estimated 
assuming that the mixture of 6Te contained 100% of either 127mTe or 129mTe. 

6 



The contents  of  the •akeup and puri ficat i on dem1 nera l i zer were ana l yzed 

in May 1 983.14  The GPU has estiMated 15 
that 1 . 74 x 10

8 
ml ( 46, 000 ga l )  

o f  h i ghly  con tamina ted reactor coo l ant pa ssed through the dem1 nera l i zer 

vesse l s dur i ng the acc i dent. The amounts of  stable  Te detected i n  the 

A and B deminera l t zers were 10 and 30 ppm , respec t i ve l y . Ba sed on the 

ca l c u l ated inventory of stab l e  te l luri um of 3643 g and est imated ma sses of 

so l i d  aater i a l s  i n  A and B demi nera l izers ( S . 1 x 1 0
5 

g ) , the estima ted 

rel ea se fractions  a re 0 . 1 4 and 0.421, re spec tively . 

Contro l  rod .. chan t s• l eadscrew samp l es from the H8 and 88 pos i t i on s  

were ana l yzed by an  i nduc t i on coup l ed p l a sma tec hn i que for e l emental  

tel l urium a t  I NEL.
16 The rad i oact i ve te l l uriuM nuc l i des  ( except 

12Sare) are expected to have decayed to a neg l i g i bl y  sma l l amount; 

.. a sured te l l urfu. wou l d  be the stab le  tel l urium n uc l i des  ( 12're ,  1 28re ,  

a nd 130Te) f rom the f i s s i on products , 
125aye ,  wi th doped tel l ur i um 

added to stain less stee l s as  a free-aach i n i ng agent . The prec i se quant i ty 

of doped te l l ur i �  t s  genera l ly propr i etary in forma t i on; however , te l l ur i um 

weight percentage s  of  O. OOOS to 0. 11 are typica l .  The est i ma ted core 

inventory fract i on retained on upper p lenum asseabl y  surfaces wa s 0 .0 18 .
16  

The l a rgest te l l urium rel ea ses  mea sured in  the  above p l ant  systems and 

ca.ponents  were s� to g i ve a tota l frac t i ona l  re l ease of about S .SI o f  

the core i nventory . Ana l yse s  of  core grab samp l e s  from the core a re 

Jnderway , but these data are not ava i l able for th i s  report . 

Ca l c u l ation of Tel l ur i um Re l ease f rom TMI -2 Core 

The deta i l s  of  the TMI -Z accident sequence have been di scussed i n  

severa l reports .
18-22 Some of the key events 1 0  i n  the acc i dent 

sequence for the time period 100 to 213 mtn a re shown i n  Table  Z. The 

c r i t i c a l  pertod of the acc i dent sequence fro• the po t n t of view of core 

da•age and f i ssion product re l ease ts  be l i eved to be between 1 1 3 and 

208 • f n  after the reac tor scram . 10 The 1 1 3-mi n t i me corresponds to the 

begtnn t ng of core uncovery f o l l owing pha se separat i on i n  the reactor 

coo l ant  when the reactor coo l ant  pu.ps were turned off at  about 100 min .  

The 208-mtn ttme corresponds to the core re f i l l  fo l low i ng the resumption of 

susta i ned hfgh pressu re i nject i on at about 200 mtn . 
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TABLE 2 .  SUMMARY OF PERTINENT EVENTS IN THE TM I -2 ACC IDENT SEQUENCE 

T ime � Even t  

100 La st Reactor Cool ant  ( RC )  pump s turned off i n  Loop A 

1 13 Beg i nn i ng of core uncoveri ng 

139 P i lot Operated Re l ease Valve ( PORV) closed 

145 I od i ne i n  the reactor bu i ld i ng a i r  sample ( HP-P-227) bega n  to 
i ncrea se  rap i d ly  

1 50 A rad i a t i on detector ( i n  core i n strument panel area mon i tor)  
showed respon se i nd i cat i ng re l ea se of  act i v i ty to  the  pr i mary 
system 

174 RC pump 28 wa s started and ran unt i l  193  m i n 

192 The PORV b l oc k  va l ve wa s opened a nd cycled several t i me s  i n  the 
next per i od 

200 S usta i ned H i gh Pressure I nject ion ( HP I ) and core reflooded 

208 Core refi l led 
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The te l l ur ium re l ease fractfon fr� the core was est i mated using 

t�peratures ca l cu l ated wi th TMIBOI L
10  and re l ea se rates calcu lated wi th 

the lorenz .ade1 . 2 For these cal cu l at i on s , the core wa s d i v i ded i nto s i x  

0. 61-• ( 2-ft )  ax i a l  nodes; the top four node s were assumed to be uncovered 

dur i ng the acc i dent . The core temperature h i story10 and the fracti ona l  

rel ea se rates ( est i Ma ted froe Lorenz's mode l )2 • 5  for the three hottest 

nodes 1re presen ted i n  Table 3. 

The SCOAP ca.puter code wa s used to c& l cu l &te the ex tent of z i rca l oy 

c l add i ng oxidat i on .
23  

The core wa s d i v i ded i nto seven ax i a l  and three 

rad i &l node s . The rad i a l  nodes a re denoted by Cold  ( C ) , Average (A) , and 

Hot ( H) regi on s; and the ax i a l nodes were n umbered from 1 through 7. As 

shown tn F i gure 1 the c l add i ng i n  nodes H6 and A6 were ox i dized to >9�. 

The rest of the c l add i ng i n  the core w1s ox i d i zed to <9�. The est i mated 

frac t i ona l re l ea ses  fro. nodes H6 and A6 , and from the rest of the core 

were 4 . 36 ,  1 .14 ,  and 1 . 461, respec t i ve l y . These est i mates were made ba sed 

on Lorenz's .ade l ,  a nd we i ghtt ng the core i nventory accord i ng to the ax i a l  

f l ux d i str i but i on. The tota l rel ease frac t i on ts the refore -11. 

Th i s  l ow est iaa ted te l l uri UM relea se fract i on i s  i n  reasonab le  

agre.-ent with the l ow •ea sured te l l uriUM re l ea se fract i on and suggests  

that .est o f  the te l l uriUM wa s re ta i ned wi th i n  the core , probab ly  in  the 

z i rca l oy c l add i ng. 

TRAP-MELT Calculations -------
The TRAP-MELT

24 i s  a dyna• i c  nume rica l mode l which ca lcu l ates  

f i s s i on product part i c l e  and va por  tran sport and depos i t i on in  LWR primary 

sys�s dur i ng -e l tdown acc i dents . The tran sport and retent i on of fis s i on 

products w i th i n the prt .. ry coo l ant sy stem dur i ng a me l tdown acc i dent a re 

tre&ted fn ter.s o f  contro l vo l ume s and f l ow connect i ons . I t  as sume s that 

f t s s t on produc t tran sport can be super imposed on the f l u t d  f l ow w i thout 

coup l i ng to tt . A rad t on uc l t de spec i es can re s t de w t th i n  a contro l  vol ume 

i n  two sta tes, part i c l e  and vapor  form. The geometry o f  the system, ma s s  

• f low ra tes o f  a l imited nuaber of  f f ss t on produc ts ( i od i ne ,  ces i um, 

te l l ur iUM,  stron tium, ruthen i um ,  and pluton i um) tn each con tro l vol ume, 

t t-.-dependent therma l -hydrau l i c  data , and rad i onuc l t de physica l  propert i es 
• 

9 



TABLE 3 .  TMI -2 CORE TEMPERATURE AND FRACT I ONAL RELEASE RATE H I STORI ES 

T i me Core Temperature a 
-1  After ( K) Fractiona l Release Rate (mi n) 

Trip � Node 4 Node 5 Node 6 Node 4 Node 5 Node 6 

153 1327 1772 2220 1 . 19 X 10  -6 1 .  33 X 1 0  -4 
9 . 38 X 10-2 

158 1426 2 127 2322 3 . 39 X 10-6 1 . 44 X 10-3 1 . 44 X 1 0-1 

163 1434 2222 2442 3 . 69 X 1 0-6 2 . 37 X 10-3  1 . 97 X 10- 1  

168 1410 2271 251 5  2 . 86 X 10-6 3 . 06 X 10-3 2 . 63 X 10- 1 

173 1 386 2084 2530 2 . 22 X 10-6 1 . 1 5 X 10-3 2 . 76 X 10-1  

178 1 361  1926 2520 1 . 70 X 10-6 5 . 05 X 1 0-4 2 . 6 1 X 10-1 

183 1337 1871 2383 1 . 32 X 10-6 
3 . 08 X 10-4 1 .  74 X 10-1  

188 1313  1777 2242 1 . 02 X 10-6 1 . 41 X 10-4 1 . 05 X 10-1  

193 1702 2 104 6 . 34 X 1 0-5  5 . 12 X 10-2 

198 1600 1 934 3 . 8 1 X 10-6 
2 . 1 1  X 10-2 

203 1437 1716 6 . 41 X 10-7 
2 . 90 X 10-3 

208 1 506 3 . 12 X 10-4 

2 13  1 295  3 . 33 X 10-5 

a .  Node 4 = 1 . 83 to 2 . 44 m ( 6 to 8 ft ) from the bottom o f  the core . Node 5 = 2.44 to 3 . 05 m ( 8  to 10  ft ) from the bottom of  the core . Node 6 = 3 . 05 to 3 . 66 m ( 1 0 to 12 ft ) from the bottom of  the core . Fo r Nodes  4 and 5 ,  constants A and 8 ( in Tab l e 5 ) fo r ox i dat i on <90% were u sed a nd for Node 6, constants for ox i dat i on �90% we re used . 
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(average radi i and part i c l e  den s i ty of  f i s s i on produc t s )  are requ i red a s  

i nput parameters for the code . T he  code ca l cu l ates  the depo s i t i on o f  these  

radi onuc l i de s  i n  the control  vol umes at  a spec i f i ed t i me .  

P re l imi nary cal cu l at i o n s  of tel l uri um tran sport and depo s i t i on duri ng 

the TMI-2  acc i dent were made u s i ng the TRAP-MELT computer code . I nput 

2 b l
. h d1 0 , 20 , 22 , 25 

parameters were obtai ned from var i ou s  TMI - reports pu 1 s  e 

duri ng the l ast f i ve years . The pri mary coo l ant system was d i v i ded i nto 

e i ght contro l  vol umes as  shown i n  Fi gure 2 .  The control vo l ume geometri e s  
26 

were obtai ned e i ther from the F i nal Safety Ana lys i s Report ( FSAR )  o r  

est imated . The se parameters i nc l ude l ength , hydrau l i c d i ameter, f l ow area , 

settl i ng area , and hei ght . Thi rteen 5-mi n t i me i nterva l s start i ng  from 

1 53 m i n and end i ng wi th 2 1 3  m i n  were used. Steam temperature s and steam 

f l ow rates reported i n  Reference 22 were u sed and the system p re s sures  were 

obtai ned from the measured charts reported i n  Reference 25 . The te l l ur i um 

source  term (7%)  est imated i n  the prev i ou s  secti on was u sed . 

The fracti on of the core i nventory depos i ted on (a )  l ower p l enum , 

( b) core , ( c )  upper pl enum , ( d )  upper head , ( e )  hot l eg ,  ( f) p re ssur i zer ,  

( g )  steam generato r ,  and ( h )  co l d  l eg s urfaces  was cal c u l ated to be 
-4 1 . 60 x 10  , 0 . 0, 4 . 6 1 , 1 . 46 ,  0 . 69 ,  0 . 087 , 0 . 084 , and 0 . 0026% ,  

respect i ve ly . The calcu l ated fract i on of  the core i nventory of  te l l uri um 

depo s i ted on upper p l enum su rface s  versus t i me i s  shown i n  Fi g ure 3. Of a 

total depos i t i on of 4 . 6% on upper p l enum surfaces , about 2 . 5% was 

ca l cu l ated to be depo s i ted after the event at 200 m i n ,  when the core was 

ref l ooded ( see Tabl e 2 for acc i dent sequence ) .  The l arge s team f l ow 

rate22  at re f l ood was the pri nc i pal  reason for th i s ca l cu l ated resu l t .  

The mea sured tel l uri um depo s i t i on on the upper p l enum surfaces 

was 1 . 8% .  The TRAP-MELT cal cu l ated tel l ur i um depo s i t i on was 4 . 6% .  

ORNL Rev i ew o f  Te l l u r i um Rel ease 

An exten s i ve rev i ew of  avai l ab l e te l l u r i um re l ease data was performed 

by Lorenz et a 1 . 2 at the ORNL . Thi s exam i nat i on of the e x i st i ng 

te l l ur i um rel ease data i nd i cates both high and l ow re l ease s . H i gh re l ease s 

were observed i n  tests that contai ned no  z i rca l oy c l add i ng or  h i gh ly  
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ox i d i zed ( >90\ convers i on to Zr02 ) z i rca l oy .  low re l eases were 

observed i n  tests  that con ta i ned z i rca l oy c l add i ng w i th a l ower ex tent of 

o- i da t t on ( <90\) .  Tel l ur i um  re l ease data from three h i gh temperature 

f i s s i on product re l ease tests  ( H I  ser i es tests)  are presented i n  Tab l e  4 .  
' 

I n  the h i gh t�perature tests  Hl-1 , Hl-2 and Hl-3 , h i gh burnup commerc i a l  

'PWR fue l fro. the H .  B. Rob i n son reac tor wa s heated i n  steam a t  ma x i mum 

teaperature s  of 1673 , 1973 ,  and 2273 K, respec tive l y .  Tel l ur i um re l ea sed 

fr� the 20 . 32-c• l ong fuel rod segments  wa s mea sured by spark source mas s  

spect �try .  I n  test Hl-2 , ox ida t i on o f  the z i rca l oy c l add i ng was 
. 

c�pl ete and a l arger amount of  tel l uri um wa s rel ea sed than i n  the other 

tests  fn wh i ch ox i da t i on was l i m i ted . Lorenz et  a 1 .
2 

have proposed a 

tel l ur iu. re l ea se rate �e l wh i ch ts ba sed on the extent of  z i rca l oy 

ox i da t i on .  The fract i onal  re l ease rate , k( T )  i n  fracti on per minute , t s  

obta i ned from the fo l l ow i ng express i on: 

k( T )  = A eB( T-273)  

where A and B are constants g i ven in  Tab le  S, and T fs temperat ure t n  K. 

When the l oc a l  degree of  c l add i ng ox i da tion fs  <901 , a l ow re l ea se rate 

i s  recommended . When the l oc a l  degree of c l add i ng ox i dat i on i s  >901, a 

h i gh rel ea se rate i s  recommended. lorenz et  a l . i nd i cate that the 

thresho l d  for c hange t n  re l ea se rate i s  a func t i on of l oca l ox i da t i on and 

that the core average ox i dat i on i s  not acceptab l e  bas t s .  Thi s model wa s 

used to estimate the tel l urium re l ea se dur i ng the TMI-2 acc i dent fn the 

prev i ous  sec t i on .  

( 1) 

A series of Severe Fue l Damage ( SFD) tests i s  be i ng conduc ted by EG&G 

Idaho I nc. , i n  the Power Burst Faci l i ty ( PBF) at the Idaho Nat i ona l 
27 28 Eng i nee r i ng Labora tory for the U . S .  Nuc l ear  Regu l a tory Commi s s i on .  ' 

A .. jor object i ve of these tests  i s  to mea sure the re l ea se , tran sport , and 

depo s i t i on o f  f i s sion produc t s  dur i ng i n-p i l e  tests s im i l ar to the acc i dent 

w� ·ch occurred at the TMI -2 reac tor. Four bund l e  exper i ments are pre sent l y  

• p l a nned for Ser ies  1 o f  the SFD program. Each bund l e  i s  operated at fu l l  

power for three days , a nd then coo l ed for at  l east e i ght days to bui l d  up 

lS 



TABLE 4 .  TELLURIUM RELEASE I N  H I  SER I ES TEST AT ORNL 

Te 
Zi rca l oy Fract i ona l  

Temperature T i me Ox i d i zed Te Re l ea se Re l ease  Rate 
Te st ( K) � (%) (%) (fract i on/mi nute) 

H I-1 1673 30 40 0 . 3  7 . 0  X 10-s 

H I -2 1973 20 100 50 to 100 6 . 0  X 10-2 

H I-3 2273 20 35 0 . 6  2 . 4  X 1 0-4 

TABLE 5 .  COEFFICI ENTS FOR LORENZ TELLURIUM RELEASE RATE MODE L  

Temperature 
C l addi ng Cond i t i on ( K) A B 

Z i rca l oy ox i dati on <90% <1873 1 . 625 X 10- 1l 1 .  061  X 10-2 

1873 to 2273 9 . 04 X 10-8 5 . 22 X 1 0-3 

>2273 6.025 X 1 0-6 3 . 12 X 10-3 

Z i rca l oy ox i dat i on �90% <1873 6 . 50 X 1 0-lO 
1 .  06 1 X 10-2 

1873 to 2273 3 . 6 16 X 10-6 5 . 22 X 1 0-J 

>2273 2 . 41  X 10-4 3 . 1 2 X 10-3 
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an appropriat@ ratio of C@s t u.  to 

th@ bund l e  is irrad i a ted for four 

of short- l tved f i ssion products. 

iod i ne .  Short ly  before the tran s i ent , 

hours to bui ld  up an adequate i nven tory 

The i n l et f l ow to the bund l e  ts then 

r@duced or t� power inc rea sed to in i t i ate the tran sient  por t i on of th@ 

eap@rt .. nts  and to force the wa ter l eve l to decrea se, l eav i ng the bund l e  
·
coo l �  by stea• . The bund l e  heats u p  i n  superheated steam to peak  

t.-perature s up  to  2400 K. Parameters to be varied durt ng the four tests 

are heatup rate ( a-aunt of c l adding ox t datt on ) ,  i n l et f l ow ( hydrogen to 

oxygen rat i o ) , coo l down rate ( amount of fragmentation ) ,  test  rod burnup , 

and pre s@nce of contro l  aateria l . Un t rrad i ated test fue l  rods were used 

duri ng the f i rst two tests, and i rrad iated fue l rods wi l l  be used t n  the 

thi rd and fourth tests , wi th contro l  rods i nc l uded in the fourth test. The 

Series 1 SFO test progra• are summa rized i n  Tabl e 6 .  The SFO scopi ng test, 

the test SFO 1- 1 .  and the test SFO 1 -3 were comp l eted on October 29, 1 982 , 

Sept.-bar 8. 1983, and August 3 ,  1984, respec tively. Data from the SFO-ST 

and SFO 1 - 1  a re p resented be l ow .  

The test tra t ns o f  the SFO scop i ng test and the test SFO 1 - 1  contained 

a 32- rod bund l e  of 0.91-•- l ong 17 x 1 7  pressurized-wa ter-reactor type fresh 

fue l  rods ( 6 . 2  wtS enr i c hed w i th 235u) enc l osed i n  an insul ated shroud as 

shown i n  Figure 4. Duri ng the tran s i ent, the bund l e  coo l ant entered the 

botta. of the fue l  bund l e ,  passed through the bund l e ,  and then exited 

through an eff l uent steaml i ne wh i ch connected to the samp l ing and 

.an1tor i ng syst  .. and debris f i l ter system . Fue l behavior wa s monitored 

duri ng the test s ,  with cladd i ng surface, fuel centerl i ne ,  shroud 

then.ocouples ,  flow meters , steam probes , and other i n strumentation . 

Dur i ng the SFD-scoping test , the bund l e  wa s subjected to a s l ow heatup 

( 0 . 13  K/s) to 1 700 K ,  and then to rapid heat i ng (- 10  K/s )  to 2400 K ,  

�c l l owed by a rap i d  quench .  During the second test· ( SFD 1-1 ). the test 

bundle wa s subjected to a .ore rap i d  hea t i ng ( -0 . 45 Kls) to 1300 K, 

1.3 K/s to 1700 K and then more rap i d  hea t i ng (-30 Kls )  to 2400 K .  The 

SFO 1-1 test wa s s l ow-cool ed ra ther than quenched . Considerable c l addi ng 

oxt dat f on ( v i rtuall y  a l l z i rca l oy 1n the test bund le) , c l adding me l ttng , 

fuel l i quefac t i on ( 181 of  the bund l e ), and fuel fragmenta t i on (6� of the 
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TABLE 6. PBF SEVERE FUEL DAMAGE TESTS 

Heati ng 
PBF Rate In l et F l ow Date of  

Test No. ( K/s) (g/ s) Test Rods Cool i ng Compl eti on 

SFO-ST 0-1 5  20.0 Fre sh fuel  Quench 10/29/82 

SFD-1-1 TM I-2a 0 . 6  Fre sh fue l S l ow 9/08/83 

SFD-1-3 TMI-2a 0 . 6  I rradi ated S l ow 8/3/84 
fue l 

SFD- 1-4 TMI-2a 0 . 6  I rrad i ated S l ow 1985 
fue l and 
contro l  rod 
materi a l  

a .  Characteri zed by s l ow heat i ng rate up to 1 700 K and rap i d  heat i ng rate 
above 1700 K, driven by metal-water react i on . 

Jon � 
chamber ----td 

Gas sample tap ....... _ 

Liquid sample tap .... �-

Steam 
samples 

(6)--� 

Continuous 
H2 monitor 

Collection 
tank 

Liquid 
samples (6) 

F i gure 4 .  SFD f i s s i on product mon i tori ng system. 
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bund l e )  occurred dur i ng the SFO-ST. L i m i ted c l add i ng oxidation (3�) and 

s i gn i f i cant c l add i ng me l t i ng and fue l l i quefaction occurred dur i ng 

Test SFO l-1. 

Di fferent types of e ff l uent samp l es were col l ected dur i ng these SFO 
. 

tes t s  and ana l yzed by a vari ety of  ana l yt i ca l  techn i que s.29 The type s of 

saap l es i nc l ude: ( a )  s i x  steam samp l es ,  (b) s i x  l i qu id  grab samp l e s, 

( c) f i l ter debr i s samp l es , ( d )  severa l steaml i ne p i pe samples ,  and 

(e) l iqu id  and ga s saaples from the co l l ec t i on tank as shown t n  F i gure 4 .  

The fracti ona l re l ea se rates ( fract i on o f  the bund l e  inventory 

released per at nute ) were c a l c ulated from the gas and 1 1 qu1d grab samp l e s . 

The data are presented i n  Tab l e  7. 

The h i gh tel l ur t ua  re l ea se rate measured i n  SFD-ST compared to SFO 1-1 

are probabl y  due to exten s i ve ox i da t i on of the c l add i ng ,  and the h i gh steam 

f low ra te and the stea• p l ent i ful cond i t i on s  that ex i sted duri ng the 

SFO-ST. I n  SFO 1-1, p l a teout o f  the te l l ur i um may have occurred i n  the 

stea• l i ne s  due to •uch slower f l ow rate s , and the z i rca l oy c l adding may 
�ave he l d  te l l ur i um ,  because the extent of c l adding ox i dat ion wa s so low . 

The d i stribut ion ( •a s s  ba l ance) of tel l ur i um i n  vari ous components of  

the  system i s  pre sented i n  Tab l e 8. About 4� of the core i nventory of 
1 29a

Te wa s re l eased duri ng SFO-ST; i n  contrast , <11 was rel eased i n  

SFO 1 - 1 . The pri nc i pa l  rea son for th i s  d i fferences i s  bel ieved to be 

holdup of  te l l urtua by Z i rc a l oy i n  SFO 1-1. 

Tellur i um Re l ea se from SASCHA Tests 

Expertaents have been performed
lO-JZ i n  the SASCHA fac i l i ty i n  

Kar l sru�e, West Ger.any . to i nvestigate f i s sion produc t relea se under 

severe d ... te a nd core me l tdown cond i t i ons. The major objec t i ves were 

( a )  to determ i ne the re l ea se frac t i on s  of rad i o l og i ca l ly i mportant fi ss i on 

produc ts i n  the tempera tures range 1 773 to 3073 K (lSOO to 2800°C) , and 

· ( b) to characterize the phy s i ca l  and chem i ca l  behav i o r of the re l ea sed 

�ter i a l  tn the pri ma ry coo l ant system. The SASCHA test fac i l ity cons i sts 

of  a rtgh frequency i nduc t i on furnace , 1 cruc i bl e ,  and dev i ces  for aerosol 
• 
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TABLE 7 .  FRACT IONAL RELEASE RATES FROM P B F  S FD TESTS 
( fract i on/mi nute) 

Heatu� 

Test 2000 K 2400 K 
S FD-ST 7 . 0  X 10-6 5 . 42 X 10-3 

S FD 1-1 3 . 0  X 10-8 

Quench 

600 K 

2 . 9  X 10-3 

3 . 8  X 10-5 

TABLE 8 .  OVERALL MASS BALANCE OF 129mTe IN  PBF S FD TESTS 
( fract i on of tota l bund l e  i nventory )  

Sam�l es  

304 ss Steam L i nes  

Grab Samp l es 

5 �m 304 SS Fi l ter  

Co l l ec t i on Tan k 

Tota l Re l ease Fract i on 

a 
S FD-ST 

1 . 02 X 10- 1  

7.60 X 10- 5  

1 . 96 X 10- 1  

9 . 80 X 10-2 

3 . 96 X 10- 1  

Tests 

b 
S FD 1 - 1  

5 . 30 X 1 0-3 

5 . 10 X 10-7 

6 . 10 X 10-4 

3 . 10 X 10-3 

9 . 0 1 X 10-3 

a .  S l ow heatup and quench ,  h i gh steam f l ow rate ( 20 g/s ) , steam p l ent i ful, 
and 100% c l add i ng ox i dat i on . 

b .  Fa st heatup , s l ow coo l down , l ow steam f l ow rate ( 0 . 6  g/s ) , steam 
sta rved , and 30% c l add i ng ox i dat i on . 
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co l l ec t i on and ana l ys i s .  The fue l rods were compo sed of z i rc a l oy c l add i ng 

a nd UOz pe l l ets w i th a s i mu l ated burnup of  44 GWd/t . Sta i n l e ss stee l and 

absorber mater i a l s  �re i ncluded to obta i n  1 representat i ve core me l t  

coapo s i t t on. The i ntegra l me l t  ma ss wa s about ZOO to 250 g .  The re l ea sed 

aatert a l  wa s co l l ected on g l as s  f i ber f i l ter s .  The f i l ters and the wal l s 

o• the t ran sport tube were ana l yzed .  

The ear l ier te sts  were conducted i n  air a t  max i mum temperature s 

ranging froa 1773 to 3073 K ( lSOO to Z800°C ) and t n  steam at  2 173 to Z673 K 

( 1900 to Z400°C) . The f l ow rate a nd pressure were 10 to 30 L/m1n and 

O.Z1 MPa ( two ba rs), respect i ve l y .  The frac tiona l  rel ease rates ( fract i on 

of  the i nventory released per m i nute) a re presented i n  Tabl e 9. The 

fract i on a l  re l ea se rates i n  a i r  and steam were es senti a l l y  the same . 

Duri ng these ear l y  tests , the heat i ng rates were norma l l y  s473 K/mi n, the 

z i rca l oy c l add i ng wa s a l .ost COMp l ete ly  ox i d i z ed and the tota l e st imated 

te l l ur i � fract i on was 0.81. 

E x pe r i Men t s  were a l so conducted wi th a reduced steam supp ly  

( Z8 L/m t n  Ar  1.S l/mtn steam) and wi th a pure l y  reduc i ng atmosphere 

(ZS L/mt n Ar l.S L/m tn  o f  Hz). The re l ease f ract i on s  are shown i n  

Figures 5 and 6. Lower te l l ur ium re l ea se wa s .easured for a reduced steam 

suppl y. A l though the temperature t n  Test S-Z81 (Ar + Sl Hz) wa s ZOO to 

400 K higher for sa.e � i nute s , the te l l ur i um re l ea se 1 n  Test S-229 ( steam) 

wa s about a factor f i ve l ower. I n  Test S-282 (Ar + Sl steam) a l ow steam 

supp l y  resu l ted ; te l l ur i um re l ea se between the two cases has been d i scussed 

above . Te l l ur i um  re l ea se s  i n  n i gh and l ow steam supp l y  tests are compa red 

i n  F i gure 6 .  Te l l ur ium re l ease i n  l ow steam supp ly  test , S-282 

( l.S LJ•t n  stea• • 28 L/min Ar) , wa s about 301 and tn the h i gh steam supp l y  

test , S-ZSO ( 30 L/min steam) , tel l ur i um re l ea se wa s about 701 . A l brecht 

and Wil d
ll suggest that the low degree of oxidation causes tellur i um to 

be r�ta i ned in the me l ting cruc i b l e  due to chemical react i ons wi th the 

z t �ca l oy c l add i ng a nd ( probably ) w i th the sta i n l ess stee l components . As 

the oxidation increases, the re su l t ing te l l uride s are destroyed i n  favor of 

meta l ox i de format i on wh i c h ,  t n  turn , acce l e rates the re l ease of te l l uri um .  
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TABLE 9 .  FRACTIONAL RELEASE RATES FROM SASCHA TESTS I N  A I R  AND STEAM 
( fract ion/mi nute ) 

Temperature (K) 2073 2 173 2273 2473 2673 

A . a 1 r  4.8 X 10-3 

1 . 8  X 10-z 

1.8 X 10-3 

3 X 1 0-l 
7 . 3 X 10-l 

7 . 1 X 10-l 

Ar + 5% H2 

a .  Fl ow rate = 1 0  to 30 L/m i n ,  Pres sure = 0 . 2  MPa ( 2  bars ) .  
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COMPARI SON OF TMI-2 TELLURIUM BEHAVIOR WITH 

IN-P I LE AND OUT-OF-P ILE TESTS 

I n  this section , the fracti onal release rates and rel ea se fractions 

estimated and measured during the TMI-2 acc i dent are compared w i th 

measurements from the two PBF Severe Fuel Damage Tests , and the ORNL and 

SASCHA out-of-pile tests . The modified tel l urium release model of Lorenz 

et al . was used to estimate the fractional release rates for TMI -2 in the 

temperature range of 1300 to 2550 K for two regi ons i n  the core: 3 . 05 to 

3 . 66 m (10 to 12 ft) and 2 . 44 to 3 . 05 m (8 to 10 ft) from the bottom of the 

core , where the cladding oxidation was >90 and <9ol , respectivel y .  The 

fractional release rates versus temperature are shown i n  Figure 7 and 

compared with the data from the PBF tests ( SFD-ST and SFD 1-1) , ORNL tests 

( HI-1 ,  HI-2 , and HI-3) and the SASCHA tests . The PBF SFO-scoping Test 

result at 2400 K ,  the ORNL Test HI-1 and the SASCHA tests li e above the 

lower line calculated for TMI-2 with the Lorenz model for <90% cladding 

oxidation but below the upper l ine calculated for >90% oxidation . The 

SFD-ST results at 2000 K, the SFD 1-1 ,  and the ORNL Test H I-3 show l ow 

tellurium release rates below the <90% oxidation curve . This result i s  

probably indicative of low z i rcaloy cladding oxidation i n  the tests and 

holdup of tellurium by z i rcaloy . The release rate measured i n  Test H I-2 is 

in reasonable agreement with the curve calculated for claddi ng oxidati on 

>90% . 

The release fractions measured and estimated from TMI-2 are compared 

with the in-pi l e  and out-of-pi l e  tests i n  Table 10. The ca l cu l ated and 

measured tellurium release fractions  for TMI-2 were l ow .  The measured 

telluri um fracti on in the TMI-2 accident s i mulation test ( SFD 1-1) i n  the 

PBF was even lower .  The PBF SFD 1-1 test closely approximated the thermal 

hydrauli c  conditions of the ,TMI-2 acc ident , and the resu l ts of thi s test 

indicate very small tellurium re l ease ( -0 . 9%) , which may be attributed to 

the hol dup of telluri um by unoxi dized zi rcaloy in the test bundle . The 

SFD 1-1 result is cons istent with ORNL tests , where the c l addi ng oxi dation 

was low and tellurium was t i ed up wit� the z i rcaloy claddi ng . The 

tellurium release in SASCHA test (Ar + 5% H2) was consistent with TMI-2 .  

Al so i n  SASCHA tests , the tellurium release was h i gher i n  a test where the 
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TABLE 10 . COMPARI SON OF TMI -2 Te RELEASE FRACTI ONS  WITH I N-P I LE AND 
OUT-OF-PI LE TESTS 

Max imum 
Fuel C l add i ng 

Temperatu re Ox i dati on Re l ease  
Event (K) (%) Fract i on Reference 

TMI -2 Acc i dent 2600 Low 5 . 8 X 10-Z Presen t  Study 
( measured) 

7 . 0  X 10-Z 

( est imated) 
PBF Tests 

S FD-ST 2400 100 4 . 0  X 10- 1 

S FD 1- 1 2400 30 9 . 0  X 10-3 

ORNL Te sts  

H I - 1  1 673 40 3 . 0  X 10-3 2 
H I -2 1973 100 0 .  5 to 1 . 0 

H I -3 2273 3 5  6 . 0  X 10-3 

SASCHA Te sts 

Low Steam F l ow 2573 Low 3 . 3  X 10- 1 
2 

( 1 .  5 L/mi n )  

H i gh Steam Fl ow 2733 High 6 . 5  X 10- 1 
( 30 L/m i n )  

A r  + 5% H2 2 173 0 3 . 6  X 10-2 

Ar + 5% Steam ·2200 Low 2 . 0  X 1 0- 1 

26 



• 

stea• flow was h1gh. The availability of unox1d1zed zircaloy 1n the TMI-2 

core during the accident 1s expected to bt the cause for holdup of the 

telluriu. and ultt .. te low release fractions. Analyses of saMples fro. the 

core reg1on -.y provide an assess.ent of the large fractton of tellur1u. 

retained 1n the core. thus valtdattng the ztrcaloy-oxtdatton dependent 

tellurtu. release .adels . 
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CONCLUSIONS 

A number of avai lable TMI -2 samples were ana lyzed , best  e stimate 

cal culations  were performed , and the data were compared with i n-pi l e  and 

out-of-pi l e  test s .  The fol l owing conc l us i ons  are drawn from the analysis :  

1 .  Very li ttle (-5 . 8%) tellurium was released and transported from 

the TMI -2 core , probably as a result of holdup by zircal oy 

cladd i ng and structural materi als . Analyses of sample s from core 

reg i on may provi de an assessment  of the l arge fraction of 

tellurium reta i ned there . 

2. Best estimate calculati on s  suggest that a s i gnif i cant fraction of 

the total tell uri um wa s depos i ted on the upper p l enum surfaces 

due to the h i gh pressure i nject i on at about 200 min after the 

reactor sc ram , re su l t i ng i n  h i gh steam flow . 

3 .  Compari son of telluri um re l ease fractions and fractional rel ease 

rate s from the TMI -2 acc iden t ,  wi th i n-p ile and out-of-pil e test 

result s ,  suggests that z i rcaloy holds telluri um until the 

c l addi ng i s  ox id i zed s i gn i ficantly . 
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APPEND I X A 

TELLUR I UM  ANALYT I CAL METHODS 

I NTRODUCT ION 

The I da ho Na t i ona l Enginee r i ng Laboratory ( I NEL ) , as  part of  the broad 

core act i v i t i es re search progra• , w i l l  be conducting chem i cal ana lyses on a 

vari ety o f  sa•p l e s  obta i ned fro. the damaged Three M i l e  I s l and ( TMI ) Unit-2 

reactor.  The 1 979  acc i dent at TMI -2 resu l ted in  the release of sign i ficant 

quant i tie s o f  f i s s t on produc t s from the damaged core to the reactor coo l ant  

syste- and containment build ing . Radioactive tellurium , a s  a radioiodine 

precursor , can con st i tute a significant hea l th haz a rd if relea sed to the 

env i ronae nt .  Al so ,  the c hem i ca l  i n teract i on of  tel l ur i um with other 

rea�tor aateri a l s ,  princ i pa l l y zircaloy and sta i n l ess  steel during severe 

core daaage acc i dent s ,  i s  not well understood . To date , there are very 

1 1•1 ted data ava i l ab l e  for tellurium in TMI -2 sample s .  Also,  rad i oactive 

telluri� present f n  the fue l ( except _
125are ) at the t i me o f  the accident 

has now decayed to l es s  than detectable concentration s .  For th i s  rea son , 

attent i on ha s been focused on the postaccf dent mea surement of stabl e 

f i s s i on product tel l ur i ua concentra t i ons  on reactor plant surfaces and core 

debri s  to detera f ne tellur i um  retention and t ran sport behav i or .  

I �terpretat i on o f  qua n t itative tel l ur i um data i n  TM I -2 sample s is 

ca.plicated by the fact that natura l  te l l ur i um i s  routinely added to 

sta i n le s s  stee l s as a free -ma c h i n ing agen t .  1 The p rec i se quan t i ty of 

doped te l l ur i � in a given samp l e  of  alloy is generally propr i etary 

t nfo�t i on ;  howeve r ,  te l l ur i ua  we i ght percentages of  O . OOOS to O .JS 

( S . O  to 1000 ppa) are typ i ca l . This i nterference requires that elemental 

a r a l y ses  on a l l TMI -2 samples be screened for relat i ve ratios of stainle s s  

stee l co.ponents and tell u r i �  ( Fe/N i /Cr/Te ) .  I n  those ca ses i n  which 

te l l urt �� a nd Fe/N i /Cr a re present i n  rat i o s  wh i ch i nd i ca te the pre sence of 

doped � tee l s , i t  wi l l  probabl y  not be pos s i ble to e x t ract any informa tion 

re l a t i ng. to f t ss t on produc t te l l urt � .  However , for those samp l e s i n  wh i ch 

sta i n l e ss s tee l coaponent s a re n o t  presen t i n  s i gn i f i cant qua n t i ties , and 

for �apl e s  t n  wh i ch tellu r i � concen t ra t i on s  fa r exceed doped leve l s , 

te l l ur t �  analyti cal data ••Y prov i de in forma t i on on the behavior of 

fission product te l l uriUM . 
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Th i s  Append i x  prov ides a summa ry of  ana lyt i c a l  methods a nd p rocedure s 

for the separat i on and ana ly s i s of  te l l uri um i n  TMI -2 samp l e s from the 

fo l l owi ng area s :  

o Leadscrews 

o Makeup fi l ter debri s 

o Reactor bui l d i ng ba sement debri s and l i qu i d s  

o Core debri s { fue l , c l add i ng ,  and structura l materi a l s ) . 

The maj or e l ementa l consti tuents of  these core reg i on mater i a l s i nc l ude : 

i ron , n i cke l , and chromi um { 304 and 1 7-4 PH sta i n l e s s  stee l , i ncone l  7 1 8  

and x-750 , z i rca l oy-4 ) ; z i rcon i um ( z i rca l oy-4 ) ; s i l ve r ,  cadmi um a n d  i nd i um 

( absorber a l l oy ) ; a l um i n um and boron { burnab l e  po i son rod ) ; a nd uran i um 

( fuel ) .  

I n  some cases , a determi nat i on of  tel l uri um concentrati on  may be 

performed di rect l y  on a d i sso l ved samp l e ,  wi thout any p re l i m i nary 

treatment . Howeve r ,  thi s requi re s that : ( a ) the samp l e  be adequate i n  

s i ze , wi th a tel l uri um concentrat ion  above i n strumenta l detect i on  l i m i t s ; 

( b )  no s i g n i f i cant e l ementa l  i n terferences are present ; and ( c )  the 

exposure rate of the samp l e  i s  l ow enough to a l l ow i ts u se wi th the present 

rad i oact i ve exhaust system ( current ly  200 mR/h ) . For those samp l e s where 

e l ementa l i nterferences a re present , or when preconcentrati on of the 

te l l uri um i s  necessary ,  the tel l uri um must be i so l ated from the bu l k  of the 

samp l e  matri x . 
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EXPER I MENTAL ME THODS 

Ana l�t 1 c a l  -.thods hav� been d�ve l op�d for th� separat i on and ana lys i s 

of t � l l ur i u.  i n  var i ous  sa•p l �  matr i c�s . Te l l ur i um separation p rocedures 

hav� been eva l uated , w i th t on-exchange res i n s ,  reduc t i on s , and 

· prec i p i ta t i on s  p rov i d i ng the most  effecti ve mean s  of  sepa rat i ng tel l ur i um 

f� c�p l ex �•tr i ce s .  I nducti ve l y  Coupl ed P la sma-Atomi c Emi ss i on 

Spectroscopy ( I CP-AES)  i s  the .ethod of choi ce for the determi na t i on of 

total  t�l l uri u. concentrat i on .  

D i s so l ut i on Method s  -- -

The TM I -Z sa•p l e s  fro. the core reg i on have been brought i nto so l ut i on 

at the I NEL  through e i ther a b i su l fate fus i on or a HN03/HF d i s so l ut i on . 

The d i s so l ut i on procedure s  for spec i f i c samp l es are desc ri bed t n  deta i l i n  

a n  ana lyt i ca l  procedures report , 2 but a bri ef de scri pt i on of the 

d i s so l ut ion procedure s i s  reported here . 

B i su l fate Fus i on 

Dec�po s i t i on of a saaple  by the use of f l uxes i s  a common method for 

breaki ng up and/or ox id i z i ng the componen ts of  a samp l e .  A potass i um 

b i s u l fate fus i on has been succes s fu l l y  app l i ed for the d i s so l ut i on of a 

� �r o f  TMI -Z samp l � s . The sa•p l e  i s  s l owly  heated i n  a fus i on chamber 

conta i n i ng Sr( N03 )2 a nd KHS04 , un t i l  t he mater i a l  fuses . After 

cool i ng .  a known vo l �e of  de i on i zed water i s  added to the me l t . The 

t r so l ub l e  SrS04 i s  removed by cen t r i fug i ng and decan t i ng the 

supernatan t . An a l i quot of the aqueous sol ut i on 1 s  ava i l abl e for I CP-AES 

ana ly s i s o f  te l l ur i � .  

Di s �o l ut t on o f  me t a l s and al l oys con ta i n i ng tel l ur i um presents  no 

se r i ous d i f f i c u l t i es when carr t �d out t n  HN03/HF so l ut i on at  moderate 

· t .. perature s  ( < 100°C ) .  A 1 : 1 : 1  vo l ume •i xture of wate r ,  n i tr i c  ac i d . and 

• 
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hydrofl uori c ac i d  i s  q u i te effec t i ve i n  the d i sso l uti on o f  h i gh temperature 

a l l oys . Vol ati l i zati on  o f  tel l ur i um i s  on l y  a prob l em when a samp l e  i s  

warmed i n  the presence of  a ha l ogen , HCl , or  HBr vapors . 

I n  some case s , the HN03/HF d i s so l ut i on p rocedure was used to l each 

and sol ubi l i ze surface depo s i ts from a base a l l oy samp l e .  The d i s so l ut i on 

wa s not a l l owed to p roceed to the poi nt  where the base meta l was 

s i g n i f i cant ly attacked . However ,  the HN03/HF so l ut i on s  typ i ca l l y  can  be 

expected to conta i n  vary i ng amounts of  base meta l s  a l ong wi th  the surface 

adherents . In the se case s , the overa l l ma s s  of  the sol ubi l i zed sam�l e i s  

not known . Ana lyti ca l  data on these samp l e s  wi l l  not prov i de absol ute 

e l emental  concentrat i on s  ( such as �g Te/g samp l e) ,  but rather re l at i ve 

e l ementa l consti tuents  ( such a s  wt% , norma l i zed to a g i ve n  majo r  e l ementa l 

componen t .  

Ana lys i s Method 

A number of ana lyt i c a l  methods are ava i l ab l e  for the determ i nat i on o f  

te l l uri um i n  a vari ety of  i norgan i c  materi a l s .  However , t h e  conve n i ence , 

sen s i t i v i ty ,  and i nterferences o f  any g i ven  techn i q ue must be eva l uated 

w i th con s i derat i on g i ven to the samp l e s  of i ntere st .  The a na lyses  method 

for the TM I -2 samp l e s  shou l d :  ( a )  a l l ow for rap i d  q ua l i tati ve e l ementa l  

ana lyse s  ( to sc reen for sta i n l e s s  stee l content ) ;  ( b) a l l ow for rap i d  

mu l t i e l ement quant i tat i ve ana l y s i s ( to determi ne  Fe/Ni /Cr/Te rat i o s) ; and 

( c )  exhi b i t max i mum sen s i t i v i ty ( to l i mi t preconcentrati o n  i n  sma l l 

samp l e s ) . Grav i metr i c methods are i nappropri ate for the a na lys i s o f  TMI -2 

samp l es for severa l rea son s ,  i nc l ud i ng l i m i ted accuracy and seri o u s  

i nterference from heavy meta l s .  Vol umetri c methods for te l l uri um 

determi nat i on s  genera l l y  are ba sed on d i rect or i nd i rect redox t i trat i on s .  

However ,  they are mo st  appl i cabl e for te l l uri um concentrati on s  i n  the 

m i l l i gram range . E l ectrochemi ca l  method s for the determ i nati on o f  

tel l uri um can  be qu i te sen s i t i ve ,  but they requ i re r i gorous  control o f  

e l ementa l o x i da t i on state s ;  l ead a n d  other meta l s pose seri ous  

i nterference s .  X-ray f l uorescence i s  capab l e  o f  e s t i mati ng tel l ur i um 

concentrat i on i n  a l l oy s  down to the 1 -ppm range . However ,  the presence o f  

se l en i um i n  the samp l e  c a n  dramat i ca l l y  affect the detect ion  l i m i t .  Atom i c 
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adsorpt i on sp•ctro scopy t s  a conv•n t •nt •ethod for the ana l ys t s of sma l l 

a-aunts  o f  t•l l ur t � .  but conv•n 1 ence t s  sacri f i ced for samp l es requ i r i ng 

.ul t i • l e�nt ana l ys i s . 

Ato.t c .-i s s t on sp•c tro scopy uti l i z i ng an i nduct i ve l y  coup l ed p l asma 

exc i ta t i on sourc• ( I CP-AES)  i s  a part i cu l ar ly  us•ful .. thod for the rapi d  

qua l i ta t i ve or quant i tat i v• ana lyses o f  mu l t i p l e  e l ements i n  a var i ety o f  

sa.p l e  aa tri ces . The I CP-AES t n struaent ut i l i zes an i nduc t i ve ly  coup l ed 

argon p l a saa as  an  •xc i ta t i on sourc• for the samp l • .  Because of  the h i gh 

t�eratures  and h i g h  exc i ta t i on powe r of p l a sma s ,  pl asma emi s s i on spectra 

a re •xtr.-e l y  l i ne r i c h .  Qua l i tat i ve ana lys t s  i s  acca.p l 1 shed by an 

ana l ys t s of the wave l ength s of  the .-t tted l i ght : quant i tat i ve ana l y s i s 

re l ates t� i ntens i ty of em i tted l i ght to the concentra t i on of  a g i ven 

• l eaent . The I CP-AES i n strument to be used for ana lyses of TMI -2 samp l es  

i s  a leeaan Labs P l a saa-Spec . 3 Th i s i n strument ha s th• fo l l ow i ng 

capab i l i t i es whi ch aake t t  appropri ate for use wi th TMI -2 samp l es :  

• Qua 1 1 ta t i v• Ana lys t s  Mode--The use of  thi s mode a l l ows for rap i d  

screen i ng of  a samp l e  for up to 2 0  user-sel ected e l ements . Thi s 

wi l l  a l l ow  an  i n i t i a l deten.i nat i on of samp l •  matr i x  (d i sso l ved 

sta i n l e s s , z i rca l oy ,  contro l  rod s , •tc . )  t n  order to i dent i fy 

necessary background correc t i on s .  

• Quant i ta t i ve Mu l t i e l emen t  Mode--The u se of  th i s  mode a l l ows for 

the rap t d ,  sequ•nt t a l  scann i ng of up to 20 wave l engths for 

u se r- s• l ected e l emen t s .  Concentra t i ons  of i nd i v i dual e l ements 

a re ca l cu l a ted ba sed on prev i ou s l y  en tered ca l i brat i on c u rve s .  
For .ast e l ements ,  t he s i gna l i n ten s i ty exh ib i ts exce l l en t  

l i near i ty o v e r  3 to  S orders of magn i tude . Thi s mode wi l l  a l l ow 

for rap i d  quant i ta t i ve ana ly s t s  of  a l l the e l ement s of  i nterest 

( Fe ,  N i , C r ,  Te , Z r ,  U ,  C u ,  Sn , and Mo) . 

• Oet•c t t on L t mt t s-- ICP-AES detec t i on l i m i t s for e l emen t s  to be 

ana lyzed t n  T M I - 2 samp les  a re presented i n  Tab l e  A- 1 .  The 

de tec t i on l t m t t  for tel l uri um ( l S ng/ml,  O . O l S  ppm)  t s  the mo st 

c r i t i ca l , s t nce trace quant i t i es may be present t n  some samp l es . 
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TABLE A- 1 .  I CP-AES DETECTION L IMITS 

Detec t i on L i m i t 
E l ement  ( ng/ml) 

Tel l ur i um ( Te )  1 5 . 0  

I ron ( Fe )  0 . 09 

N i  e ke 1 ( N i ) 0 . 2  

Chromi um ( Cr )  0 . 08 

Z i rcon i um ( Z r )  0 . 06 

Uran i um ( U )  1 . 5  

T i n  ( Sn )  3 . 0  

Copper ( Cu )  0 . 04 

Mo lybdenum ( Mo )  0 . 2  
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T he concentrAt i on of  natura l tel l ur i um doped i n  sta i n l es s  stee l s 

( typ i ca l l y  S to 1000 p pm )  i s  we l l  w i th t n  the i nstrumenta l 

detec t i on l i • i t .  

A nu.ber o f  the HU - Z  g
"
rab samp l e s  ava i l ab l e  for Te ana l y s i s  are i n  

the 1 0  to 200-Mg s i ze range . The d i s so l ut i on procedure brought the tota l 

vo l u.e  of these sa•p l e  so l ut i on s  to 20 ml . I n  order for the te l l ur i um i n  

so l ut i on to be detectabl e w i thout preconcentra t i on ,  a mi n i mum o f  300 ng Te 

au s t  be pre sent . For the 10 to ZOO mg samp l e s ,  thi s req u i res approx i ma te l y  

l . S  to 300 p �  te l l ur i ua .  Those samp l e s i n  wh i ch the te l l ur i um 

concentra t i o n  1 s  be l ow the detec t i on l i mi t ( a s  ev i denced by the qua l i ta t i ve 

sca n s )  w i l l  be reta i ned for subsequent te l l uri um separa t i on/concent ra t i on .  

Sep� ra t i on Me thod s 

The d i rec t dete rm i na t i on of TMI-Z samp l es may be prohi b i ted by one or 

.are of the fo l l ow i ng factors . F i r st . the samp l e  s i ze and/or ana l yte 

concent rati on aay be t oo saa l l to reach the Te detec t i on l i m i t .  I nd i v i dua l 

saap l es froa the saae bu l k  fract i on may be con so l i da ted i f  samp l e  s i ze i s  

the l i af tat i on .  A ser i e s o f  separa t i on s  des i gned to concentrate the 

te l l ur i um • i ght be s u f f i c i en t  to a l l ev i a te the probl em o f  ana l y te 

concentrat i on .  A second factor wh i ch mi ght p rec l ude the d i rect 

de te rM i nati on o f  te l l u r i um wou l d  be the pre sence o f  s i gn i f i cant  quant i t i es 

of i nt e r fe r i ng e l eaen t s .  Desp i te the fact that te l l ur i um has  764 em i s s i on 

l i nes , o n l y  a l i a i ted number a re approp r i ate for ana l yt i ca l  use . H i gh 

concentrat i on s  of  e l ements  w i th strong emi s s i on l i nes  i n  the i mmed i ate 

v 1 c t n i ty o f  Te eai s s t ons  m i g ht requ i re that the te l l ur i um be i sol ated f rom 

the i n terfe r i n g  s pec i e s  p r i or to a na l y s t s .  The f i na l  factor wh i ch may 

l i a i t  the d i rec t de te� t na t f on o f  te l l u r t u• i n  TMI -Z samp l es i s  the 

e f fec t t ve rad i a t i on dose rate . A typ i ca l  sa•p l e  v o l ume for mu l t i e l ement 

qua l i ta t i ve a nd qua n t i ta t i ve a na l y s t s t s  approx i ma te l y S to 10  ml . The 

.. j o � , ty of  the tota l samp l e  v o l ume i s  re l ea sed to a dra i n  storage , and the 

r.-. t n i ng sa•p l e  t n  the torch  compa rtment f s  ven ted th rough a ch i mney to 

the rad t oac t i ve e x haust  sy s t ea .  The e f fect i ve dose rate for an i nd i v i dua l 

sa•p l e  i s  l i m i t� to ZOO mR/h . Th i s  may req u i re that the te l l ur i um be 

sepa rated froa some o f  the rad f oac t i ve samp l e  con s t i tuents , pri or to 

• 
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The most e ffect i ve procedure s for the separa t i on and/or concentrat i on 

o f  te l l ur i um i n  TMI-2  samp l e s are ba sed on prec i p i ta t i on s ,  reduct i on s ,  and 

i on-exchange techn i q ues . The mo st  app ropr i ate separat i on or  concentrati on 

methods for a g i ven samp l e  can be sel ected ba sed on the dose rate of  the 

samp l e  and the re su l t s  of any pre l im i nary qua l i tati ve scan s .  

I on-Exchange 

A method wh i ch makes use of a Dowex an i on exchange res i n  i s  

part i c u l ar ly  useful  for the separati on of  many of  the spec i e s  wh i ch may be 

present i n  TMI -2 samp l e s . 4 The separati on i s  carr i ed out us i ng a co l umn 

of Dowex I x 8 ,  200 to 400 mesh , ch l or ide form re s i n .  The samp l e  i s  ta ken 

up i n  an HF/HN03 so l ut i on ( 1 : 2 by vo l ume ) wi th a tota l f l uor i de 

concentrati on of 0 . 6  to 1 . 0 M .  The pH of the re su l t i ng so l ut i on i s  

adj u sted to between 5 and 6 wi th a d i l ute so l ut i on o f  NH40H . Fo l l owi ng  a 

neutra l wa sh of the co l umn , the samp l e so l ut i on i s  i ntroduced . A f l ow rate 

of 0 . 5  ml/mi n/cm2 a l l ows for adeq uate separat i on of  i nd i v i dua l spec i es . 

A d i agram of  the sepa rat ion  scheme for i nd i v i dua l e l ements i s  shown i n  

Fi gure A- 1 ,  and effi c i enc i e s  for se l ected e l ements  a re g i ven i n  Tab l e A-2 . 

Sn ( I I) Reducti on 

M i crogram quant i t i e s  of  tel l uri um i n  aqueous ac i d i c  so l ut i on a re very 

e ffect i ve l y  reduced to the zero va l ent state by fre s h l y  prepared Sn  ( I I )  

so l ut i on s . 5 • 6 Thi s i s  w ide ly  used a s  a p reconcentra t i o n  method for 

u l t i mate tel l uri um determ i nat i on s .  

I n  order to mi n i m i ze a i r  o x i dati on  o f  S n  ( I I ) , the fo l l owi ng so l ut i on 

must be prepared da i l y .  100 ml of  concentrated hydroch l ori c ac i d  i s  added 

to 250 g of stannous  ch l or ide ( SnC 1 2 •2H20 ) , a nd the so l ut i on i s  

warmed unti l c l ea r .  When cool , the so l ut i on i s  d i l uted to 250 ml w ith  

concentrated hydroch l or i c  ac i d .  

Approx i mate l y  1 0  ml o f  the fre sh ly  prepa red SnC 1 2 so l ut i on i s  added 

to the wa rm ac i d i c  samp l e  so l ut i on conta i n i ng te l l ur i um .  The resu l t i ng 

sol uti on  i s  mi xed , cool ed to room temperature , and a l l owed to stand 
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S a•ple Solution 
M:Ot1101l 1 : 2 

E luate 
retain• for 
next Co1UIIft 

I 
I 
I 
I 
• 
' 
\ 

.... - - - -

Dowtx I X- 8 
C l - Form 200- 4001111Sh 
H 0 WI 

HzO 

Zr , Ag, Mo ,  Sn , I 

Ra re Earths ( 151)  

Dowex [ X-8 
cl - fon� 200-400 •sh 
10  N HCl MISh 

10 N HC1 

� 
Sc ,  I n ,  Se , Co ,  Cu , Fe 
Gi ,  Te , Zn , Cd , Au 

Sb,  Hg 

8 N HCl 
r--.. 

I J 
6 N HCl } 
I J 

4 N HCl  } 
I J 

2 N HCl l 
I J 

1 N HCl l _j_ 
I J 

Al kal t s  
Al ka l t nt Ea rths 
Rare Earths 
Nf , Cr, Mn ,  As 

. 

Sc , I n  

Se 

Co ,  Cu 

• 

Fe , Gl 

Te 

F t g ur• A- 1 .  Dowex sepa ra t i on scheme . 
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TABLE A-2 .  SEPARAT ION DATA US ING DOWEX I X 8 

El ut i ng Sol vent (Vo l ume) a 

8 N HC l ( 12 )  

6 N HC l ( 5 )  

4 N HC l ( 6 )  

2 N HCl  ( 8 )  

1 N HC l ( 5 )  

E l ute 

I n  

Se 

Co , Cu 

Fe 

Te 

a .  The number i n  parenthe ses repre sents  the number of 
e l uti ng sol vent neces sary to effect the separat i on .  

Eff i c i e ncy 

(%)b 

100 

100 

100 

95 

100 

co l umn vo l umes of  

b .  The effi c i ency i s  reported a s  the percentage o f  the tota l  e l ement e l uted 
by the sol vent at the moment of  e l ut i on ( +0 . 1%) . 
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und i s t urbed for 3 to 4 h .  

0 . 6  � • f c ropore f i l ter . 

The prec i p i tated te l l ur i um i s  f i l tered on a 

The p rec i p i ta t i on y i e l d  i s  9� for samp l e s  

conta i n i ng < 1 40 �g of te l l uri um .  

A potent i a l  i nterference i n  the Sn ( I I )  reduc t i on method i s  the 

s i•u l taneous reduct i on of As ,  B i , Cu , Au , Hg , Se , and Ag to the i r meta l l i c 

states . Th i s  techn i que i s  not genera l l y appropri a te for the separa t i on o f  

a na l yt i ca l l y pure te l l ur i u. ,  but t s  very usefu l for the preconcentrat i on o f  

• i c rogra• quant i t i es .  

so2Re<tuc t t on 
----

The reduc t i on of  tel l ur i um  by so2 i n  ac i d i c  so l ut i on i s  the 

preferred •e thod for obta i n i ng a na l yt i ca l l y pure te l l ur i um meta l .
7 

Al though the reduc t i on can be c a rr i ed out w i t h  so2 a l one , thi s req u i re s  

that no HN03 be p re sent  i n  so l ut i on ,  a n d  a l l the tel l uri um b e  i n  the 

+4 o x i da t i on state . The l i• i ta t i on can be av o i ded by the use of so2 and 

hydraz i ne ,  wh i ch e f fec t i ve l y  reduces e i ther the +4 te l l uri te or the 

•6 te l l ur i te to the zero valent •eta 1 .
8 

F i f teen •l o f  a saturated so2 so l ut i on i s  added to a wa rm HC l 

so l ut i on ( 2 . 0  to 5 N )  conta i n i ng tel l ur i um .  The reduc i ng agent can  be 

added by bubb l i ng so2 through the so l ut i on ,  however t h i s resul ts i n  the 

l os s  of s i g n 1 f i ca n t  quan t i t i es of TeC 1 2 through vo l at i l i zat i on .  

Appro x i .a t e l y  1 0  •L o f 1 5\ N2 H4 • HC 1  i s  added to the so2/Te 

so l u t i on , fo l l owed by another  ZS •l of  saturated so2 so l ut i on .  The 

res � l t t ng so l ut i on i s  brought to a bo i l ,  a nd a l l owed to bo i l  un t i l the Te 

p rec i p i t ate sett l e s  out of so l ut i on ( typ i ca l ly l es s  than S m i n ) .  The s l ow 

prec t pt ta t i on of te l l ur i �  f rom a wa rm so l ut i on a l l ows for the forma t i on of 

a ao re c ry s ta l l i ne p rec i p i tate , wh i c h  i s  more re s i stant to a i r  ox i dat i on . 

Tht s reduc t i on procedure re s u l t s  i n  the qua n t i tat i ve prec i p i ta t i on of  
9 e l ..en ta l  te l l u r i um i f  the so l u t i on HC l concen tra t i on i s  2 . 0  to S . O  N . 

• The te l l ur i um  does n o t  prec t p f ta te from >8 N HC l so l ut i on s .  Me rcury may 

be c op rec i p i ta ted a l ong w i t h the te l l ur t um .  
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Fe ( I I I) Coprec ipi tat i on 

Coprec i p i tat i on of  te l l ur i um wi th meta l hydrox i de s  i s  a very e ffect i ve 

f 1 1  . . " d " 1 t ' 1 0  
means of concentrat i ng sma l l amounts o te ur 1 um 1 n  ac 1  1 c  so u 1 on .  

The method i s  equal l y  effect i ve for Te ( I V)  and Te ( V I ) ,  a nd i s  be st 

accomp l i shed i n  so l ut i on s  conta i n i ng l e s s  than 400 mg o f  i ron . Te l l ur i um 

can be prec i p i tated from HN03 by thi s method , but the so l ut i on must not  

conta i n  more than 3% ( by vo l ume ) HN03 . 

The s l i ghtly ac i d i c  samp l e  so l ut i on conta i n i ng 100 to -200 mg of  

Fe ( N03 )3 i s  poured i nto an  excess  of  NH40H so l ut i on ( pH 9 . 7) wi th  

con stant st i rri ng . As the Fe ( OH ) 3 prec i p i tate s , up to 0 . 5  mg of  

te l l uri um i s  quanti tat i ve l y  prec i p i tated . The p rec i p i tati on y i e l d  l ower s  

t o  65-80% f o r  samp l e s conta i n i ng l es s  than 0 . 1 m g  of  tel l u r i um .  A l so , the 

coprec i p i tat i on effi c i ency of te l l ur i um i s  dramat i c a l l y  affected by pH . 

For examp l e ,  on ly  a 65% eff i c i ency i s  atta i ned at  a pH of 8 . 0 .  Because  of  

thi s ,  it  i s  i mportant that  the  ac i d i c  samp l e  be  added to an  exce s s  o f  ba se 

sol u t i on , and the pH of the m i xture be mon i tored duri ng the course of  the 

prec i p i tat i on . 

The presence of  Zn , Cd , and Mo i n  l arge amounts  doe s  not i nterfere 

wi th te l l ur i um coprec i p i tat i on , however , more than 400 mg of  i ron causes  

d i ff i c u l ty i n  the  f i l trati on of  the  hydrox i de prec i p i tate . Lead may be 

coprec i p i tated a l ong wi th the tel l uri um . 

Meta l Sul f i de Prec ipi tat i on 

The prec i p i ta t i on of  tel l uri um s u l f i de affords  a conven i en t  mea n s  of 

separat i n g  te l l uri um from those e l ements  wh i ch form so l ub l e s u l f i des , 
. 

i nc l ud i ng Fe , N i , C s , and S r .  The maj or i nterference i n  the method i s  

presen ted by copper , so an  i n i t i a l  q ua l i tat i ve test  for i t s  pre sence must 

be run . I f  nece ssary ,  copper can  be removed by prec i p i tat i on wi th 

hydroq u i none . 

Te ( I V )  i s  very read i l y  reduced by H2S ,  but Te ( V I ) i s  con s i derabl y  

s l owe r .  I n  order to convert a l l the Te ( V I )  i n  ac i d  so l ut i on to the 

+4 ox i dati on state , the so l u t i o n  i s  ta ken up i n  d i l ute ( <6 N) HC l and 
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wa n.ed ( a t  < l 00°C ) .  T h i s ac i d i c  so l u t i on o f  Te ( I V ) f s  then sa turated 

w i th H2s by s l owl y  bubb l i ng the gas  through the so l ut i on .  I t  f s  

f •portant that t he Tes2 prec i p i ta t i on be done col d ,  t n  order that the 

resu l t i ng p rec i p i tates a re reasonably  so l ub l e .  

D i scuss i on 

T he  te l l uri um ana l yt i ca l  me thods  desc r i bed i n  th i s append i x  have been 

se l ected for the i r  a pp l i cab i l i ty towa rd te l l ur i um determi nat i on s  i n  a 

s e r i e s  of  sa•p l e s  fro• the damaged TMI Un i t-2 reactor .  The materi a l s wh i ch 

w i l l  be ana l yzed for tel l ur i u.  con tent i nc l ude sta i n l es s  stee l s ,  f ncone l s ,  

z i rca l oy-4 , con t ro l  rod a l l oy ,  burnabl e po i son , fue l , and coo l ant . The se 

.. t r i ces  are found f n  sa•p l e s  f ro. l eadsc rews , makeup f i l ter debr i s ,  

reac tor bu f l d f ng ba s..ent debr i s  and l f q u i ds , and core debr i s ( fue l , 

c l add i ng ,  and  st ruc tura l  aa ter i a l s ) .  

The d f rec t  a pp l i ca t i on of  te l l ur i um ana l yt i ca l  data toward an 

e x p l ana t i on o f  f i s s i on produc t depo s i t i on i s  coap l i cated by the fact that 

t he re .. Y be ser i ous conta• i nat i on of TM I -2 sa•p l es by natura l te l l ur i um .  

Tel l uri um f s  rout i ne l y present t n  sta i n l ess  s tee l s t n  we i ght percentages o f  

0 . 00050 to -O . lS . A s  a consequence , a l l e l ementa l ana l y ses  for TMI -Z 

s a�l es •ust be s c reened for re l a t i ve amounts  of  sta i n l e s s  stee l 

co.ponent s . Ana l y t i c a l  te l l ur i um da ta from samp l es wh i ch do not conta i n  

s i gn i f i ca n t  quant i t i e s o f  sta i n l ess  stee l components  ( Fe/Ni /Cr )  may be 

i nterpreted a s  a r i s i ng f roa f i s s i on product te l l ur i um wi th  a rea sonabl e  

degree o f  ce rta i nty . Tho se saap l es  wh i ch conta i n  apprec i ab l e  quant i t i es of  

sta i n l es s  stee l coaponents •ust b e  care fu l l y  eva l ua ted to determ i ne the 

s t gn i f t cance of a ny te l l ur f u.  data i n  terms of  f i s s i on product behav i o r .  

I f  the tel l ur i �  a nd Fe/ N t /Cr a re prese n t  i n  ra t i os wh i ch approx i mate those 

found t n  doped stee l s ,  t t  w i l l  not be po ss i b l e  to extrac t any i n fo rma t i on 

a � : � t f t ss t on produc t te l l ur i um . Howeve r ,  i f  the tel l ur i um concen tra t i on 

far exceeds the 0 . 1 wtS ma x i �� for doped stee l s ,  some qua l i ta t i ve 

i nforaa t i on about f f s s f on p roduc t te l l ur i um can  be t n ferred . I n  thi s c a se 

quant i tat i ve f i s s i on p roduc t tel l ur i um i n forma t i on f s  not po s s i b l e  s i nce 

the concentra t i on s  of  doped tel l u r i um can vary over three orde rs o f  

•agn 1 tude . 
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The ana lyt i ca l  method to be u sed for the determ i nat i on o f  te l l ur i um i n  

TMI -2 samp l e s  i s  I nduct i ve l y  Coup l ed P l a sma-Atom i c Emi s s i on Spectro scopy 

( ICP-AES ) . The i n strumenta l detec t i on l i m i t s  for the e l ements  of  i ntere st 

( Tabl e A- 1 )  are wi th i n  the ranges necessary for the a na lys i s  o f  most of  the 

TMI -2 samp l es .  I n  some case s , when tel l ur i um concentrati on s  a re be l ow 

i n strumental  detecti on l i mi t s ,  a seri e s  of separa t i o n s  can be u sed wh i ch 

a re de s i gned to preconcentrate the tel l ur i um . 

I CP-AES i nterferences genera l l y con s i st of spectra l over l ap  or  matri x 

effects . I n  most case s , seri ous  i nterferences ar i s i ng from spectra l  

over l ap c a n  be avoi ded by u s i ng a l ternate a na lyt i ca l  l i ne s . For examp l e ,  

the determ i nat i on of i ron i n  the presence o f  ura n i um requ i re s  that a 

somewhat unusua l i ron l i ne be se l ected i n  order to avo i d  spectra l 

i nterferences from u ran i um at  other wave l engths . 1 1  I t  i s  i mportant  that 

potent i a l  spectral i nterferences be eva l uated in a ny g i ven samp l e  ba sed on 

the known e l ementa l  compos i t i on , or  a qua l i tati ve survey of i nd i v i dua l 

con st i tuents . 

I n  genera l , ICP-AES systems a re comparat ive ly  free from matr i x e ffec t ,  

at  l ea st when compa red to atom i c  absorpti on spectro scopy . I n  mo st  c a se s ,  

matri x match i ng  samp l es wi th standard s  wi l l  reduce the i nterferences  to 

acceptabl e l eve l s .  For the TMI -2 samp l e s  a seri e s  of h i gh puri ty 

mu l t i e l emen t  ICP  standards conta i n i ng Fe , N i , C r ,  a nd Te have been 

prepared , as we l l  as standards  conta i n i ng Fe , N i , C r ,  and Te i n  ac i d  

so l ut i on s  o f  uo2 and z i rcon i um .  I n  th i s  way , standards wi l l  be matr i x  

matched wi th the major  e l ementa l con sti tuents pre sent i n  core reg i on 

mater i a l s .  The standa rd ca l i brat ion  c urves wi l l  be se l ected for a matri x 

ba sed on the q ua l i ta t i ve e l ementa l sca n . Thi s shou l d  e s sent i a l l y  e l i m i nate 

a ny matri x i nterferences i n  the TMI -2 samp l e s .  

The i nd i v i dua l  separat i on procedures descri bed i n  th i s  append i x  are 

appl i cabl e toward a vari ety of ana l y s i s prob l ems , however ,  the mo st 

effect i ve se l ec t i on of appropri ate method s for an  i nd i v i dua l  samp l e  can  be 

ba sed on spec i f i c  factors . A summa ry of the i nd i v i dua l ana l ys i s steps 

wou l d  i nc l ude the fol l owi ng : 
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1 .  Oe t� rm i na t i on o f  ef fec t i ve rad i oac t i ve dose rate for a samp l e  

so l ut ion . 

Sa•pl e  sol ut i on s  for I CP-AES a n a l y s i s  ( ty p i ca l ly  about 5 ml) are 

l i•t ted to a ZOO mR/h dose rate . Samp l es wh i c h  exceed thi s va l ue 

w i l l  req u i re some pre l i •i n a ry sepa ra t i ons  to i so l ate the 

te l l ur i �  f ro. the bu l k of the samp l e  ac t i v i ty .  The Oowex 

t on-exchange .. thod , Sn ( I I )  reduc t i on .  or i ron hydrox i de 

coprec t p i ta t i on • i ght be appropri ate for such a n  t n 1 t i a l  

s epara t i on . 

Z .  Pe r for. 1 ra p i d  qua l i ta t i ve e l ementa l scan for e l ements of  

i n te re s t  ( Te ,  Fe , N i , Cr ,  Zr . Cu , Sn , Mo ) .  

A rap i d  qua l i tat i ve scan of the samp l e  serves severa l purpose s .  

F i r s t ,  i t  p rov i de s  a q u i c k  eva l uat i on o f  whether the tel l uri um 

concentra t i on i s  above or be l ow the i n st rumenta l detec t i on 

l i • i t .  The absence o f  1 te l l ur i um s i gna l  i nd i cates tha t 

preconcent ra t i on o f  the so l ut i on may be necessary .  

A l terna t i ve l y .  i n  the c a se o f  very sma l l  samp l es , i t  may be 

pos s i b l e  to co n so l i da te severa l sma l l samp l e s f rom the same bul k 

fract i on .  

Anothe r  purpose o f  a qua l i ta t i ve samp l e  ana lys i s i s  the 

eva l uat i on of i nd i v i dua l samp l e  mat r i ces . The i dent i f i ca t i on o f  

the maj o r  e l emen ta l con s t i tuen ts  i n  a samp l e  serves to target the 

o r i g i n  of the ma te r i a l  ( z i rca l oy i s  i nd i cated by t i n , 1 7-S PH 

( s ta i n l e ss s tee l ) i s  i nd i cated by copper , 1 nconel  i s  i nd i ca ted by 

mo l ybden �] .  and p rov i de the samp l e  aatr i x for the eva l ua t i on of  

e l eme n ta l  i n te r ferences in  s ubsequent p rocedures . 

Ba sed on the re su l ts  of  the qua l i ta t i ve ana l ys t s ,  a samp l e  i s  

e f ther ta rgeted for  preconcen tra t i on/separat i on ,  or ava i l ab l e  for 

qua nt i ta t i ve ana l y s t s .  

3 . Perfo� a sequent i a l mu l t i e l ement quan t i ta t i ve a n a l y s i s  for 

e l e•en t s  of i ntere s t . 
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Quant i tat i ve data for tel l ur i um , i ron , n i c ke l , a nd chrom i um 

sho u l d  be obta i ned for each samp l e i n  whi c h  the te l l u r i um 

concentra t i on i s  above the i n strumenta l detecti on l i mi t .  Samp l e s  

whi ch conta i n  s i g n i f i cant q uant i t i e s  o f  f i s s i on p roduct te l l ur i um 

( a s  determi ned by the Te scan and Fe/N i /Cr  rat i o s )  may be more 

comprehen s i ve ly  a na lyzed by performi ng quant i tat i ve a na lyse s  for 

those e l ements wh i ch compr i se the samp l e  matri x .  

Exper imenta l mo l a r rat i o s  of se l ected e l ements  for i nd i v i du a l  

samp l es c a n  be compa red wi th nomi n a l  rat i o s  i n  core mater i a l s to 

determi ne the ori g i n  of a g i ven samp l e matri x .  A summa ry of  

e l ementa l compo s i t i on for se l ected core mater i a l s i s  tabu l ated i n  

Tab l e  A-3 . 

4 .  Perform tel l uri um separati on or p reconcentra t i on p rocedure s  a s  

necessary .  

Separati on of te l l ur i um from i nd i v i du a l  e l ements  may be neces sa ry 

for two rea son s .  Fi rst , the dose rate of  the samp l e may be too 

h i gh  (>200 mR/h ) to a l l ow i ts u se i n  the I CP-AES system . The 

major contri buti ng i sotope s to the samp l e  acti v i ty can be 

i denti f i ed ,  and separa t i on schemes se l ected wh i c h  wi l l  

effect i ve l y  i so l ate the tel l uri um from the bu l k  of  the s amp l e 

act i v i ty .  I n  mo st  cases , separati on o f  the C s  and S r  wou l d  

probabl y  be suffi c i ent to l ower the do se rate to acceptab l e  

l eve l s .  

Separati on or preconcentra t i on o f  tel l uri um from the bu l k o f  the 

samp l e  matri x may a l so be nece s sa ry when i ts concentrat i on i s  

bel ow the i n stru�enta l detecti on l i m i t .  The experi menta l  

procedure s descri bed i n  thi s append i x  a re app l i cabl e toward many 

samp l e  matri ces . Howeve r ,  se l ecti on of  the i nd i v i dua l method i s  

mo st effect i ve ly  ba sed on the res u l ts  o f  a q u a l i tati ve e l ementa l 

scan . For examp l e ,  the Fe ( I I I )  coprec i p i ta t i o n  method i s  o n l y  

effect i ve for samp l e s conta i n i ng l e s s  the 400 mg of  i ron . Th i s 

probab ly  prec l ude s use  of th i s  techn i que for samp l e s  conta i n i ng 
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TABLE A- 3 .  

- --- - ----· 

Ma te r i a  1 

304 ss 

17-4 Ph 

Z i rca l oy-4 

Con tro l Rod 

Burnab l e  

Po i son 

MATERIAL COMPOS I T ION OF TMI -Z CORE REGI ON COMPONENTS 
(wt I) 

Fe 

Major  

Maj or  

0 . 2 

� 
80 

N 1  

8- 10 . 5 

3-5 

Cd 

5 

. - -- -· ---· 

Cr Cu 

18-20 

15 . 5- 1 7 . 5  3-5 

0 . 1 

I n  A l 2o3 

1 5  

98 

5 1  

Sn Mo 

1 . 5  3 

B4C 

1 . 5  



• 

l a rge amounts of stee l s .  Al so , the i on-exchange method i s  

l i m i ted i n  i ts appl i cati on  to l arge samp l e s  by the l oadi ng 

capac i ty of  the res i n .  

Because of the re l at i ve l y  h i gh eff i c i enc i e s  of the separat i on  

techn i ques ( 65  to  - 100% depend i ng on the experi menta l 

condi t i o n s ) , these methods shou l d  serve to i so l ate tel l ur i um f n  

quant i t i es necessary for I CP-AES ana lys i s .  
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