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ABSTRACT 

Th i s  report presents the chemi stry and estimated behav ior of tellur i um 

dur ing and after the acc i dent at Three M i l e  I s l and Unit-2 .  The d i scuss ion  

of tel l ur i um behav ior i s  based on  a l l avai lable measurement data for 
1 29mTe,  l32Te, s tab l e  tel l ur i um ( 1 26Te,  1 28Te,  and 1 30Te ) ,  and 
best estimate cal cu l at i ons of tel lur i um release  and transport . 

Resu l ts from Oak Ri dge Nat ional Laboratory ( ORNL ) tests , Power Burst 
Fac i l i ty ( PBF ) Severe Fue l Damage Tests at Idaho Nati ona l Engineer ing 

Laboratory ( INEL ) and SASCHA tests from Kar l sruhe,  w. Germany are compared 

w i th calculated rel ease fractions and samples taken from TM I Unit-2 . 

I t  i s  concl uded that very l i ttle te l l ur i um was rel eased and 

transported from the TM I-2 core , probab ly  as a resu l t  of holdup by z irca l oy 
c l add ing  and other structural mater i al s .  
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SlM4ARY 

Ther.odyn .. ic calcul at i on s  1nd1cate that H2Te 1 s  the preda.1nan t 

vapor spec i es wh i ch results fra. the presence of excess  hydrogen and h t gh 

total pressure (8 .2  to 1 5 . 2  MPa) in the upper pl enum of TMI Un i t•2 . 

Increas ing  the system temperature wi l l  tend to d i s soc iate H2Te . However , 

te.peratures � 1200 K are needed for th i s  to occur. The tellur ium 

behav ior presen ted i n  th i s  report 1s based on all ava ilable measurement 
data for 12� Te , 132 Te , s tab le tel l ur tw. ( 126Te, 128Te, and 
130Te} , and best est imate cal culati ons of tel lur i um rel ease and 

transport. The predi cted release  was calcul ated us ing current techn iques 

that rel ate re lease rate to fuel teaperature and hol dup of tel l ur i um i n  

z ircal oy unt tl s i gn i f i cant ox tdatton occurs . The ca l culated releas e 

f ract ion was low (101), but the total measured release for sa.p l es analyzed 

to date 1s  abou t 5.81. Of the measured tel l ur i um 1n  the conta i nment sump 

�ater , upper plenum assembly s urface s ,  contai nment sol ids i n  the sump 

water , ..teup and pur i f i cation dem1neral i zer ,  conta i nment ins i de surface , 

a nd the reactor pr imary coolant there was about 2 .4 ,  1 .8 ,  0.88, 0 .42 , 0.17 

and 0 .861 of core i nventory , respectively. A s i gn i f i cant fract ion ( 541) of  
the tellur i um  predi cted to  be  reta ined on  the upper plenum s urfaces ( 5.41 

of the core inventory ) was depos i ted dur ing  the h i gh pressure i njection of  

coolant at about 200 •1n  after the reactor scram. Compar i son of tellur ium 

behav i or w i th i n-pile and out-of-pi l e  tests suggests that z trcaloy holds 

tellur t� unt i l s i gn i f i cant cladd ing oxi dation occurs . Analyses of samp l es 

from the core region of TMI -2 1nd1 cate that about 491 of core i nventory i s  

reta i ned t n  the s urface of  the debr i s  bed . Core samples taken from 0 . 28 to 

0 . 94 • into the debr i s  bed conta ined lower amounts of tel l ur ium , suggest i n g  

that a h i ghly volat ile tellur ium spec ies was released from the hot debr is  

bed and depos i ted t n  the cooler surface debr i s  bed . No correlat ion �a s 

found between the atoiS of tellur tu. and those of t i n ,  z i rcon ium, t ron , 

chrom 1 u. ,  and n i ckel . 

i t t 
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TELLUR IUM CHEMISTRY, TELLURIUM RELEASE AND DE POSIT ION DUR ING 

THE TMI-2 ACC IDENT 

I NTRODUCTION 

Untt l  recently,  s tudies of tel lur i um rel ease from the reactor core 

were based on temperature , and i ts vol ati l i ty i n  compar i son w i th other 

potent ia l ly i�tant radionuc l i des ( I , and Cs ) .  1 However , tests at the 

core me l t  fac i l i ty at  Oak R iage Na tional Laboratory ( ORNL ) , the Severe Fue l 

oa.age ( SFO)  Tests at  the Idaho Nat i onal  Engineer ing Laboratory ( I NEL ) ,  and  

the SASCHA Tests at  kar l sruhe suggest that te l l ur i um may be he l d  up  by 

z i rca loy c ladd ing  and resul t  i n  s i gn if i cantly  l ower rel ease from the core. 

Th ese tests a l so demonstrated that tel l ur i um rel eases i ncrease 

s ign i f icant l y  when the z i rca loy cladd i ng i s  ox idized and the prev i ous l y  

hel d  u p  te l l ur i um i s  re leased . Lorenz et a l . , 2 em pha s i zed that a 

l ower- th an -expected te l lur i um rel ease fro. the core does not necessar i ly 

mean a l ower ca lcul ated re lease to the env ironment , but rather tha t the 

tel lur iu. transport pathway i s  di fferent from that prev ious ly  env i s ioned , 

and h igher or lower re l eases to the env ironment .. y resu l t  depending  on 

z irca l oy oxi dation dur ing an acc i dent progres s i on .  A lso,  Elr ick and 

Sal lech3 i nd icate that tel lur i um may react w i th structural mater i a l s  

( s ta i n less s tee l ) and thereby be reta i ned i n  the pr imary coolant system . 

S i l ver ( fra. the control rods ) ana t i n  (a •i nor consti tuent of z i rca l oy 

c l add ing ) aerosol s  are eff i c i ent  scavengers of tel l ur i um vapor .3 

The tel l ur i um behav ior dur ing and after the Three Mi l e  I s l and-Un i t  2 

acc i dent may shed further l i ght on tel l ur i um transport dur ing  a sever e 

acc i dent .  The acciaent at  TM I-2 on March 28,  1 97g , resul ted i n  severe 

damage to the reactor core . As a consequence , numerous data are be ing  

gathered to  study f i ss ion product behav ior dur i ng and after the acc i dent .  

A l arge data base w i th supporting ana lyses ex i sts for nob l e  gases , i od i ne , 

a nd ces i um  behav ior .  Most of the rad io logica l  ana chem ica l  ana lyses of the 

s .. ples from TMI -2 (especia l l y those taken soon after the acc i dent ) 

spar i ngly report te l l ur i um l eve l s . Th i s  lack of data i s  probab ly due to 

the fact that spec ia l  ana l yt i ca l  methods are requ ired to determi ne the l ow 
te llur ium concentrat ions i n  h i gh ly rad ioact ive sampl es ;  un less a specia l 

• 1 



effort i s  made , the tellur i um content i s  usually not measured . Atomi c 

emi ss i on spectroscopy us i ng an i nduct i vely coupled plasma exc i tat ion source 

( ICP-AES ) was used at I NEL  to analyze tellur i um i n  TMI-2 leadscrew and core 

d ebr i s  s amples . A l imi ted number of s amples drawn from pr imary coolant 

water , reactor coolant  bleed tank water , the contai nment i ns i de surface , 

the contai nment sump water and sol ids ,  contai nment atmos phere,  aux il i ary 

build ing  sump water , makeup and pur i f i cati on system , core debr i s  bed and 

u pper plenum assembly surfaces were analyzed for tellur i um. 

The object i ves of th i s  report are to presen t th e results of tellur i um 

a nalyses performed to date on TMI-2 samples , estimate the tellur i um 

d istr i but ion and the release and depos i t ion fract ions , and compare the data 

w i th current best estimate behav ior models and data from out-of-reactor and 

i n-reactor tests. 

The followi ng sect ions present : 

• Calculat ions of tellur i um chemistry. 

• Measurements of tellur i um release from the TMI -2 Core, 

• Tellur i um release data from ORNL tests, 

• Tellur i um releases from the PBF Severe Fuel Damage tests and the 

SASCHA tests , 

• Compar isons of the TMI-2 tellur i um behav ior wi th the above 

out-of-p ile and i n-pile tests , 

• Conclus i ons reached i n  th is  investigat i on. 

Appendi c i es A and B present tellur i um analyti cal methods and TRAP-MELT  

i nput deck , respect i vely . 
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TELLUR I UM  CHEMI STRY 

Tel l ur i um vol at i l i ty i n  the pr i-.ry coo l ant system of 1 nucl ear 

reactor i s  greatl y  affected by the env ironment (ox i d i z ing  or reduc ing), 

type of chemical s pec i es and i n teract ion of these s pec ies w i th other core 

.. ter i a l s  and f i ss ion products . In neutral  or reduc i ng cond i t i ons , the 

mos t s tab l e  tellur i um s pecies are Te, T� and H2 Te. Under ox i d i z i n g  

cond i t i ons ,  ox i d i zed Spec ies TeO, Te02 , and TeO (OH) 2 become domi nant . 

The equi l ibr i �  concentrat ions  of these vapor spec i es except 

TeO(OH)2 were ca lcu l ated4 u s i ng the FLUEQU code devel oped at Sandi a  

Nat ional Llboratory.5 The i nput data shown i n  F i gure 1 are the 

hydrogen-to- stea• and tel1ur1u.-to-o�gen rati os for var i ous  t imes dur i n g  

the TM I-2 acc i dent . I n  F i gure l ,  the square roots of tel l ur i u�to-oxygen 

ratios were used to fac i l i tate presentati on of the data . These rat ios wer e 

ca l culated fro. the es t i  .. ted hydrogen and te1 1 ur i um  rel eases and s team 

f l ow  rates dur ing the TM I -2 acc i dent .  The correl ation of the tel l ur i um 

release w i th an excess of hydrogen i s  c l ear ly ev i dent .  

Two t�eratures and two pressures were con s i dered. The lower 

temperature 755 K (900°F) i s  con s i dered to be a representat i ve temperature 

for the upper pl enu• ass� l y  and the h i gher temperature 1255 K ( 1800°F) i s 

typica l  of the reg i on at the top of the core.  The h i gher pressure was 

15 . 2  MPa ( 2250 ps i) wh i ch represents the operat ing  pressure and the l ower 

p ressure 8 . 2 MPa ( 1200 ps i) i s  chosen to represent the condi t i ons dur ing 

the s te111 b 1 owdown • 

The cal culated partial pressures of some tellur i um chem ical specfes at 

8 . 2  MPa ( 1200 ps i) and for the temperatures 755 (900) and 1 255 K ( 1800°F) 

are shown i n  F i gures 2 and 3 ,  respect i vely.  The preponderant tel l ur f u� 

s pec f es i s  H2Te , except when there f s  l i ttl e hydrogen present dur ing the 

b urst of steam occurr ing at  1 73-1 78 mfn . Thus the chemi stry of te l l ur i um 

under TM I-2 acc i dent cond i t i on s  shou l d  be determi ned by the react ions  of 
H2

T e  vapor wfth the mater i a l s  of the reactor sys tem. 

0 3 
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Severa l  cal cul at ions  were made w i th a broader range of parameters fo r 

g eneral trends . Se l ected data are presented i n  Fi gures 4 through 9 .  As  

shown in  Fi gures 4 and 5, the vapor compos i t i on i n  steam, w i th no  exces s 

h ydrogen at atmos pher i c  pressure ( 0 . 1 MPa ), cons i sts of TE2 at a 

temperature of BOO K and Te at a temperature of 1 200 K. These e l ementa l 

v apors pers i s t  as the domi nant s peci es unt i l about 20% of the steam h as 

reacted ( H/0 = 2 . 5 )  when the total pressure i s  equal to the atmospher i c  

pressure ( 0 .1 MPa ) .  A s  the total pressure i s  i ncreased, the Speci es H2Te 

i s  formed at the expense of e l emental vapor spec i es as shown i n  Fi gures 6 
and 7. 

The effect of temperature for an H/0 ratio  and pressure where �Te 

i s  the predomi nant spec i es at 800 K i s  shown i n  Fi gure 8 .  As the 
temperature i ncreased to 2000 K, thermal d i ssoci ation of H2Te takes pl ace 

and the e lementa l forms agai n become domi nant . 

The effect of d i l ut i on of the tel l ur i um content i s  shown i n  Fi gure 9 .  

The Spec i es Te2 becomes unstab l e  w i th respect to Te . However, the H
2
Te 

s pec i es is a l so seen to become the major spec i es even for steam/hydrogen 

m i xtures i n  wh i ch the H/0 rat io i s  as l ow as 2 .04 . 

I n  summary, the format ion of the vapor Spec ies H2Te i s  favored by 

the presence of excess hydrogen and h i gh total system pressures . Th i s  
speci es i s  a l so favored when the tel l ur i um content of the gas phase i s  

d i l uted (reduced ) .  I ncreas ing  the system temperature w i l l  tend to 

d i ssoc i ate H2Te but temperatures > 1 200 K are needed depena i ng on other 

system parameters . 

6 
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TELLUR I UM RELEASE S 

Measurements of Tel l ur ium Re l eased from TMI-2 Core 

A s ummary of telluri um measured i n  s amples taken to date from the 

TMI -2 pl ant systems and components i s  li sted i n  Tables 1 ,  2 ,  and 3. The 

s ystems and components i nc l uded i n  the tellurium i nvest i gation were: 

• 

• 

• 

• 

• 

• 

• 

• 

Reactor primary cool ant ,6 • 7 

Reactor coolant bleed tank water ,8 

Contai nmen t i ns i de surface , 7 • 9 

10- 13 Contai nment sump water and soli d debri s ,  

Contai nment atmosphere , 14 

Aux i l i ary bu ild ing  sump water , 1 5  

Makeup and pur i f i cati on filter , 1 6 • 1 7  

1 8  Upper plenum s urfaces ( sampl es from the H8 and 88 

leadscrews} , and 

• Core debr i s  ( grab samples ) .  

Approximately 0.086% of the 1 32Te core i nventory was determi ned to 

be in the pr imary cool ant water , based on an early analys i s  ( March 29, 

1 979} of water sampl es .6 Th i s  low tel lur i um i nventory may be due to: 

( a} low telluri um rel ease , (b ) low tellur i um solub il ity i n  water , or 

( c ) the retent ion of tel lur ium i n  the core . 

Ab ou t 9 x l 0-3% of the core i nventory was estimated to be i n  the 

reactor cool ant  bleed tank , based on the data obta i ned on December 8, 1 979 , 

by ORNL .8 

10  
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TABLE 1. SUMMARY OF TELLUR IUM RELEASE FRACT IONS IN TM I-2 SYSTEMS 

Percent of 
I n i t i a l 

Tel l ur ium Core 
Snt• or COIIPOnent same 1 1  ng Data I sotol!! lnventorl

a Reference 

Reactor pr iury 3-29- 79 1 32Te 0 .086 ( 6 )  
coo l ant 3-3o-79 1 32Te 0 .086 

m 4-10- 79 13� 0 .0 10 
6-2 1 -79 1 32f: 0 .0 1 4  

Reactor cool ant 1 2- 18-79 129fe 0 .009 ( 8 )  
b l eed tank water 

Conta i nment 8-29-79 1 2 7Te 0 .045 ��� ins i de surface 8-29-79 1 29itfe 0 . 1 2 
9-09-79 1 291Dre 0 .17 ( 9 )  

Containment Slllp 6-20-79 129re 1 .06 ( 1 0 )  
water 6-2o-79 132Te 2 .40 � 1 0 )  

8-29- 79 1 29fttre 0 .008 11 ) 

So 1 tds in water 8-28-79 129ntre 0.47  ( 11 ) 
0 .88 ( 12 )  

S ludgeb 1 0-26-82 130re 765 ppm 

llil 128re 108 PPII 
126fe 27 ppm 

Conta i nmen t 5- 1 -80 1291tfe 3 .5 X 1o- 6 ( 14 ) 
at.osphere 

Aux 1 11ary bu t l d t ng 3-25-80 1 2 7Jnre 1 .3 x 1o-4 ( 1 5 )  
sump t ank water 1 29mre 1 .5  x lo-3 ( 1 5 ) 
s amp l e  

Makeup and May 1 983 Stab l e  Te 4 . 2  x to- 1  ( 1 6 ,17 ) 
pur 1 f t  cat i on May 1983 Stab 1e  Te 3 .  1 x to-1 ( 1 6 , 1 7 )  
dea�tnera l tzer 

Upper p 1 enum Septenmer 1 984 Stab l e  Te, 
surface Te tnpur 1 

t tes t n 
H8 1 eadscrew stain less 1 . 2 ,  1.8 ( 18 � 88 l eadscrew stee l d 0 . 52 ( 18 
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TABLE 1 .  ( cont i nued) 

Percent of 
I n it i a l  

Tel l urium Core a 
System or Component Sampling Data Isotope Inventory Reference  

Surface of the core Batch 1 Stab l e  Te, 48 .8c 
debri s bed ( Sampl es 1 -6 )C  Te impur i-

Se pt-Oct/83 t i es i n  

Batch 2 
sta i n l es s  
steeld 

( Samples  7- 1 1  )C 
Mar-Apr/84 

Total  rel ease from 5 .8 
the reactor coree 

a .  Core i nventory calculated by ORIGEN-2 code ( Reference 1 9 )  and decayed 
to time of sample analys i s. 

b .  Not analyzed because the data were semiquant itati ve .  

c .  See Tab 1 e 3 .  

d .  Tel l urium i mpuri ty i n  the sta i n l ess  steel components i n  the core was 
estimated to be about 804 g and the cal cul ated stab l e  tel l urium i nventory 
w as about 3649 g .  

e .  The sum of largest tellur ium releases from the reactor core meas ured i n  
the plant system . 

1 2  



TABLE 2 .  CORE DEBRIS  BED SAMPLES AND ELEMENTAL CONCENTRATIONS 

Concentrat ion 
Subs��nple  '!!Slsl 

S-.p l e  SubSIJIIP l e  We i ght Descr i pt ion 
Number Nulllber '!!Sl 'l!m eart i c l esl .1L J!L Zr u 

l a l B  1 5  >4000 7 .& __ b 1 2 . 9  830 . 7  
I l E 29 >4000 5 .4 1 0 . 0  655 . 5  1 77 .1 
1 1 F  20 1&80-4000 5 . 5 __ b 1 36 .8 570 .0 
1 1 H  33 1680-4000 4 . 3  __ b 367 .4 4 72 . 5 
1 1 1 3  74- 149 8 .8 9 . 1  2 58 . 5 32960 
3C JB 1 0  >4000 4 .3 __ b 257 . 5  < 1 3 
3 3 1 2  30- 74 9 . 5 __ b 355 .0 3 1 7  .o 
40 4A 22 >4000 6 . 5  1 1 .4 1 34 . 1 938 . 6  
4 4C 38 >4000 3 .8 __ b 1 2 . 3  5 14 . 5 
4 4E  15  >4000 9 . 5 __ b 26 . 1  883 .4 
se sc 28 >4000 4 . l  7 .  l 39 .4 574 .0 
5 5G 75 1680-4000 0 . 9 __ b 18 .9  508 . 8  
5 5H 42  1000- 1680 2 . 7 4 .8 168 . 1 343 .0 
5 51 36 1000- 1680 5 .4 5 .9 2 .4 440 . 0  
6f 6J 77  1000 - 1680 2 .0 __ b 538 . 7  128 . 3  
89 8 1 0 20-30 1 3 . 7  __ b 129 .6 487 .2  
9h 98 33 >4000 3 . 5 6 . 1 220 . 0  504 .2  
7 , 10 , 1 11 

a .  Out of 16 subsamp l es from Sampl e  
measurab l e  tel l ur ium . 

l ,  only 5 subsampl es conta ined 

b .  � l ow the detect ion l imi t. 

c .  Out of 1 8  subsampl es from Sampl e 3 ,  2 subsamp l es conta i ned measurab l e  
te 1 1  ur t "" • 

a. Out of 5 subsampl es from Samp l e  4, 3 subsamp l es conta i ned measurab l e  
te 1 1  ur i"" . 

e. Out of 8 subsampl es from Samp l e  5,  4 subsamp l es conta i ned measurab l e  
te 1 1  ur i "" . 

f .  Out of 15 subsa.p l es from Samp l e  6,  on l y  1 subsamp l e  conta i ned 
measurab l e  tel l ur i um. 

9• Out of 18  subsamp les from Sampl e  8,  on ly l subsamp l e  contai ned 
measurab le  te l l ur ium . 

h .  Out of 1 3  subsamp l es from Samp l e  9, on ly 1 subsamp l e  conta ined 
measurab l e  te l l ur i um . 

f. None of 1 8  subsampl es from Samp l es 7 and 11 , and 24 subsamp l es from 
Sa.p le 10 conta ined measurab l e  tel l ur i um .  

13  
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TABLE 3. RETAINED TELLURIUM FRACTION IN THE CORE DEBRI S BED 

Fraction of 
Subsamp1es 

That 
Thickness Contained Retained 

TMI-2 Location of the Sample of Debris Te 11 ur fum Average Tellurium 
Core Sample in Weight Bed Layer in Percent a Concentration Fraction b 

Sam(!le Location Debris bed {g} h in m {ratio} in gram (!er gram in Percent 

1 H8 Surface 70.88 0.027 31.0 (5/16) 2.0 X lQ-3 39.0 

2 H8 Near Surface, 126.20 __ c __ c 

0.076 m (3-in.) 

3 H8 0.559 (22-in) 
into the debris 

152.71 0.035 11.0 (2/18) 7.7 X lQ-4 19.4 

bed 
__. 

4.0 X lQ-3 � 4 E9 Surface 16.59 0.017 60.0 (3/5) 48.8 • 

5 E9- Near Surface, 90.96 
0.076 m (3-in.) 

0.029 40. (4/10) 1.3 X 10-3 27.3 

6 E9 0.559m (22 -in.) 140.7 0.034 7.0 (1/15) 1.3 X lQ-4 3.3 
into the debris 
bed 

7 H8 0.356m (14 in.) 135.86 o.o (0/18) o.o o.o 
into the debris 
bed 

8 H8 0.669m (27.5 in.) 152.76 0.035 6.0 (1/18) 7.6 X 10-4 19. 1 
into the debris 
bed 

9 H8 0.775m (30.5 in.) 153.0 0.035 8.0 (1/13) 2.7 X lQ-4 6.8 
into the debris 
bed 
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TABlE 3 .  (continued) 

!>!!ple 

10 

11 

TMl-2 
Core 

Locatton 

E9 

E9 

Locat ton of the 
Sample 1n 
Debris bed 

Sample 

7 
0.731• (29.0 tn.) 173.90 
tnto the debr 1s 
bed 

0.940. (37.0 1n.) 148.75 
1nto the debrts 
becl 

-

Thickness 
of Debrh 
Bed Layer 

h in • 

Fraction of 
SubsiiiPles 

That 
Contatned 
Tellurt• 
tn Percent1 

{rat to) 
o.o (0/24) 

o.o (0/18) 

a. flullber of subsa��ples contatntng tellurh• per 100 subsiiiPles analyzed. 

b. FractIon of core inventory in percent. Uncertainty • 1601. 

c. AMlyzed by ..... and no tellurt• analysts was perforlled. 

Average 
Concentration 

tn gr• per gr• 

0 

0 

Retained 
Tellurt• 

Fraction b 
tn Percent 

0.0 

o.o 



P l ug "40l"a 
was garrvna scanned at ORNL on August 29 , 1 979 . I t  i s  

assumed that the d i sk was representative  o f  the ent i re i nner conta inment 

surface area of 2 . 2  x 1 08 cm2• Analys i s 7 of th i s  i nd i cated that  
�.045 and 0 . 1 2% of 1 2 7mre and 1 2 9mre core i nventor i es ,  respect ively , 
were depos i ted on i ns i de s urfaces of the conta inment bu i ld ing .  Tellur i um 

plateout on the hydrogen recombiner i nl et spool p i ece was analyzed .9 The 
hydrogen recomb i ner assembly l ocated outs i de the conta inment i s  connected 
to the contai nment by p i p i ng .  The i nl et spool p i ece was analyzed for 
1 29mre and the resu l ts i nd i cated that 0 . 1 7% of the 1 29mre core 
i nventory was depos i ted on containment s urfaces . The effecti ve area of the 

conta inment was estimated in a very approxi mate manner ; the release 
f ract i on i s  probab ly  no better than an order-of-magni tude estimate . 

The containment sump water was analyzed10  on June 20,  1 979 . The 
estimated i nventory of 1 29mre and 1 32Te were 2 . 4  and 1 .69 x lo-5 

�C i /mL . Based on the conta inment sump vol ume of 2 . 16 x 1 09 mL and the 
core i nventory on June 20 , 1 979 ( 4 .9 x 1 0 1 1  pCi for 1 29mte , and 

1 . 53 x 1 06 pC i for 1 32Te} ,  the estimated release fract ions of 
1 29mte and 1 32Te are 1 . 06 and 2 .4% , respect ively . 

Water samples ( 30 mL ) from the top , mi ddle , and bottom of the 
containment sump were analyzed on August 28 , 1 979 , at ORNL . 1 1 About 
0 . 035 pC i /mL of 1 29Te was detected i n  the bottom s ampl e .  Two samp les 
of sol i d  debr i s  col l ected w i th the bottom water sample were taken; they 
were centr i fuged , washed , and gamma scanned . About 0 . 277  and 
0 . 5 1 4  pC i /mL of 1 29�e was detected . Based on the conta inment sump 
water vol ume ( 2 . 1 6 x 1 09 mL ) and the tel l ur i um core i nventory 

(9 . 65 x 1 01 1  pC i for 1 29Te  and 1 .27  x 1 01 1 pC i for 1 29mTe} , 1 2 

on August 28, 1 979 , the est imated core rel ease fractions of the water 

sampl e and two sol i d  samples were 0 .008 , 0 . 47 , and 0 .88% , respect i vely . 

Semiquant i tat i ve s park source mass s pectrometry was performed on the 
containment sludge samp l e  on October 26; 1 982 , and i dent i fied 900 ppm 
(pg/g} of stab l e  tel l ur i um ( 1 26re , 1 2Bre ,  and l JOTe ) .  1 3  

a .  A pa inted stee l d i sk of 7 em ( 2 . 75 i n . ) d i ameter project ing i nto the 
conta inment bu i l d ing . 
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A containment bu i l ding a ir  sample ,  inc l ud ing  assoc i ated suspended 
.. tter was ana lyzed during Apr i l  29 to May 2 ,  1 980 . 14  The air contained 
S a 10 10  �C 1� of 1 29mre.  Based on the containment vol ume of 
5.6 x 1010 ml, the estimated conta inment bui lding i nventory was 28 �ct ,  

which represents 3 .5 a lo·'s of the core inventory of 1 2�e projected 
at this  t tme by ORIGEN code . 1 9  

A water s ample  from auxi l iary bu i l d i ng sump Tank 2 8  was anal yzed by 
OkNL on March 25,  198o. 1 5  About 1 x 10·3 �C i/ml of 8Te,  beta 
emi tting tel l urium (wh i ch t s  a mixture of l ong lived 1 27-Te and 129-Te )  
was t dent t f 1 eo .  Th i s  analys t s  was accompl i shed by chemi cal separati on and 
s ubsequent beta counting of the sample wh ich contained 8Te. Based on 
the aux i l iary bui l ding sump Tank 28 volu.e ( 5 . 1 1  a 107 ml ) and the 
proJected core i nventory of nuc lides on March 25 , 1 980, the est imated 
rel ease fract ions of 127•Te and 129mTe are 1 . 3 a 1 0-4 and 
1 . 5  x 1 o·3s,  respect ively. These release fract ions are estimated 
assumi ng that the m i xture of  8Te contained 1 001 of either 127mTe or 
1 2�e .  

The contents o f  the makeup and pur tf tcation dem1 nera1 1 zer were 
a nalyzed 1 n  May 1 983 .16  General Publ i c  Ut i l i t ies (GPU)  has est imated1 7 

that 1 . 74 x 1 d8 (�) (46,000 gal)  of highly contami nated reactor coolant 
passed through the demineralizer vessel s during the accident . The amounts 
o f  stab l e  Te detected i n  the A and B demineral i zers were 10 and 30 ppm, 
respect ively. Based on the cal cul ated i nventory of stab l e  tel l urium of 
3643 g ana esti.ated masses of solid material s  in A and B demineralizers 
( 5 .  1 x 10S g), the est imated release fractions are o. 14 and 0 .421, 
respect ively .  

Control rod mechan i sm leadscrew sa.pl es from the H8  and B8 pos i t i ons 
were anal yzed by an induction coupled plasma techn ique for elemental 
tel l ur i um at I NEL . 1 8  The radioactive te l l ur i um nuc l i des are expected to 
have decayed to a negl i g ib ly  smal l amount; measured tel l ur i um wou l d  be the 
stab le  tel l ur f u• nucl ides ( 12're,  1 28re ,  and 1 30re ) from the fiss ion  
products , and doped tel l ur ium ( tel l urium added to  sta i n less s tee l s  as  a 
free�ach fn fng  agent ) .  The prec ise quant ity of doped tel l ur i um f s  

• 1 7 



generally proprietary information ;  however, tellurium weight percentages o f  
0 . 0005 t o  0 . 1 %  are typi cal .  The estimated core inventory fraction retained 

on upper p l enum assembly s urfaces was 0 .0 1 8 . 18  The l argest tell urium 

r eleases measured i n  the above plant systems and components were s ummed to 

give a total fractional release of about 5 .8% of the core inventory . 

S i x  s amples of particulate debris were removed from the TMI-2  core 

debri s  bed during September-October 1 983 .20 Subsequently in 1 984 , fiv e 

more s ampl es were obtained at the H8 (mid-core ) and E-9 (mid rad i us ) 

locations of the core as shown i n  Figure 10 . The samples are from seven 

d epths: s urface of the debris bed (0 to 0 . 076 m ) ,  0 .356 m, 0 . 559 m ,  

0 .699 m ,  0 .737 m ,  0 .775 m and 0 . 940 m deep i n  the bed . Ten samples were 

analyzed by EG&G and the remai ning s ample ( sample 2 from 0 . 076 m deep at 

the H8 pos i tion ) was analyzed by the Babcock and Wilcox research 

center .2 1  A known mass of particles in each s ample was dissolved i n  a 

strong ac i d  and analyzed for tell urium by inductively coupled plasma ( ICP ) 

s pectroscopy . I CP s pectroscopy quantifies elemental rather than isotopic 

telluri um content , therefore this analys i s  method does not d i stinguish 

b etween tel lurium from materia l  sources (impurity in stainless steel and 

f i s s ion product tellurium ) .  Although an est imated source of natural 

telluri um ( 804 g) is i ncluded in the core inventory, the nature of 

tellurium (natural or isotopic ) measured in the core debris samples is 

u nknown . 

About 1 55 subsamples from ten debri s  s amples were analyzed and the 

data are presented in Tab l e  2 .  Only 18  subsampl es contained tell urium 

above the detect ion l imi t .  The tellur i um detect ion limits are very h i gh 

because of the dil ut ion requ ired to reduce the sampl e activity . The error 

i n  tel l ur ium measurement was es timated to be about +60%. 

The amount of tellurium retained i n  the core debri s bed was estimated 

from 

R ( T e) = 
V y C x 1 00 ( 1 )  
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where 

R ( Te )  = retained tel l ur i um i n  percent 

v = vol ume of debr i s  bed l ayer i n  m3 

= w( 1 .67 )2h i n  m3 

h = t h i ck ness of debr i s  bed l ayer from whi ch a s ampl e co l l ected 

= ( s ampl e  wei ght/p ) 1/3 i n  m ,  

p = debr i s  bed dens ity = 3 .65 x 1 06 g/m3 

c = average concentration of tel l ur i um i n  grams per gram of 

samp l e  

I = tel l ur i um inventory = 4453 g .  

Thes e resu lts cons i st ing  of the th i ckness of debr i s  bed l ayer , fracti on o f  

s ubsampl es that conta i ned tel l u r i um, average concentration at each l ocation 

i n  the debr i s  bed , and the retai ned tel l ur i um fraction are presented i n  

Tab l e  3 .  The maximum concentration of tel l ur i um retained i n  the surface 

l ayer of the core was measured to be 4 .0 x lo-3 g per gram of the 

sampl e .  Thi s  concentrati on o f  retai ned tel l ur i um was extrapol ated to 

debr i s  contents of the entire surface l ayer of about 0 . 029 m ( 1 . 15 i n . ) 
thick ( 9 .27  x 1 05 g )  and normal i zed to the cal cu l ated core i nventory of 

tel l ur i um (4453 g ) .  The measured tel l ur i um retai ned in the core debr i s  bed 

s urface l ayer was cal cu l ated to be 48 . 8% of the core i nventory. On l y  the 
surface and near surface Samples  1 ,  4, and 5 contai ned apprec i ab l e  amounts 

of tel l ur i um .  The tel l ur i um content in  other s ampl es ( Sampl e 3 ,  and 6 to 

1 1 } was l ow and on l y  up to e l even subsamples  contai ned tel l ur i um per 

1 00 subsampl es analyzed . 

A lthough estimates of tel l ur i um reta i ned i n  the debr i s  bed i nd i cate a 

l arge fracti on of core i nventory (49%} was concentrated i n  the top surface 
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l ayer ,  the reader i s  caut ioned that there are l arge uncerta i nt ies i n  these 
measurements and estimates . Tel l ur i um separat i on methods as d i scussed i n  
Appendix  A are requ i red to better quant ify the te l l ur i um retai ned i n  the 

debr i s  bed . 

I n  add i t ion to tel l ur i um; uran ium,  z i rcon i um, t i n ,  i ron ,  n icke l , 
chra.ium,  and other e lements were a lso detected i n  the samples. The atom 
r at ios of e lements Sn ,  U ,  Zr, Fe , C r, Ni ana tel l ur i um were not cons i sten t .  

Ca l cu l at ion of Tel l ur i um Rel ease from the TMI-2 Core 

The deta i l s  of the TMI-2 acc i dent sequence have been d iscussed fn 
severa l reports . 22-26 Some of the key events 1 2 i n  the acc i den t 
sequence for the t ime per i od 100 to 2 13 mi n are shown i n  Tabl e  4 .  The 
cr i t i ca l  peri od of the acc i dent sequence from the po i nt of v i ew of core 
damage and f i ss i on product rel ease i s  bel ieved to be between 1 13 and 
208 •1n after the reactor scram. 1 2 

The 1 13-mi n t ime corresponds to the 
beg i nn i ng of core uncovery fol low i ng phase separat i on i n  the reactor 

I coo l ant; the reactor coo l ant pumps were turned off at  about 100 mi n .  The 
208 • i n  t fme corresponds to the core ref i l l  fol l ow i ng resumption of 
s usta ined h i gh pressure i nject ion at about 200 mi n .  

The tel l ur i u• rel ease fract ion ( from the core ) was est imated us ing  
t�peratures ca lcu l ated w i th the SCDAP computer code2 7  and release rates  
c a l cu l ated by  the Lorenz model .2 For these cal cu l at i ons , the core was 
d iv toed t nto seven axia l  and three rad i a l  nodes . As shown i n  F i gure 1 1 , 
the rad i a l  nooes are denoted by Col d  (C ) ,  Average (A) and Hot (H )  regi ons , 
and the ax i a l  nodes were numbered from 1 through 7 .  The core temperature 
h is tory and the fract i onal  rel ease rates (estimated from Lorenz's 
mode 1 )2•7 for the co l d ,  average and hot reg ions are presented i n  Table 5 .  

The SCOAP computer code was used to ca lcu l ate the extent of z ircal oy 
2 7  c l add i ng ox i dat ion .  A s  shown f n  F i gure 1 1 ,  the c l add i ng i n  Nodes H6 

and A6 were ox id i zed to �901. The rest of the c l add i ng  i n  the core was 
oxi d i zed to <901. The est imated fract ional rel eases from the hot , 
average , and col d  regi ons  of the core were 2 . 2 , 6.2, and 1 .61 , 
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TABLE 4 .  SUMMARY O F  PERT I NENT EVENTS I N  THE TMI -2 ACC IDENT SEQUENCE 

Time Event 
(min) Number 

100 

1 13 

139 

145 

150 

1 74 

1 92 

2 00 

208 

2 

3 

4 

5 

6 

7 

8 

9 

Event 

Las t Reactor Cool ant ( RC) pumps turned off in Loop A 

Begi nnin g of core uncovery 

Pilot Operated Rel ease Valve ( PORV) closed 

Iodine in the reactor bu ilding air  sample ( HP-P-227 )  began 
to i ncrease rapidly 

A rad i at ion detector ( i n  core instrument panel are a 
moni tor) showed res ponse ind i cating rel ease of activ i ty to 
the primary system 

RC Pump 2B was started and ran unt i l 1 93 min 

The PORV block valve was opened and cycled several time s 
i n  the next period 

Sustained High Pressure I nject i on (HP I ) and core reflooded 

Core refilled 
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COlD 
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C7 C7 
(1.68x10.3) (1.68x10.3) 

C6 C6 
(1.64x10 ·3) 1 (1.64x10 -a, 

C5 A6 H5 A5 C5 
(4.14x10.4) (8.66x10 ·I) (5.87x10 •3) (8.66x10.3) (4.14x10.4) 

C4 A4 H4 A4 C4 
(6.39x10.5) (2.64x10-4) (6.34x10-

4) (2.64x10.4) (6.39x10-4) 

C3 A3 H3 A3 C3 
(9.60x10 -&) (2.03x10.6) (1.03x10-4

) (2.03x10-6) (9.60x10 ·&) 
•' I C2 A2 H2 A2 C2 

i (� 0) �0) (� 0) (� 0) (� 0) I 

Cl Al Hl Al Cl 
(� 0) � 0) (� 0) (- 0) (� 0) 

�_ffRZ1 Cladding oxidized to> 90" ( ) Release fraction 
Cladding oxidized to < 90" P122-IT -0102-01 

Figure 1 1 .  Extent of TMI-2 cladding oxidation and release fractions . 
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TABLE 5 .  TMI-2 CORE TEMPERATURE AND FRACTIONAL RELEASE RATE HISTORIES 

Core Temperaturea 

K Time After T r i p  
(min) Node 3 Node 4 Node 5 Node 6 Node 7 Node 3 Node 4 

--

IIOT REGION 
140 534 776 923 1036 1024 

145 589 925 1109 1162 1141 

150 746 1096 1305 1271 1254 1.0 x 10-7 

1!>5 969 1313 1652 1443 1394 1.0 X 10-6 

160 1200 1712 2617 1551 1497 3 . 0  X 10-l 6 . 9 X lQ-5 

165 1629 2631 2713 1681 1559 2 . 9  x w-5 9.4 X 10-3 
N � 170 1798 2674 2792 2111 1620 1 . 7 X 10-4 1.2x1o-2 

175 1962 2746 2874 2510 1695 6.1 X 10-4 2 . 0  X 10-2 

1130 613 612 612 619 7!>6 

1�5 630 702 749 742 811 

1YO 811 8U5 934 833 914 

1Y5 1002 1075 1119 926 1019 

200 1174 1257 1295 1019 1124 

Cladding oxidation <90% <90% <90% �90% <90% <90% <90% 

AVERAGE REGION 

140 534 692 861 1013 1001 

145 537 874 1019 1143 1105 

1!>0 674 961 1185 1248 1219 

Node 5 

1 . 2 X 10-7 

9 . 3 X 10-7 

3 . 7  X 10-5 

9.0 X 10-3 

1 . 2  X 10-2 

1 . 6  X 10-2 

2 . 0  X 10-2 

<90% 

4 . 4  X 10-8 

2 . 6  X 10-7 

Node 6 

2 .  1 X lQ-6 

8 . 1  X lQ-6 

2 . 6  X w-5 

1 . 6  X J0-4 

5.0 X lQ-4 

2 . 0 x lo-3 

5 . 3  X 10-2 

2 . 6x10-1 

>90% 

1.1 x 1o-6 

6 . 6 X 10-6 

2 . 0  X 10-5 

Node 7 

4 . 7  x w-8 

1.6 X 10-7 

5 . 4  X 10-7 

2 . 4  X w-6 

5.6 X w-6 

1 . 4  x w-5 

2 . 6  x w-'5 

5 . 8 x w-5 

<90S 

3.7 X J0-8 

J. 1 X lQ-7 

3 . 7  x 1o-7 
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T ABLE 5 .  (cont tnued ) 

Core le�Pfraturea Fract tona l Rel ease ll .s t t:IJ 
K {•f n - 1) 

H11e Af ter Tdp 
(• In) llode 3 Node 4 Node 5 Node 6 Node 7 Node 3 Node 4 llode 5 flode ' llocJe 7 

AVERAGE R£ G I ON ( c.on t t nued ) 

1 �5 86 1  l l j(' 1 4 1 6 140 1 1 355 J . � I to· 7 3 .0 I J0• 6 1 . 0 • 1o-4 1 . 6 I to-6 

160 105 1 1 338 1 949 1 543 1460 6 . (  Jl 1 0 - 8 1 . 3 • to· 6 5 . 7  • to· 4 4 . 6 • 1o-4 4 .8 I 1o-6 

165 1 355 1 668 264 3  165 1 15 19  1 . 6 I to ·6 4 . 4 Jl 1o- 5 9 . 7  Jl to· J 1 . 5 x 1o· 4 9 .0 X to-6 

1 70 1 536 1807 2697 1843 1587 J . l  I to· 5 1 . 9 X to- 4 1 .2 Jl to-2 1 . 5 x to·l 1 . 8 X •o-5 

1 75 1 7 1 3 1942 277 1  2300 1&42 7 .0 I t o · �  8 .0 X 1o - 4 1 . 5 • to- 2 1 . 3 • to-2 3 . 3  x to-s 

180 6 1 2 6 1 2 2008 2404 25 12 7 .8 X to·• 1 . 4 x •o-2 6 . 5  Jl t o·
3 

N 
"' 

1 85 675 76 1 1960 24 1 3 25 1 7  6 . 0  )( to ·
4 1 .9 • •o- 1 6 . 6 I to- 3 

1 90 850 9 1 9 2044 2465 254 2 9 . 4 Jt 1 0-4 2 . 3  x to- 1 1 . 2 • to- 3 

1 95 1045 1077  2 160 2520 2583 1 . 7  • to·3 2 . 1  • to- 1 8 . 1 • to- 3 

200 1 22 1 1 (' 1 1  2272 2565 2627 1 . 1 . to-J 3 . 7  • to- 1 9 . 3  x t o- 3 

C l add i ng ox l di t f on  <90S <90S <90S � <901 <901 <901 <901 >901 <901 

COlli WEG I ON 

1 40 534 623 788 929 940 

145 537 750 9 1 6  1044 10 1 6  � .8 a 1o-8 4 . J  I t o-8 

1 50 592 875 1053 1 145 101 1 6 . 4 X 1 0 - 8 1 . 1 x 1o- 7 7 . 7  X to· 7 

1 55 738 10 1 1  1 200 1222 1 1 3 1  4 . 1  • 1o·
8 3 .0 • 1o- 1 3 . 8  • 1o- 7 1 .5 I to· l 

160 897 I 1 66 1402 1 297 1209 2 .  1 1 1o- 7 2 .e. • 1o·6 8 . 5  x lo- 7 3 . 3  1 1 o- 7 
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TABLE 5 .  ( cont i nued ) 

Core Temperature
a 

K 
T i me Af ter Tr i p  

No<le 7 (m i n )  Node 3 Node 4 Node 5 Node 6 Node 7_ Node 3 Node 4 Node 5 Noae 6 

COLD REG I ON ( con t i nued ) 

1 b5 1 052 1 353 1 748 1 364 1266 6 . 3  X w- 8 1 . 5 X w- 6 1 . 0 X w - 4 1 . 7 X w - 6 6 . 1  X w- 7 

1 70 1 2 1 5  1 643 2426 1 4 10 1 3 1 5  3 . 6  X w - 7 3 . 3  X w- 5 5 . 0 X w- 3 2 . 8 X w- 6 1 . 0 X w-6 

1 7 5 1 4 1 3  224 1 2635 1 456 139 1 3 . 6  X w - 6 2 . 7  X w- 3 9 . 6 X 1 0- 3 4 . 6  X w- 6 2 . 3  X 1 0-6 

1 80 6 1 9  6 1 9  2 1 30 2243 1 720 1 . 5 X w- 3 2 . 6  X 1 0- 3 7 . 6 X w- 5 

1 85 6 1 3  6 73 2024 2227 222 7 8 . 4 X w-4 2 . 4 X w- 3 2 . 4  X w-3 

1 90 725 789 207 1 2270 2255 1 . 1 x w- 3 2 . 6 X w- 3 2 . 8 X w-'"3 

1 95 86 1 9 1 2  2 1 55 23 1 4  229 1 1 . 7 x w- 3 3 . 5  X lo-
3 3 . 3  X w- 3 

200 994 1 032 2240 234 7  23 1 5  2 . 6 X w- 3 3 .9 X 1 0-3 3 . 5  x w-3 

C l a<ld i n g  ox i dat ion <90� <90% <90% <90� <90� <90� <90:t; <90� <901 <901 

a .  Node 3 = 0 . 943 to 1 . 386 m ,  Node 4 = 1 . 386 to 1 . 829 m ,  Node 5 = 1 . 829 to 2 . 3 5 1  m ,  Node b = 2 . 35 1 t o  2 .874 m, and Node 7 = 2 . 874 
to 3 . 396 m from the bottom of the core . 

b .  Fr act i o n a l  r e l ease r a te from each node . F or examp l e  1 00� o f  tel l ur i um content f n  Nodes A6 and li6 i s  re l eased . 



respecti vely.  These es tt.ates were made based on Lorenz ' s  model , and by 

wei gh t i ng the core i nventory according to the ax i al f l ux d i str ibut i on . The 

total re l ease fro. the core t s  therefore �101 . 

Th is l ow  es timated tel l ur i um  rel ease fract ion i s  cons i stent w i th the 

low .. asured te l l ur i um rel ease fraction and suggests that most of the 

tel l ur t u.  was reta i ned w f th i n  the core . 

TRAP-MELT Cal cul at ions  

T RAP-MELfZ8 ts  a dyn .. i c  numer i ca l  model wh f ch cal cu l ates f i ss ion 

product parti c l e  and vapor transport and depos i t i on t n  LWR pr imary systels 

dur fng  mel tdown acci dents . The transport and retention of f i ss ion products 

w i th i n  the primary cool ant  system dur ing a mel tdown acc i den t  are treated i n  

te� of control volu.es and f l ow  connect i ons . I t  assumes that f i ss ion 

product transport can be superi•posed on the f l u i d  f l ow w i thout coupl ing  to 

f t . A rad i onuc l f de spec i es can res ide w i th i n  a control vol ume fn two 

states , part i c l e  and vapor for.. The geometry of the system, mas s 

generat ion rates of a 1 1mf ted number of f i ss ion products ( i od i ne ,  ces i um, 

and tel l ur i um )  t ime-dependent thermal -hydrau l i c data , and rad i onuc l i de 

p hys ical  propert iesa are requ i red as i nput parameters for the code . The 

code cal cu l ates the transport and depos i t i on of these radi onuc l i des i n  th e 

control vol umes as a funct ion of t t  ...  

Prel imi nary cal cul ati ons of tel l ur i um transport and depos i tion dur i n g  

t he TMI-2 acc i dent were made us i ng the TRAP-MELT computer code . I nput 

parameters were obtai ned from var i ous TMI-2 reports publ i shedl 2 ,24 , 26 , 29 

d ur ing the l ast f i ve years . The pr imary coo l ant  system was d i v i ded i nto 

e i ght control vol umes as shown t n  F i gure 1 2 .  The contro l vol ume geometr ies  

were obtai ned e i ther from the F i na l  Safety Ana l ys t s  Report ( FSAR ) 30 or 

est imated . These parameters i ncl ude l ength , hydrau l ic d i ameter , f l ow  area , 

settl ing area , and he i gh t .  Si xteen 5 mi n t i me  interv a l s  start ing from 

1 40 m i n  and end ing w i th 220 m i n  were used . Steam temperatures and s team 

f l ow  rates reported i n  Reference 26 were used and the system pressures were 

a .  Average radi i and part ic le  dens i ty of f i ss ion products . 
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Figure 1 2 .  TMI -2 control volumes for TRAP-MELT calculations . 
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o btai ned from the measured charts reported f n  Reference 29 . The te l l ur i um 

source term ( 101 ) es t imated i n  the prev ious sec t f on was used . TRAP-MEL T  

i nput par.-eters are presented t n  Appendi x  B .  

The TRAP-MELT  pred icted fraction o f  the core i nventory of tel l ur i u• 

d epos i ted on v ar ious control vol ume ( F i gure 1 2 )  s urfaces versus t ime are 

shown in F i gures 13 through 1 9 .  The fract ion of the core i nventory 

depos i ted on ( a )  l ower pl enum, (b ) core, ( c )  upper pl enum, (d ) upper head , 

t e )  hot leg ,  (f ) pressur i zer , ( g )  steam generator , and (h ) col d  leg 

surfaces was predicted to be 1 .90 x lo -4• o .o .  5 . 4 ,  1 . 7 ,  0 .8 ,  0 . 1 , 0 . 1 , 

a nd 0 . 0031, res pect ively.  Of a total  depos t t ton of 5 .41 on upper pl enum 

surfaces , about 2 .91 was pred icted to be depos i ted after the event a t  

2 00  mi n , when the core was ref l ooded ( see Table  4 for acc i dent sequence ) .  

The l arge steam f l ow rate 26 at  ref l ood was the pr inci pa l  reason for th is  

cal cu l ated resu l t .  The measured tel l ur i um depos i ti on on the upper pl enum 

s urfaces was 1 . 81 .  The TRAP-MELT ca lcu l ated te l l ur i um depos i ti on was 5 .41. 

Rev iew of ORNL Te l l ur i um Rel ease Resu l ts 

An extens ive rev i ew of ava i l ab l e  tel l ur i um re l ease data was perfor.ed 

by Lorenz et a 1 .2 a t  ORNL . Th i s  exami nat ion of the ex i s t i ng te l l ur i um 

rel ease data i ndi cates both h i gh and l ow rel eases . Hi gh releases were 

observed i n  tests that conta ined no z frcal oy c l add i ng or h i gh ly ox i d i zed 

( >901 convers ion to Zr02 ) z i rca loy .  Low rel eases were observed i n  

t ests that conta ined z f rcal oy c l addi ng w i th a l ower extent o f  oxi dat ion 

( <901 ) . Tel l ur i um rel ease data from three h i gh temperature f i ss ion 

product release tes ts ( H I  ser ies tests ) are presented i n  Tab l e  6 .  I n  the 

h i gh t.-perature Tes ts H I- 1 , Hl-2 , and H l -3 , h i gh burnup commerc i a l  

pressur ized water reactor ( PWR ) fuel from the H .  B .  Rob i nson reactor was 

heated i n  s team at maxi.um teaperatures of 1673 , 1g73 , and 2273 K , 
respect i vely.  Tel l ur i um rel eased from the 20.32-cm l ong fue l rod segments 

was measured by spark source mas s  spectrometry . I n  Test Hl-2 , ox i dat ion of  
t he z 1 rca l oy c l addi ng was compl ete and a l arger amount of te l l ur i um was 

released than i n  the other tests in wh i ch ox i dat ion was l im i ted .  Lorenz 
e t  a 1 .2 have proposed a te l l ur f �  release rate mode l wh ich ts  based on 
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TABLE 6 .  TELLURI UM  R ELEASE I N  H I  SER IES TEST AT ORNL 

Te 
Ztrcaloy Fract iona l 

Telll)erature T ille Ox1 d1zed Te Rel ease Rel ease Rate 
Test (K) (•1 n) {S) (S) (fract ion/minute) -
Hl- 1 1673 30 40 0 . 3  7 .0 X 1Q•5 

Hl-2 1 973 20 100 50 to 100 6 .0 X 10-2 

Hl -3 2273 20 35 0 . 6  2 .4 X lo-4 

33 
• 



the extent of z i rcal oy ox i dat i on .  The fract iona l rel ease rate, k ( T )  i n  

f ract ion per mi nute, i s  obtai ned from the fol l owing  express ion : 

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

where A and B are constants g iven i n  Tab l e  7 ,  and T i s temperature i n K .  

W hen the l ocal degree o f  c l add i ng oxi dat i on i s  <90%, a l ow rel ease rate 

i s  suggested . When the l ocal degree of c l add i ng oxi dat ion i s  �90%, a 

h i gh rel eas e rate i s  suggested . Lorenz et al . i nd i cate that the threshol d  

for change i n  rel ease r ate i s  a functi on of l ocal oxi dation and that the 

core average ox i dat i on i s  not an acceptab l e  bas i s .  Th i s  mode l was used to 

e st imate the tel l ur i um rel ease of 10% dur i ng the TMI-2  acci dent in  the 

prev i ous sect ion .  

3 1  
Kel l y  et a l ., , have suggested that the fractional rel ease rate 

shou l d  exh i b i t  the usual  Arrhen i us temperature dependence of the form 

K = K exp ( -Q/RT)  
0 

i nstead of the A exp ( BT )  u sed i n  NUREG-0772, 

where 

Q = act i vat i on energy i n  kcal /mol 

R = gas constan t i n  1 .986 cal/mol . K  and 

T = temperature i n  K .  

Th e constants Q and K0 are g i ven i n  Tab l e  8 for both cases of c l add i ng 

o x i dat ion <90% and �90% . The es timated fact ional  rel eases from the 
h ot ,  average and col d  reg i ons of the core were 3 .2, 8 . 6, and 2 .21, 

respect ively.  The tota l rel ease from the core i s  therefore 1 4 .01 . 

The h i gh l i ghts of  the resu l ts of three recent ORNL control 

t ests ,32 •33 C-7, C-8 and C-9 are presented here . The Tests C-7 and C-8 
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TABLE 7. COEFF ICI ENTS FOR LORENZ TELLUR I UM  RELEASE RATE MODEL 

C 1 addtng Cond t t t on 
Temperature 

'Kl A B 

l 1 rca 1oy ox fdatton <901 < 1873 1 .625 X 10 1 1  1 .06 1  X l o- 2 

1873 to 2273 9 .04 x 1o-a 5 . 22 X 1 0· 3 

>2273 6 .025 x 1o-6 3 . 12 X 10·3 

i t rca 1oy ox tdat t on �� < 1873 6 . 5o x 1o- 10  1 .06 1 X 10-2 

1873 to 2273 3 .6 1 6  x 1o-6 5 . 22 X 10-3 

>2273 2 .4 1 x 1o-4 3 . 12 X 1 0-3 

TABLE 8.  PARAMETERS FOR ARRHENIUS TEMPERATURE DEPENDENCE RELEASE RATE MODEL 

C l aao t ng Cond i t i on 

I 1 rcaloy ox t aatton <901 

Z 1 rca1oy ox idat ion �� 

• 
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� 
55 . 74 

53 . 18 

Ko (mi n- 1 ) 

9 .0 1 5  X 1 02 

3 . 1 55 X 1 Q4 



were conducted to examine the depos i t i o n  behav i or of CsOH, C s i  and Te i n  a n  

e xper i mental apparatus conta i n i ng p 1 ati num and s ta i n l es s  s teel thermal 

gradi ent tubes ( TGT ) , respect ively.  A l on g  section ( 5 .0 em ) of the TGT a t  
t he i n l et end i n  the C-8 test was made of I nconel  600 . In  control 

Tests C-7 and C-8 , traced CsOH , C s l  and Te s pec ies  were vapor i zed and 
t rans ported by a s team-hydrogen carr ier gas through a z i rcon i a  l i ner to the 

col l ection system . I n  these tests hot zones i n  the z i rcon i a  l i ner were 

m a i nta i ned at 1 0 73 and 1 273 K, respect i vely.  

In  control Test C-7 , 88% of tel l ur i um was  released and trans ported t o  

t he col l ection sys tem . About 86% was depos i ted i n  the pl ati num TGT. Of 

that , 14% d i ssol ved i n  the pl at i num .  A l arge fract ion ( 80% ) of the 

t e l l ur i um r eacted w i th CsOH i n  the gas phase and was found i n  the s urface 

depos i t  of the P l ati num TGT portion at 973 K .  The i denti fi ed reaction 

p roduct was CsTe.  

I n  Test  C-8,  about 52% of tel l ur i um was rel eased and carr i ed to the 

col l ection trai n .  Abou t 5 1 . 7%  was depos i ted in the sta i n l ess  stee l TGT . 

Of the tel l ur i um that entered the TGT about 70% was depos i ted i n  the 

I nconel -600 section at the i n l et end of the TGT , wh i ch was at 1073 to 

1 200 K. The l i kely react ion products are n i ckel  and chromi um tel l ur i des . 

I n  Test  C-9 an i rrad i ated tel l ur i um spec1 mena was pl aced i n  a 

1 5 . 24 em l ong  PWR type fuel s pecimen . The traced tel l ur i um was p l aced i n  a 

Zro2 t ube at the i n l et end of the fue l s peci men . The rest of Z ircaloy-4 

c l addi n g  s pace was f i l l ed w i th uo2 pel l ets . Z i rca l oy end caps were used 

to c l ose the ends of the c l add i n g .  A 1 . 58 mm hol e was dr i l l ed through the 

outlet  end of the cl add i ng .  A pl ati num TGT was used and the traced 1 29�e 
w as v apor i zed and transported by hel i um-steam carr i er gas through the 

pl ati num TGT to the col lect i on system. The temperature of the tes t  

s pecimen was ma i ntai ned a t  1 973 K dur i ng the tes t .  

I n  Test C-9 , abou t 97% o f  the tel l ur i um was rel eased . The l arges t 
f ract i on (�57% ) was found i n  the p l at inum TGT . A lmost al l of the 

a .  39 . 8  mg of metal l i c tel l ur i um irrad i ated to obta i n  31 mC i of 1 29mte 
act iv i ty .  
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tel lur i um was rel eased when the z i rca l oy c l add i ng oxidation was near 

ca.pletton.  Most of the tel l ur i um that was col lected i n  the TGT depos i te d  

a t  873 k .  Ex  .. i nat ion of the surface depos i t  revea l ed that t i n  and 

tel l ur i um were present t n  a 1 : 1  atom ratio .  It  i s  proposed that the 

tel l ur i um i s  reta tned by z frcal oy c l add i ng e f ther by react f ng w i th 

z i rcon i u• to form z i rcon ium te l l ur ide,  or by d isso l v ing  i n  the z i rcaloy .  

Once the z i rcon i um i s  converted to Zr� by s team ox i dat ion ,  the z trcal oy 

cl add ing  re l eased te l l ur i um.  The l iberated te l l ur i um contacted the l iqu i d  

t i n dropl ets that are d i spersed i n  the oxi d ized c l addi ng ,  reacted and 

for.ed SnTe and was released i n  that chemical form. Tel l ur i um rel ease data 

f rom these three contro l tes ts are presented in Tab le  9 .  The est imated 

tel l ur i u• release rates from C-7 ,  C-8 , and C-9 were 1 . 1  x lo-3 , 

2 . 3  x lo-3 and 2 .6 x lo-2 (•i n- 1 ) ,  respectively. The z irca loy 

c l add i ng tn Test C-9 was compl etely ox i d i zed . 

Te l l ur ium Rel ease from PBF Severe Fuel Damage Tests  

A ser ies of  Severe Fuel Damage ( SFD)  tests i s  be ing conducted by EG&G 

I daho I nc . , i n  the Power Burst Fac i l i ty ( PBF ) at the Idaho Nat ional 

Engineer i ng Laboratory for the U . S .  Nuc l ear Regul atory Commi ss ion and the i r  

internat iona l sponsors . • 34 , 35 

A •aJor object i ve of these tes ts i s  to measure the rel ease, transport , 

and depos i t ion of f i s s i on products dur ing i n-p i l e  tests s imi l ar to the 

acc i dent wh ich occurred at the TMI -2 reactor . Four bund l e  exper iments have 

been completed i n  the SFD program. Each bundle i s  operated at ful l power 

for three days , and then coo l ed for at l east e i gh t  days to bui l d  up an 

appropr i ate rat i o  of ces i um to iod i ne .  Shortly  before the tran s i ent , th e 

bundle i s  irrad i ated for four hours to bu i l d up an adequate i nventory of 

short- l i ved f i ss i on products . The i n l et f low to the bundl e  t s  then reduced 

a nd the bund l e  power i s  i ncreased to i n i t'f ate the trans ient portion of the 

exper iments , and to force the water l evel to decrease , leav i ng the bundl e 

to be coo led by s team. The bundle  heats up i n  superheated steam to peak 

a .  Sponsors of the progr am f ncl ude Be l gi um, Canada , Federal Repub l ic of 
Ge�ny t I ta ly ,  Japan , Nether l ands , Repub l i c  of Ch i na ( Taiwan ) ,  Repub l i c o f  
K orea ,  )Weden , Un f ted k i n gdom, and Un i ted States . 
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TABLE 9 .  TELLUR I UM RELEASE I N  CONTROL TESTS AT ORNL 

T ime At 
Max imum Max i mum 

Temperature Temperature TGT 
Test {K} {mi n) Mater i a l  

C-7 a 1 073 3 1 . 3  P l at i num 

c-aa 1 273 26 . 3  Stai n l es s  Stee l 

c-c}J 1 97 3  87 . 5  P l ati num 

Te Spec i es 
Te Fract i ona l  I dent i f i ed 

Rel ease Re l ease Rate on 
% {fract ion/mi nute) TGT 

88 1 . 1 X l Q-3 CsTe 

52 2 . 3  X l Q-3 N i Teo .o7 

97  2 .6 x 10-2c SnTe 

a .  Cs l ,  CsOH and Te s pec i es were vapor i zed and transported by a steam-hel l i um-hydrogen carr ier gas through 
a z i rcon i a  l i ner . 

b .  Traced tel l ur i um s pecies was vapor i zed ana transported by he l i um-steam carr ier gas through z i rcal oy 
c l ad fue l e l ement . 

c .  The fracti ona l  rel ease rate was estimated from the data when the z i rca l oy c l add i n g  was comp l ete ly  
ox i d i zed . 



t e.peratures of about 2400 K .  Parameters var ied dur ing the four tests 

are : heatup rate ( amount of c ladd f ng ox i dation ) ; i n l et f low (hydrogen to 

oxygen rat f o ) ;  coo l down rate ( amount of fragaentat i on ) ;  test rod burnup; 

and presence of contro l mater i a l . Un irradi ated tes t fue l rods were used 

dur ing the f i rst two tests , and i rradi ated fue l rods ( 36 GWd/tU) were used 

f n  the th frd and fourth tests , w f th contro l rods f nc l uded i n  the fourth 

tes t .  The SFO test program 1s s ummar i zed fn Tab le  10 . The SFO scoptng 

test ( SFD-ST ) ,  Tests SFD 1- 1 , 1-3 and 1-4 were compl eted on October 29,  

1 982 ,  September 8 ,  1 983 , August 3, 1 g94, and February 7 ,  1 985 , respect ively.  

Data fro. the SFD-ST , SFO 1 - 1  and SFD 1 -3 are presented bel ow .  

The test tra f ns o f  the SFO scopt ng test and Test  SFO 1 -1 conta i ned a 

32 rod bundle  of 0 . 9 1 � 1 ong 1 7  x 1 7  pressur i zed-water-reactor type fresh 

fue l rods ( 6 . 2 wtS enr i ched w i th 235u ) .  The tes t trains  of SFO 1 -3 an d 

SFU 1 -4 contained a bundle  of i rrad i ated rods and two fresh rods . I n  

add f t ion , the tes t tra ins  o f  SFO 1-3 and SFD 1 -4 each contai ned four 

z frca l oy gu ide tubes and Test SFD 1 -4 conta ined four Ag- In-Cd control 

rods . The ent ire bund l e  of each tes t was encl osed i n  an i nsul ated shroud 
as  shown f n  F i gure 20. Dur i ng the trans ient,  coo l ant entered the bottom of 

the fuel bundl e ,  passed through the bundle , and then ex i ted through an 

eff l uent s tea.l f ne wh ich connected to the saapl ing and mon i tor i ng system. 

Fuel behav i or was mon i tored dur i ng the tests w i th c l add ing  surface , fue l 

cen ter l i ne and shroud thermocouples , f l ow  meters , steam probes , and other 

i ns tr.-entat 1 on . 

Dur i ng the SFO-scoping  tes t ,  the bundle  was subjected to a s l ow  heatup 

(0 . 13 K/s } to 1 700 K, and then to rap i d  heat ing C�lo  K/s ) to 2400 K ,  

fo l l owed by a rapi d quench . Dur ing the second , th frd,  and fourth tests 

( SFO 1- 1 ,  SFO 1-3 , and SFD 1-4 ) ,  the tes t bundl e  was subjected to a more 

r apid  heat i ng (�.45 K/s } to 1 300 K, 1 .3 K/s to 1 700 K and then more 

r ap i d  heat ing (�30 K/s ) to 2400 K .  The SFD 1 - 1 , SFO 1 -3 ,  and SFO 1 -4 ,  

were s l ow-coo led rather than quenched . Cons iderab le  c l add ing ox idation 

( v frtua l ly al l z f rca loy i n  the test bundl e ) ,  c l add i ng me l t i ng,  fue l 

l iquefaction ( 181 of the bundl e ) , and fue l frag�entat ion ( 601 of the 

bundle }  occurred dur ing the SFD-ST. L imi ted c l add i ng oxi dat ion ( 301 )  and 
s t gn f f icant c ladd ing  mel t ing and fue l l iquefact ion occurred dur i ng Tes t 
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TABLE 1 0 .  PBF SEVERE FUEL DAMAGE TESTS 

Speci f i ed 
Heati ng Rate I n l et F l ow Compl et ion 

Test (K/s)a (g/s) Test  Bundl e Cool Down Date 

SFD-ST 0 . 1 6 16 . 4  3 2  Fresh rods Quench 1 0/29/82 

S FD 1 - 1 0 . 44 to 1 300 K 0 . 6  3 2  Fresh rods Slow 9/08/83 

1 . 3 to 1 700 K 

SFO 1 -3 0 . 44 to 1 300 K 0 . 6  2 6  i rrad i atea rods S low ,  argon 8/03/84 
� 1 . 3 to 1 700 K 2 fresh rods 
0 4 gu i de tubes 

SFO 1 -4 0 . 44 to 1 300 K 0 . 6 26 i rrad i ated rods Slow ,  argon 2/07/85 
1 .3 to 1 700 K 2 fresh rods 

4 Ag- I n-Cd contro l rods 
i n  gu ide tubes 

a .  About 1 700 K heat i ng r ate i s  dr i ven by z irca l oy oxi dat i on and i s  typi cal ly  > 10  K/s . 
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SFO 1 - 1 .  The degree of cl add ing  oxi dat ion i n  Tests SFO 1 -3 and SFO 1 -4 had  

n ot been analyzed at the t i me of  th i s repor t .  The SFO 1 -3 and SFO 1 -4 

assemb l ies used i rrad i ated rods at average burnups from 35 to 3 7  GWd/t . 

Th ese tests were general l y  s team starved exper iments . L imi ted oxi dat ion 

and extens ive  l i quefact ion i s  expected . 

Effl uent s ampl es were col l ected dur ing  the SFO tests and analyzed by a 
v ar i ety of analyt i ca l  techn iques .36 • 37  The types of s ampl es i ncl ude : 

( a )  steam samp l es ( f i l tered and unf i l tered ), ( b )  l iqu i d  grab samp l es , 

( c ) f i l ter debr i s  s ampl es ,  ( d )  several steaml ine p i pe s ampl es, and 

( e )  l iqu i d and gas sampl es from the col lect i on tank ( see F i gure 20) . 

The fract ional  rel ease rates ( fract ion of the bund l e  i nventory 

rel eased per m i nute ) were cal cu l ated from the gas and l iq u i d  grab 

s ampl es .36 The data for te l l ur i um are presented i n  Tab l e  1 1 .  

The h i gh tel l ur i um rel ease rate measured i n  SFO-ST, compared to 

S FD 1 -1 ,  i s  probab ly due to the extens i ve oxi dati on of c l add ing ,  the h i gh 

s team f l ow rate and the steam pl enti fu l  condi t i on s  that ex i sted dur i ng th e 

S FO-ST . I n  SFO 1 - 1 ,  the z i rcal oy c l add ing  may h ave retai ned tel l ur i um 

because the extent of cl add ing  oxi dation was so l ow ;  pl ateout of the 

tel l ur i um may have occurred i n  the steaml i nes due to much s l ower f l ow rates . 

The di str i bu t i on (mas s bal ance ) of tel l ur i um i n  var i ous components of 

t he sys tem is  presented in  Tab l e  12 .  About 40% of the core i nventory of 
1 29mTe was rel eased dur i ng SFO-ST ; in contrast, < 1 %  was rel eased i n  

SFO 1 - 1 . The pr i nc i pal reason for th i s  d i fferences i s  bel ieved to be 

holdu p  of tel l ur i um by z i rcaloy in SFO 1 - 1 . 

The tel l ur i um rel ease fract ion measured i n  the co l l ect ion tank l iq u i d  
-4 f or Test SFO 1 -3 was 1 .4 x 10  • The total Te rel ease fract ion i s  

expected t o  b e  l ower than that measured dur i ng Test SFO 1 - 1 , because th e 

z i rca l oy oxi dat i on i n  SFD 1 -3 was l ess than that of SFO 1 -1 . Tel l ur i um i s  
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TABLE 1 1 .  FRACT IONAL RELEASE RATES OF TELLUR IUM FROM PBF SFO TESTS 
( fractton/Minute ) 

Test 2000 K 

SFO-ST 7 . 0  X 10· 6 

SFO 1 - 1 3 .o x 1o-8 

SFO 1 -3  _ _  a 

SFO 1 -4 _ _ a 

a .  Mot co.pl eted at th t s  t i me .  

Heatup 

2400 K 

s.42 x lo-3 

_ _ a 

_ _ a 

TABLE 1 2 .  OVERALL MASS BALANCE OF 12911re I N  PBF SFO TESTS 
( fract ton of total bund le  i nventory) 

Tests 

S•pl es SFD-Srl SFO 1 - lb 

304 SS Ste• L ines 1 .02 X 1o- l 5 . 30 X l o-3 

G,. ab sa.p 1 es 7 . 6() x lo-S 5 . 10 X 1Q-7 

5 � m  304 SS F t l ter 1 .96 X lo- 1 6 . 10 X 1o-4 

SFD 1 -3 

Quench 
(600 k) 

2 .9 x l o-3  

3 .8 X 1 0-S 

_ _  a 

_ _ a 

SFO 1 -4 

_ _  c 

_ _  c 

_ _ c 

Col l ection Tank 9 .80 x 1o-2  3 . 1o x lo-3 1 .4 X 1Q•4 

Total Re lease Fract i on 3 .96 x 1o- l  9 .o 1 x 1o-J _ _  c 

a .  S l ow  heatup and quench , h i gh steam f l ow rate ( 1 6 . 4  g/s ) ,  s team pl ent ifu l , 
and 1001 c ladding  ox fdat f on .  

b .  F ast heatup, s l ow coo l down ,  l ow  steam f l ow  r ate ( 0 . 6  g/s ) ,  steam starved , 
and 301 cl add i ng ox f dat fon . 

c .  Ana lys t s  not compl eted at th i s  t fme . 
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trapped by the unox i di zed z i rca l oy, consequent ly  one wou l d  expect 
comparabl e  or l ower te l l ur i um rel ease fract i ons i n  SFD 1 -3 than i n  

SFD 1 - 1 .  I nformat i on about tel l ur i um behav i or i n  Test SFD 1 -4 i s  not yet 
ava i l ab l e . 

Te l l ur i um Re l ease from SASCHA Tests 

Exper iments have  been performed37-39 i n  the SASCHA fac i l i ty i n  
Kar l sruhe ,  West Germany, to i nves t i gate f i s s i on product rel ease under 
severe damage and core me l tdown cond i t i ons . The major object i ves were 
( a )  to determi ne the rel ease fract i ons of rad i o l og i ca l l y  i mportant f i ss ion 

products i n  the temperature range 1 773 to 3073 K ( 1 500 to 2800°C ) ,  and 

( b )  to character i ze the phys ica l  and chemi cal behav ior of the rel eased 

mater i al . The SASCHA test  fac i l i ty cons i sts of a h i gh frequency i nduct i o n  

f urnace , a cruc i b l e ,  and dev i ces for aeroso l  col l ect ion and analys i s .  The 
fue l rods were composed of z i rcaloy cl add i n g  and uo2 pel l ets w i th a 

s imu l ated burnup of 44 GWd/t . Sta i n l es s  steel and absorber mater i al s  wer e 
i ncl uded to obta i n  a representat ive  core me l t  compos i t ion .  The i ntergal 
me l t  mass was about 200 to 250 g .  The rel eased mater i a l was co l l ected on  

g l ass  f i ber f i l ters . The  f i l ters ana the wal l s  of  the  transport tube were 

analyzed . 

Tests were conducted i n  a i r  and i n  steam .  The f l ow rate and pressure 

were 10  to 30 L/mi n and 0 . 2 1  MPa ( two bars ) ,  respect ive ly .  The fract i ona l 

r el ease rates ( fract i on of the i nventory rel eased per mi nute } are presented 
i n  Tab l e  1 3 .  The fract ional  rel ease rates i n  a i r  and steam were 
e ssent i al l y  the s ame . Dur i ng these ear ly tests , the heat i ng  rates were 
norma l l y  �473 K/mi n ,  the z i rca loy cl add i n g  was a lmost compl etely 
oxi d i zed , and the tota l estimated tel l ur i um rel ease fract ion was 0 . 8 1 . 

Exper iments were a l so conducted w i th a reduced steam supply ( 28 L/mi n 

Ar 1 . 5  L /mi n s team)  and w i th a purely reduc i ng atmosphere ( 28 L/mi n Ar 

1 . 5 L/mi n of H2 ) .  The rel ease fract ions  are shown i n  F i gures 2 1 and 22 . 

Lower tel l ur i um rel ease was measured for a reduced steam supp ly .  A l though 
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TABLE 1 3 .  FRACTIONAL RELEASE RATES FROM SASCHA TESTS IN  AIR AND STEAM 
( frac t 1 on/•fnute )  

Tea.perature 
(K) 

A 1 r4  

Ste_. 

2073 

4 . 8 x 10- 3 

2 1 73 

1 .8 X lo-2 

1 .8 x to-3 

2273 2473 
-

3 X lo-2 

a .  F l ow  rate • 1 0  to 30 L/mfn , Pressure • 0 . 2  HPa ( 2  bars ) .  

--
• • 
: 
! 

i2 -

' .. · · ·  Steam 
·· ... , Ar+&• Iteam 

22 

2673 

7 . 3 X to-2 

7 . 1  X to-2 

11 
nme "'*'» .. DY-IM·W 

F f gure 2 1 . Dependence of tel l ur 1 u. rel ease on s teaM supply  f n  SASCHA tests  • . 
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F i gure 22 . Te l l ur i um rel ease i n  SASCHA tests w i th h i gh and l ow steam 
s uppl y .  
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the temperature i n  Test S-28 1 (Ar + 51 steam ) was 200 to 400 k h i gher fo r 

s ome minutes , the tel lur t um release t n  Tes t S-229 ( steam) about a factor 

f ive lower . I n  Test S-282 (Ar + 51 steam ) a l ow steam supply resu l ted ; the 

d i fference tn te l l ur i um rel ease between these two cases has been d i s cussed 

above . Tel l ur i um releases t n  h t gh and l ow steam supply tests are compared 
t n  F i gure 22 . Tel l ur i um release t n  l ow s team supply test,  S-282 ( 1 . 5 L/•f n 

steam + 28 L/m t n  Ar ) ,  was about 301 and i n  the h f gh stea. supply test , 

S-250 ( 30 �in steam ) was about 701. Al brecht and Wi l d38 suggest tha t 

the l ow degree of ox i dat ton causes te l lur i um to be reta i ned t n  the me l t i n g  

cruc t b l e  due t o  chemical  react tons w t th the z irca l oy c l adding and 

( probab ly) w i th the s ta in less s teel ca.ponents . As the ox idation 

t ncreases , the resu l ti ng tel l ur i des are destroyed i n  favor of metal ox ide 

format ton wh ich , t n  turn , accel erates the release of tel l ur i um .  
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C OMPAR ISON OF TMI-2  TELLUR IUM BEHAV IOR W ITH IN-P I LE AND OUT-OF-PI LE TESTS 

I n  th i s  sect i on ,  the fract i ona l  rel ease rates and rel ease fract ions  

e st imated and measurea dur i n g  the  TMI -2 acc i dent are  compared w i th 

measurements from the two PBF Severe Fue l Damage Tests , and the ORNL an d 
SASCHA out-of-pi l e  tests . The moa i f i ed te l l ur i um rel ease model  of Lorenz 

et a l . was used to est imate the fract i ona l  rel ease rates for TMI -2 i n  the 

t emperatures range of 1 300 to 2550 K for two regions i n  the core : 3 .05 to 

3 .66 m ( 10 to 1 2  ft ) and 2 . 44 to 3 .05 m ( 8  to 10 ft ) from the bottom of the 

core,  where the c l add i ng oxi dat i on was �go ana <90% , respect i ve ly .  The 

fract iona l  re l ease rates versus temperature are shown i n  F i gure 23 , where 
they are compared w i th the data from the PBF tests ( SFD-ST and SFD 1 - 1 ) ,  

ORNL tests ( HI - 1 ,  H I -2 ,  H I - 3 ,  and C-9 ) ana the SASCHA tests . The res u l ts 
of the PBF SFD-scopi ng test ( at 2400 K } , the ORNL Test H I - 1 and the SASCHA 
t ests l i e above the l ower l i ne cal cu l ated for TMI -2 w i th the Lorenz model 

for <90% c l add i ng ox i dat i on . However , they are be low the upper l i ne  

ca l cu l atea for >90% oxi dat i on . The resu l ts of the  SFD-ST ( at 2000 K ) ,  

the SFD 1- 1 ,  and the ORNL Test  H l -3 show l ow tel l ur i um rel ease rates bel ow 

the �90% oxi dat i on curve . These resu l ts are probab ly i nd i cat i ve  of l ow 
z i rca l oy c l add i ng oxi aat i on i n  the tests and ho l dup  of tel l ur i um by 
z i rcal oy .  The rel ease rate measured i n  Test H I -2 i s  i n  reasonab l e  
a greement w i th the curve ca l cu l ated for c l ada i n g  oxi dat ion �90% . 

The re l ease fract ions measured ana estimatea from TMI-2 are compared 

w i th the i n-p i l e  and out -of-p i l e  tests i n  Tab l e  1 4 .  The cal cu l ated ana 

measured tel l ur i um re l ease fract i ons  for TM I-2 were l ow .  The measured 
tel l ur i um fract i on i n  the TMI-2  acc i dent s i mu l at ion test ( SFD 1 - 1 )  i n  the 

P BF was even l ower . The P HF SFD l - 1 test c l osely approximated the thermal 

hyarau l i c cond i t i on s  of the TMI -2 acc i dent , and the resu l ts of th i s  tes t 
i nd icate very smal l te l l ur i um rel ease (�0 . 9% ) . The SFU 1 -l resu l t  i s  
cons i stent w i th ORNL tests , where the c l add i ng oxi dat ion was l ow and 
tel l ur i um was t i ed up  w i th the z i rca l oy · c l add i ng . A l so  in SASCHA tests , 

the te l l ur i um re l ease was h i gher i n  a test where the steam f l ow was h i gh .  
The ava i l ab i l i ty of unox i d i zed z i rca loy i n  the TMI -2 core dur i n g  the 
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TABLE 1 4 .  COMPAR ISON O F  TMI - 2  T e  RELEASE FRACT IONS W ITH  I N-P I LE AND 
OUT-OF-PI LE TESTS 

Maximum 
Fue l C l add i n g  

Temperature Ox i dation Re l ease 
Event {Kl {%l Fract i on Reference 

TMI -2  Acc i dent 2600 Low 5 .8 X l Q -2 Present Study 
(measured }

2 10 .0  X 1 0-
(estimated } 

PBF Tests 

SFD-ST 2400 100 4 .0 x 10- l 
SFD 1- 1  2400 30 9 .0 X 10 -3  
SFD  1 - 3  2400 30 1 .4 X 10-4 

ORNL T es ts 

H I- 1 1673 40 3 . 0 X l Q- 3 2 
H I -2  1 973 100 0 .  5 to 1 . 0  2 
H I -3 2273 35 6 . 0 X lQ-3 2 
C-9 1 973 100 9 .  7 X l Q- 1 33  

SASCHA Tests 

Low Steam F l ow 2573 Low 3 .  3 x 1 o- 1 2 
( 1 • 5 L/mi n )  

6 . 5  X 10 - l H i gh Steam F l ow 2 733 H i gh 
( 30 L/mi n }  

3 . 6  X 10-2 Ar  + 5% Hz  2 1 73 0 
Ar + 5% Steam 2200 Low 2 .0 X 10 - l 
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acc i dent may have caused the hol dup of the tel l ur i um and u l timatel y  l ow 
r e lease fract ions . Ana l yses of s ampl es from the core region t nd 1 cated a 

l arge fract ion of te l l ur t um was retat ned i n  the core . 
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CONCLUSIONS 

Thermodynami c  ca l cu l at i ons were made , a n umber of avai l ab l e  TMI -2 
s ampl es were analyzed , best est imate cal cul at ions were performed , and the 

data were compared w i th i n -p i l e  and out-of-p i l e  tests . The fo l l ow i ng  

conc l us i ons  are drawn from the analys i s :  

1 .  Thermodynami c ca l cu l ations i nd i cate that H2Te i s  the 

predomi nant vapor spec i es i n  the upper pl enum dur i n g  th e 
acc i dent ,  however , at temperatures �1 200 K ,  H2Te d i ssoci ates 

to e l emental tel l ur i um .  

2 .  Very l i ttl e  (�5 . 8% )  tel l ur i um was rel eased and transported from 
the TM I-2  core , probab ly as  a resu l t of hol dup by z i rcal oy 
c l add i ng and structural mater i al s .  Ana lyses of sampl es from the 
core reg i on i nd i cated that a l arge fract ton of tel l ur i um was 
reta i ned there . 

3 .  Best est imate cal cu l at ions s uggest that a s i gn i f i cant fract i on of 

the tota l te l l ur i um rel eased was depos i ted on the upper pl enum 

s urfaces due to the h i gh pressure i nj ect ion at about 200 mi n 

after the reactor scram ,  resu l t i ng i n  h i gh steam f l ow .  

4 .  Compar i son of tel l ur i um rel ease fract i ons and fract ional rel ease 

rates from the TMI-2  acc i dent , w i th i n-p i l e  and out-of-pi l e  tes t 
resu l ts ,  s uggests that z i rcal oy hol ds tel l ur i um unti l the 
cl add i ng i s  oxi d i zed s i gn i f i cant ly .  
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APPENDI X  A 
TELLUR I UM ANALYT I CAL METHODS 

I NTRODUCTION 

The I daho Nat i ona l  E ng i neer i ng Laboratory ( I �EL ) ,  as part of the broad 
core act i v i t i es research program , w i l l  be conduct i ng chem i ca l  ana l yses on a 
v ar i ety of samp l es obta t neo from the damaged Three M i l e  I s l and ( TM I ) Un t t-2 
reactor . The 1 979 acc i dent at TMI -2 resu l ted i n  the re l ease of s i gn i f i cant 
q uant i t i es of f i s s i on products from the damaged core to the reactor coo l ant  
system and conta i nment bu i l o i ng .  Radi oact ive te l l ur i um ,  as a rad i o i od i ne 
precursor , c an const i tute a s i 9n i f i cant hea l th hazard i f  rel eased to the 
env i ronment . A l so ,  the cheaica l i nterac t i on of te l l ur i um w i th other 
r eactor mater i a l s ,  pr i nc i pa l ly z t rca l oy ana s ta i n l ess stee l dur i ng severe 
core a.-age acc i dents , i s  not we l l  understood . To date , there are very 
1 tmi ted oata ava i l ab l e  f or te l lur i um i n  TMI -2 samp l es .  A l so ,  rad i oact i ve 
te l l ur i um present i n  the fue l (except 1 25mre )  a t  the t i me  of the acc i dent 
h as now aecayeo to l ess than detectab l e  concentrat i ons . For th i s  reason , 
atten t ion has been focused on the postacc f dent measurement of stab l e  
f iss ion proouct te l l ur i um concentrat i ons o n  reactor p l ant surtaces ana core 
aebr i s  to determ i ne te l l ur i um retent ion and transport behav i or .  

I n terpretat i on of quant i tat i ve te l l ur i um data i n  TMI -2 samp l es f s  
comp l i cated by the fact that natura l  te l l ur i um i s  rout i nely added to 

1 sta i n l ess  s tee l s  as  a free-mach i n i ng agent . The prec i se quan t i ty of  
doped te l l ur i um i n  a g f ven sample of  a l l oy i s  genera l ly propr ietary 
i nformat i on ;  however , te l l ur i um we i ght percentages of 0 .0005 to 0 . 1 ,  
( 5 . 0  to 1 000 ppm)  are typ ica l .  Th i s  i n terference requ i res that e l ementa l 
ana lyses on a l l TMI -2 samp les be screened for re l at i ve rat i os of sta i n l es s  
s tee l components and te l l ur i um ( Fe/N i /Cr/Te ) .  I n  those cases f n  wh i ch 
te l l ur i um an Fe/N i /Cr are present i n  rat ios wh i ch i nd i cate the presence o f  
a oped s tee l s ,  i t  w i l l  probab ly not b e  poss ib l e  t o  extract any i nformat i on 
rel at i ng to t t s s f on product te l l ur i um .  However , tor those samples i n  wh i c h  
s ta i n l ess s tee l components are not present t n  s i gn i f icant quant i t i es , and 
tor sampl es 1 n  wh i ch tel l ur i um concentrat ions far exceed doped l eve l s ,  
t e l l ur i um ana lyt i ca l oata may prov toe i nforma t i on on the behav ior of 

f i ss i on produc t te l l ur i um . 
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Th i s  Append i x  prov i des a summary of ana lyt i ca l  methods and procedure s 

f or the separat i on ana ana lys i s  of tel l ur i um i n  TMI-2 samp les from the 

fol l ow i ng areas : 

• Leadscrews 

• Makeup f i l ter debr i s  

• Reactor b u i l d i ng basement aebr i s  and l i q u i ds 

• Core aebr i s  ( fuel , c l add i n g ,  and structural  mater i a l s ) . 

Th e major e l emental  const i tuents of these core reg i on mater i al s  i nc l ude : 

i ron , n i ckel , and chrom i um ( 304 and 1 7-4 PH sta i n l ess  steel , I ncone l 7 1 8 

a nd x-7�0 ,  z i rcal oy-4 ) ; z i rcon i um ( z i rca loy-4 ) ;  s i l ver , cadmi um ana i nd i um 
( absorber a l l oy ) ; a l umi num and boron ( burnab l e  po i son rod ) ; and uran i um 
( fuel ) .  

I n  son1e cases , a determi nat i on of te l l ur i um concentrat i on may be 
performed d i rect ly  on a d i sso l ved samp le , w i thout any pre l imi nary 

t reatment . However , th i s  requi res that : ( a ) the samp le  be adequate i n  

s i ze , w i th a tel l ur i um concentrat ion above i nstrumental  detection l imits : 

( b )  no s i gn i f i cant e l emental  i nterferences are present ;  and ( c )  the 

exposure rate of the samp l e  i s  l ow enough to a l l ow i ts use w i th the present 

r aa i oact i ve exhaust system ( currently 200 mR/h ) .  For those samp les where 
e l ementa l i nterferences are present , or when preconcentrat i on of the 
te l l ur i um i s  necessary, the te l l ur i um must be i so l ated from the b u l k  of the 
samp l e  matr ix .  

EXPERIMENTAL METHODS 

Ana lyt i ca l  methods have been devel oped for the separat i on an ana lys i s 

o f  tel l u r i um i n  var ious samp le  matr ices . Tel l ur i um separat ion procedures 

have been eva l uatea , w i th i on-exchange res i ns , reduct ions , and 

prec i p i tations prov i a f ng the most effect i ve means of separat i ng te l l ur i um 
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from compl ex .atri ces . I nduct ively Coupled P l asma-Atomic  Emiss ion 
Spectroscopy ( ICP-AES)  is the methoo of choice for the determi nat ion of 
tota l tel l ur i um concentrat ion .  

D i sso lut ion Methods 

The T�I -2 samp l es from the core region have been brought i nto so l ut f on 
at the I NE L  through e i ther a b i s u l fate fus ion or a HN03/HF d i sso l ut ion .  
The d i sso lut ion procedures for spec i f i c  samp l es are descr i bed i n  detai l i n  
an analyt i ca l  procedures report , 2 but a br ief descr ipt ion of the 
d f sso lutton procedures i s  reported here. 

B i su l fate Fus t on 

Decompos i t ion of a s amp le  by the use of a f l uxes i s  a common method 
for break i ng up  and/or ox i d i z i ng the ca.ponents of a sample . A potass i um 
b i su l fate fus ion has been successfu l ly appl i ed for the d i ssol ut i on of a 
n�er of TMI -2 samp l es .  The samp l e  i s  s low l y  heated i n  a fus i on chamber 
conta i n i ng Sr ( N03 )2 ano kHS04 , unt i l  the mater i a l  fuses . After 
cool i ng ,  a k nown vol ume of de ion i zeo water i s  added to the me l t .  The 
i nso l ub l e  Sr�o4 t s  removed by centr i fuging and decant i ng the 
s upernatant . An a l i quot of the aqueous so l ut ion i s  avai l ab l e  for I CP-AES 
ana lys t s  of tel l ur i um .  

H NO)/ HF D i sso lut ion 

O f sso l ut ton of meta l s  and a l l oys contaf n f ng te l l ur i um presents no 
ser ious d i ff i cu l t i es when carr ied out i n  HN03/HF so l u t i on at moderate 
t�ratures ( < 100°C ) .  A 1 : 1 : 1  vo l ume •ixture of water , n f tr t c  ac f d ,  and 
hydrof l urofc ac i d  fs qui te effect ive in the d i sso l ut ion of h i gh temperature 
a l l oys . Vo l at i l i zat ion of te l l ur i um i s  on l y  a prob l em when a sampl e i s  
w armed t n  the presence of a halogen , HC l ,  or HBr vapors .  

I n  some cases , the HN03/HF d i sso l ut i on procedure was used to l each 
a nd s o l ub f l t ze surface depos i ts from a base a l loy samp l e .  The d i sso l ut ion 
was not a l l owed to proceed to the po int where the base meta l was 
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s i gn i f i cant ly  attacked . However , the HN03/HF so l ut ions typ i ca l l y  can b e  

expected t o  conta i n  vary i n g  amounts of
.
base meta l s  a l ong  w i th the s urface  

a dherents . I n  these cases , the overal l mass of the so lub i l i zed s amp l e  i s  
not known . Ana lyt i ca l  data on these samp l es wi l l  not prov i de absol ute 
e l ementa l concentrat ions ( s uch as ag  Te/g samp l e ) ,  but rather rel at i ve 

e l emental  const i tuents ( such as wt%, norma l i zed to a g i ven major e l ementa l 

component . 

Ana lyt ical Method 

A n umber of ana lyt i ca l  methods are avai l ab l e  for the determi nat i on of 
tel l ur i um i n  a var i ety of i norgan i c  mater i a l s . However , the conven i ence , 

s ens i t i v i ty ,  and i nterferences of any g i ven techn i que must be eva l uated 

w i th con s i derat i on g i ven to the samp l es of i nterest . The analyses method 

for the TMI-2 sampl es shou l d :  ( a ) a l l ow for rap i d  qual i tat ive e l emental 

ana lyses ( to screen for stai n l es s  stee l content ) ;  (b ) a l l ow for rap i d 
m u l t i e l ement q uant i tat ive  analys i s  ( to determi ne Fe/Ni /Cr/Te rat i os ) ;  and 
( c )  exh i b i t  max imum sens i t i v i ty (to l imi t preconcentrat ion in sma l l 
s ampl es ) .  Grav imetr ic  methods are i nappropr i ate for the analys i s  of TMI -2 
samp l es for several  reasons , i nc l ud i n g  l imi ted accuracy and ser ious 
i nterference from heavy meta l s .  Vol umetr ic  methods for tel l ur i um 
determi nat i ons general l y  are based on d i rect or i nd i rect redox t i trat i on s . 

Ho wever , they are most appl icab l e  for tel l ur i um concentrat i ons i n  the 

mi l l i gram range . E l ectrochemica l  methods for the determi nat i on of 

te l l ur i um can be q u i te sens i t i ve ,  but they requ i re r i gorous control of 

e l ementa l  ox i dat ion states ; l ead and other meta l s  pose ser ious 

i nterferences . X-ray f l uorescence i s  capab l e  of estimat i ng tel l ur i um 
concentrat ion i n  a l l oys down to the 1 -ppm range . However , the presence of  
s e l en i um i n  t he  samp l e  can  dramat ical ly affect the detect i on l imi t .  Atomi c 
adsorpt i on spectroscopy i s  a conven i ent method for the analys i s  of sma l l 

amounts of tel l ur i um ,  but  conven ience i s  s acr i f i ced for samp l es requ i r i ng 
mu l t i e l ement ana lys i s .  

Atomic  emi s s i on spectroscopy ut i l i z i ng an i nduct i ve ly  coup l ed p l asma 

exc i tat i on source ( I CP-AES )  i s  a part icu l ar ly  usefu l method for the rapi d 

q ua l i tat i ve or quant i tat i ve ana lyses of mu l t i p l e  e l ements i n  a var iety of 
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samp l e  -.tr ices . The ICP-AES i nstrument ut i l izes an i nduct ively coup led 
argon p l a$Ma as an exc f tat fon source for the samp l e .  Becau se o f  the h igh 
te.peretures and h i gh exc i tat ion power of pl asmas , pl asma emi s s i on spectr a 
are extremely l f ne r ich . Qua l i tat ive ana lys t s  f s  accompl i shed by an 
ana lys t s  of the wave lengths of the emi tted l i ght ; quant i tat ive ana lys i s  
r e l ates the i ntens i ty of emi tted l i ght to the concentrat ion of a g i ven 
e lement . The ICP-AES i nstrument to be used for ana l yses of TMI -2 samples 
f s  a Leeman L abs P l as.a-Spec .3 Th i s  i nstrument has the fo l lowi ng 
capab i l i t ies wh ich mike f t  appropr iate for use w i th TMI -2 samples : 

• Qua l i tative Ana lys t s  Mode--The use of th f s  mode a l l ows for rap f o  
screen ing o f  a sample  for u p  t o  20 user-selected e lements . Th i s  
w f l l  a l low an i n f t ta l  determinat i on of samp le  matr i x  ( d i ssolved 
sta i n less , z irca loy ,  contro l rods , etc . ) i n  order to ident i fy 
necessary background correct ions . 

• Quant i tat ive Mu l t te l a.ent Mode--The use of th i s  mode a l l ows for 
the rap i d ,  sequent i a l scann ing of up to 20 wavelengths for 
user-se lected e lements . Concentrat i ons of i nd i v i dua l  e lements  
are ca l cu l ated based on  prev ious ly entered ca l ibrat ion curves . 
For most e lements , the s i gna l i ntens i ty exh ib i ts exce l l ent 
l i near i ty over 3 to S oroers of magn i tude . Th i s  mode w i l l  a l low 
for rap i d  quant i tat ive ana lys t s  of a l l the e lements of i nteres t 
( Fe ,  � f .  Cr ,  Te , Zr , U ,  Cu ,  Sn , and Mo ) .  

• Oetect ton L fmi ts-- ICP-AES detect ion l imits  for e lements to be 
ana lyzed f n  TMI -2 samples are presented tn T ab l e  A- 1 .  The 
detect i on l i• it  for te l l ur i um ( 1 5 ng/ml , 15 ppm) is the most 
cr it ica l , s i nce trace quant i t ies may be present i n  some samp les . 
The concentrat ion of natural tel l ur i um doped t n  sta i n l ess  steel s 
( typi ca l ly S to 1000 ppm) i s  wel l w f th f n the i nstrumental 
detect ion l fmtt .  

A number of the TMI -2 grab samples ava i l ab le for Te ana lys t s  are i n  
the 10 to 200�g s i ze range . The d i sso lut ion procedure brought the tota l 
v ol ume of these samp le  so lut i ons to 20 mL .  I n  order for the te l l ur i um i n  
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TABLE A- 1 .  I CP-AES DETECT ION L IMITS 

E l ement 

Tel l ur i um ( Te )  

I ron ( Fe )  

N i cke  1 ( N i ) 

Chromi um ( Cr )  

Z i rcon i um ( Zr )  

Uran i um ( U )  

T i n  ( Sn )  

Copper ( Cu ) 

Molybdenum (Mo )  

A-8 

Detect i on L imi t 
{ng/ml l 

1 5 . 0  

0 . 09 

0 . 2  

0 . 08 

0 .06 

1 . 5 

3 . 0  t 

0 . 04  

0 . 2  



so l ut i on to be detectab l e  wi thout preconcentrat ion ,  a mi n i mum of 300 ng Te 
must be present .  F or the 10  to 200 mg s amp les , th i s  requ i res approx imate l y  
1 . 5 t o  30 ppm te l l ur i um. Those samp l es i n  wh i ch the tel l ur i um 
c oncentrat i on i s  be low the detect i on l im it  (as ev i denced by the qua l i tat i ve 
scans ) w i l l  be reta i ned for subsequent te l l ur i um separat ion/concentrat i on . 

Separat ion Methods 

The d i rect determinat ion of TMI-2 samp l es may be proh i b i ted by one or 
more of the fol lowing factors . F i rst , the samp l e  s i ze and/or ana l yt i c  
c oncentrat i on may be too sma l l  to reach the T e  detect i on l tmi t .  I nd i v i dua l 
samples from the same bu l k  fract i on may be conso l i dated t f  samp l e  s i ze i s  
t he l tm t tat ton . A ser tes of separat i ons des i gned to concentrate the 
tel l ur i u.  m i gh t  be suff i c ient to a l l ev i ate the prob l em of ana l yt i c  
c oncentrat i on .  A second factor wh ich mi ght  prec l ude the d i rect 
deten.inati on of tel l ur i um wou l d  be the presence of s i gn i f i cant quant i t ie s  
o f  i nterfer ing e l ements . Despi te the fact that te l l ur i um has 764 emi ss i on 
J i nes . on l y  a l imi ted number are appropr i ate for ana lyt i ca l  use.  H i gh 
c oncentrat i ons  of e lements w i th s trong emi ss ion l i nes i n  the i mmed i ate 
v ic i n i ty of Te emi ss i ons  might requ ire that the tel l ur i um be i so l ated from 
t he i nterfer i ng spec i es pr i or to analys t s .  The f i na l  factor wh ich may 
l im i t the d i rect determi nati on of te l l ur i um i n  TMI -2 samples  t s  the 
e ffect i ve rad i at ion dose rate. A typical samp le  vo l ume for mu l t i e l ement 
qua l i tat ive and quant i tat ive ana lys t s  i s  approx imatel y  5 to 10  ml . The 
maJor i ty of the tota l  samp l e  vo lume fs released to a ara f n  storage , and the 
rema i n i ng s amp l e  tn the torch compartment t s  vented through a ch imney to 
t he raa i oact ive exhaust sys tem.  The effect i ve dose rate for an t nd t v t dua l  
samp l e  i s  l imi ted to 200 �/h . Th i s  may requ ire that the te l l ur i um be 
s eparated from some of the raa i oact i ve s ample  const i tuents . pr ; or to 
ana l yses . 

The most effect i ve procedures for the separat i on and/or concentrat ion 
of te l l ur i um i n  TMI -2 samples are based on prec i p i tat i ons . reduct ions . and 
t on-exchange techn iques . The most appropr i ate separat i on or concentrat ion 
methods for a g i ven samp l e  can be se lected based on the dose rate of the 
s ampl e  and the resul ts of any pre l imi nary qua l i tat i ve scans . 
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Ion-Exchange 

A method wh i ch makes u se of a Oowex a n i on exchange res i n  i s  
part i cu l ar l y  usefu l for the separation  o f  many o f  the spec i es wh i ch may b e  
p resent i n  TM I-2 sampl es .4 The separat i on i s  carr ied out u s i ng a col umn 

of Dowex I x 8 ,  200 to 400 mesh , ch l or i de form res i n .  The samp l e i s  taken 

u p  i n  an  HF/HN03 so l ut i on ( 1 : 2 by vo l ume ) w i th a total f l uor ide 
c oncentrat ion of 0 . 6  to 1 . 0 M.  The pH of the resu l t i ng  so l ution i s  

adjusted to between 5 and 6 w i th a d i l ute so l ut ion of NH40H . Fol l ow i n g  a 

neutra l wash of the col 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 adequate separat i on of i nd i v i dual  spec ies . 
A d i agram of the separat i on scheme for i nd i v idua l  e l ements i s  shown i n  
F i gure A- 1 , and eff i c i enc ies for se l ected e l ements are g i ven i n  Tab l e  A-2 . 

Sn ( I I )  Reduct ion 

M i crogram quant i t i es of tel l ur i um i n  aqueous ac i d i c  so l ut ion are v ery 

effect ive ly  reduced to the zero va l i ent  state by fresh l y  prepared Sn ( I I )  

s o l ut ions .5 • 6 Th i s  i s  w i de ly  used as a preconcentrat ion method for 
u l t i mate tel l ur i um determinat i ons . 

I n  order to m i n imize a i r  oxi dat i on of Sn ( I I ) ,  the fo l low i ng so l ut ion 
must  be prepared dai l y .  100 mL of concentrated hydroch l or i c  ac i d  i s  added 
to  2 50 g of stannous ch lor i de ( SnC 12 •2H20 ) , and the so l ut i on i s  

warmed unt i l c l ear . When coo l , the so l ut i on i s  d i l uted to 250 mL w i th  
c oncentrated hydroch l or i c  aci d .  

Approximate ly  10  mL of the fresh ly  prepared SnC 12 so l ution i s  added 

to the warm ac i d i c  samp l e  so l ut i on conta i n i ng tel l ur i um .  The resu l t i n g  

s o l ut ion i s  m i xed , coo l ed t o  room temperature , and a l l owed to stand 
und i sturbed for 3 to 4 h .  The prec i p i tated te l l ur i um i s  f i l tered on a 
0 . 6  � m i cropore f i l ter . The prec i p i tation y i e l d  i s  90% for samp l es 

conta i n i ng  <1 40 � g  of tel l ur i um .  

A potent i a l  i nterference in  the Sn  ( I I )  reduct ion method i s  the 
s imu l taneous reduct ion of As , B i , C u ,  Au , Hg , Se , and Ag to the i r  metal l i c  
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Sample IOiutlon 
IHFJ:(�I 1 :2 

L----� 
Eluate 

retained for 
next column 

; 
I 
L----� 

Oowex i X-8 
cr form � mesh  
H20 wash 

I H20 

Zr, Ag, Mo. Sn, I 
rare ear1ha (151M») 

I 
Oowex i X-8 

cr form 200-400 mesh 
10 N HCI wash 
10 N HCI I 

Sc, In, Sa, Co. Cu, Fe 
Ga, Te, Zn, Cd, Au, 

Sb, Hg 

8 N HCI : 
8 N HCI : 
4 N HCI : 
2 N HCI : 
1 N HCI : 

F i gure A- 1 .  Dowex separat ion scheme . 
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Alkalis 
Alkaline earths 

rare earths 
Ni, Cr, Mn, As 

Sc, ln 

Sa 

Co, Cu 

Fe, Ga 

Te 
I UIO 



TA�LE A-2 .  SEPARATION DATA USING DOWEX I X 8 

Eff i c i ency 

E l ut i ng So l vent (Vo l ume)a E l ute (%)b 

8 N HC l ( 1 2 )  I n  1 00 

6 N HC l ( 5 )  Se 1 00 

4 N HC l { 6 )  Co ,Cu  1 00 

2 N HC l ( 8 )  Fe 95 

1 N HC l ( 5 )  Te 1 00 

a .  The n umber i n  parentheses represents the number of col umn vo l umes of 
e l u t i n g  so l vent necessary to effect the separat i on . 

b .  The eff i c iency i s  reported as the percentage of the total e l ement e l uted 
by the so l vent at the moment of e l ution (+0 . 1% ) . 
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states . Th i s  techn ique i s  not genera l ly  appropr i ate for the separat ion of  
a na lytica l ly pure tel l ur i um, but i s  very usefu l for the preconcentrat ion ot 
•i crogra. quant i t i es . 

S� Reduct ion 

T he  reduct ion of te l l ur i um by S� i n  ac i o t c  so l ut ion i s the 
7 preferred methoo tor obta i n ing  ana lyt i ca l ly  pure tel l ur i um meta l . 

A l though the reouct ion can be carr ied out w i th S� a l one , th i s  req u i res 
that no �03 be present i n  so lut ion ,  and a l l the te l l ur i um be i n  the 
+4 ox i dat ion state . The l imi tat ion can be avo i ded by the use of S� and 
hyaraz i ne ,  wh ich effect ive ly reduces e i ther the +4 tel l ur i te or the 
+6 te l l ur i te to the zero va l t ent meta 1 .8 

F i fteen mL of a saturated S� so l ut i on i s  added to a warm HC l 

s o l ut i on ( 2 .0 to 5 � )  conta i n i ng te l l ur i um .  The reduc i ng agent can be 
aadeO by bubb l i ng S02 through the solut ion , however th i s  resu l ts i n  the 

; oss of  s i gn i f icant quant i t ies of TeC 12 through vo l at i l i zat i on .  
Approx imately 10 mL of 15S NzH4•HC 1  i s  added to the S02/Te 
so l ut ion , fo l l owed by another 25 mL of saturated so2 so l ut ion . The 
resu l t ing  so l u t ion i s  brought to a bo i l ,  and a l l owed to bo i l unt i l the Te 
precip i tate set t l es out of so l ut i on ( typ i ca l ly  l ess than 5 m i n ) .  The s l ow 
prec i p i tat ion of tel l ur i um from a warm so l ut i on a l l ows for the formation of 
a more crysta l l i ne prec i pi tate , wh ich i s  more res i stant to a i r ox idat i on .  

Th i s  reduct ion procedure resu l ts i n  the quant i tat ive prec i p i tat i on of 
e lementa l te l l ur i u• if the so l ut ion HC l concentrat ion i s  2 .0 to 5 .0 N . 9 

Th e te l lur i um aoes not prec i p i tate from >8 N HC 1 so l ut i ons . Mercury may 
b e  coprec i p t tated a l ong w i th the te l l ur i um.  

Fe (I l l ) Coprec ipi tat i on 

Coprec i pl tat i on ot te l l ur i um w i th meta l hyorox i des i s  a very ef fect ive 

means of concentrat i ng sma l l amounts of te l l ur i um in  ac i d i c  so l u t i on . lO 

Th e method i s  equa l ly  ef fect i v e for Te ( I V )  ana Te ( V l ) ,  and I s  bes t 
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a ccomp l i shed i n  so l ut ions conta i n i ng  l ess than 400 mg of f ran . Tel l ur i um 
• 

can be preci pi tated from HNn3 by th i s  method , but the sol ut ion must  not 

contai n more than 3% (by vo l ume ) HN03 • 

The s l i ght ly  ac i d i c  samp l e sol ut ion conta i n i n g  100 to -200 mg of  
Fe ( N03 )3 i s  poured i nto an excess of NH40H so l ut ion ( pH 9 . 7 )  w i th 

c onstant s t i rr i ng .  As  the Fe ( OH )3 prec i pi tates , u p  to 0 . 5  mg of 
t e l l ur i um i s  quant i tat ive ly  prec i pi tated . The prec i p i tation yie l d  l owers 

to 65-80% for samp l es contai n i n g  l es s  than 0 . 1  mg of te l l ur i um .  A l so , the 
c oprec i p i tat ion eff i c i ency of te l l ur i um i s  dramat ica l ly  affected by pH. 

For examp l e ,  only a 65% eff i c i ency i s  attai ned at a pH of 8 . 0 .  Because of 
t h i s ,  i t  i s  i mportant that the ac i d i c  samp l e be added to an excess of base 

so l ut i on , and the pH of the mi xture be mon i tored dur i ng  the course of the 
prec i p i tat ion .  

The presence of Zn , co , ana Mo i n  l arge amounts does not i nterfere 

w i th tel l ur i um coprec i p i tat i on , however , more than 400 mg of i ron causes 
d i ff i cu l ty i n  the f i l trat ion of the hydroxi de prec i pi tate . Lead may be 
coprec i p i tated a l ong  w i th the tel l ur i um .  

�eta l Su l f i oe P rec ipi tat ion 

The prec i pi tat ion of tel l ur i um s u l f i de affords a conven ient means of 

separat i n g  tel l ur i um from those e l ements wh i ch form sol ub l e  su l f i des , 

i nc l u d i ng Fe ,  N i , Cs , ana Sr . The major i nterference i n  the method i s  
presented by copper , so an i n i t i a l  qua l i tat ive  test for i ts presence mus t  
b e  run . I f  necessary, copper can be removed by prec i pi tat ion w i th 
hydroqu i none . 

Te  ( I V )  i s  very reao i ly reduced by H2 S ,  but Te ( V I ) i s  cons i derab ly  

s l ower . I n  order to convert a l l the Te ( V I ) i n  ac i d  sol ution to the 
+4 ox i dat ion state , the so l ut ion i s  taken up  i n  d i l ute (<6 N )  HC l and 

warmed ( at < l 00°C ) .  Th i s  ac i d i c  so l ut ion of Te ( I V )  i s  then saturated 

w i th H2S by s l ow ly  bubb l i ng  the gas through the so l ut ion . It f s  

i mportant that the Te� prec i pi tat i on be done co l d ,  1 n  order that the 
r esu l t i ng prec i pi tates are reasonab ly s o l ub l e .  
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D i scuss ion 

The te l l ur i um ana lyt i ca l  methods descr ibed f n  th i s  appendi x  have been 
s e lected for the fr  appl icab i l i ty toward te l l ur f um determi nat ions f n  a 
ser f es of samp les fro. the demaged TM I Un ft-2 reactor . The mater i a l s  wh f ch 
w i l l be ana l yzed for tel l ur i um content t nc l ude sta i n l ess stee l s ,  i nconel s ,  

z i rca loy-4 ,  contro l rod a l loy ,  burnab l e  po i son , fue l , and coo l ant . These 
matr ices are found f n  sampl es from l eadscrews , makeup f i l ter debr f s ,  
reactor bui l d i ng basement debr i s  and l iqu i ds ,  and core debr i s  ( fuel , 
c l add i ng ,  ana structura l  mater i a l s ) .  

The a trect app l f cat fon of te l l ur i um ana lyt i ca l data toward an 
e �p l anat i on of f i ss ion product aepos i t i on i s  compl i cated by the fact that 
there may be ser i ous contaminat i on of TMl -2 samples by natura l te l l ur i um .  
t e l lur i um  i s  rout i nely present i n  s ta i n l ess stee l s  i n  we i ght percentages of  
0 .00050 to -O . t s .  As  a consequence , a l l e lementa l ana l yses for TMI -2 
s ampl es must  be screened for re l at i ve amounts of sta i n l ess  stee l 
coaponents . Ana lyt i ca l  te l l ur i um data from samples wh i ch do not conta i n  
s ign i f i cant quant i t i es of s ta i n l ess  steel components ( Fe/N i /Cr ) may be 
i nterpreted as ar is ing from f i ss i on product te l l ur i um w i th a reasonab l e  
degree o f  certa i nty . Those s amp l es wh i ch conta f n  apprec i ab l e  quant i t i es of  
sta i n l ess  stee l  components must be carefu l ly eva l uated to determine the 
s ign i f i cance of any tel l ur ium data i n  terms of f i ss i on product behav ior . 
I f  the te l l ur i um and Fe/� i/Cr  are present f n  rat fos wh i ch appro� fmate those 
f ound i n  doped stee l s ,  i t  w f l l  not be poss ib le  to e�tract any i nformat ion 
about f i ss ion product te l l ur i um .  However , i f  the tel l ur i um concentrat i on 
f ar e�ceeds the 0 . 1 wtS ma� f�m for doped stee l s ,  some qua l i tat i ve 
i nforma t i on about f i ss i on product tel l ur i um can be i nferred . I n  th i s  case 
q uant i tative f i ss i on prOduct tel lur ium informat ion is not poss i b l e  s i nce 
the concentrat i ons  of doped te l l ur i um can vary over three orders of 
m agn i tude . 

The ana lyt ica l  method to be used for the determi nat i on of te l l ur i um i n  
TMI -2 semp les i s  I nduct i vely Coup led P l asma-Atomic Emf ss ion Spectroscopy 
( I CP-A£ 5) . The i nstrumenta l detect ion l im i ts for the e l ements of i nterest 
( Tab le A- 1 )  are w i th i n  the ranges necessary for the ana lys t s  of most of the 
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TMI-2  samp l es . I n  some cases , when tel l ur i um concentrat ions are be l ow 

i nstrumental  detect ion l im i ts , a ser ies of separat ions  can be u sed wh i ch 

are des i gned to preconcentrate the tel l ur i um .  

I CP-AES  i nterferences genera l ly cons i st o f  s pectral over l ap o r  matr i x  

effects . I n  most cases , ser i ous i nterferences ar i s i ng  from spectra l  

o ver l ap can  be avoi ded by  u s i ng a l ternate analyt ica l  l i nes . For examp l e ,  

the determi nat i on o f  i ron i n  the presence o f  uran i um requ i res that a 
s omewhat unusual  i ron l i ne be se l ected i n  order to avo i d  s pectra l  
i nterferences from uran i um at  other wavel engths . 1 1  I t  i s  important  that  

p otent i al s pectral i nterferences be eval uated i n  any g i ven s amp l e  based on 
the k nown e l ementa l compos i t ion ,  or a qua l i tat i ve survey of i n d i v idua l  
c onst i tuents . 

I n  general , ICP-AES systems are comparat i ve ly  free from matr i x  effect , 

at l east when compared to atomi c absorpt i on spectroscopy . ' I n  most cases , 

m atr i x  match i ng s ampl es w i th standards w i l l  reduce the i nterferences to 

acceptab l e  l eve l s .  For the TMI -2 sampl es a ser ies  of h i gh pur i ty 
m u l t i e l ement  ICP  standards conta i n i ng  Fe , N i , Cr ,  and Te h ave been 
prepared , as wel l as standards conta i n i ng  Fe , N i , Cr , and Te i n  ac i d  
s o l ut i ons  of uo2 and z i rcon i um .  I n  th i s  way,  standards w i l l  b e  matr i x  

m atched w i th the major e l emental consti tuents present i n  core reg ion 

mater i a l s .  The standard cal ibrat ion curves wi l l  be se l ected for a matr i x 

b ased on the qua l i tat ive  e l emental scan . Th i s  shou l d  essent i al ly  e l imi nate 

any matr i x  i nterferences i n  the TMI-2 samp les . 

The i nd i v i dua l  separat i on procedures descr i bed i n  th i s  append i x  are 
appl i cab l e  toward a var i ety of analys i s  prob l ems , however , the most 
e ffect ive  s e l ect i on of appropr i ate methods for an i nd i v i dual  samp l e  can be 
based on spec i f i c  factors . A summary of the i nd i v i dua l ana lys i s  steps 

wou l d  i nc l ude the fo l l ow i ng :  

1 .  Determi nat ion of effect ive rad ioact i ve dose rate for a sampl e 

sol ut i on . 

Samp l e  sol ut ions for I CP-AES analys i s  ( typ i ca l ly  about 5 mL } are 
l imi ted to a 200 mR/h dose rate . Samp l es wh i ch exceed th i s  va l u e  
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wi l l  requ ire some pre l imi nary separat i ons to i so l ate the 
te l l ur i um from the bu lk  of the s ampl e  act i v i ty .  The Dowex 
i on-exchange method , Sn ( I I )  reduct ion ,  or tron hydroxi de 
coprec t p t tat i on m i ght be appropr iate for such an i n i t i a l  
separat ion .  

2 .  Perform a rap i d  qua l i tat i ve e l emental scan for e l ements of 
i nterest ( Te ,  Fe , N i , Cr , Zr , Cu , Sn ,  Mo ) . 

A rap i d  qua l i tat i ve scan of the s amp l e  serves several  purposes . 
F i rst , i t  prov tdes a qu i ck eva l uat i on of whether the te l l ur i um 
c oncentrat i on t s  above or be l ow  the i nstrumental  detect i on 
l im i t .  The absence of a tel l ur i um s t gna l  i nd i cates that 
p reconcentrat i on of the sol ut ion may be necessary . 
A l ternat i ve ly ,  t n  the case of very sma l l samp l es ,  t t  may be 
pos s i b l e  to conso l i aate severa l  smal l s ampl es from the same bu lk  
fract i on .  

Another purpose of  a qua l i tat ive samp le  ana lys t s  i s  the 
eva luat ion of i nd i v i dua l  samp l e  matr i ces . The i dent i f i cat i on o f  
the major e l ementa l const i tuents t n  a s amp l e  serves to target the 
or i g i n  of the mater i a l  [ z t rcaloy i s  i nd i cated by t t n ,  1 7-5 PH 
( sta i n l ess s tee l ) i s  i nd i cated by copper , i ncone l i s  1 nd tcated by 
mo lybdenum] , and prov i de the samp l e  matr i x  for the eva l uat i on of 
e lementa l i nterferences i n  s ubsequent procedures . 

Based on the resu l ts af the qua l i tat ive ana l ys is , a samp l e  1 s  
e i ther targeted for preconcentrat ion/ separat ton .  or ava i l ab l e for 
quant i tat i ve ana lys t s .  

J .  Perform a sequent i a l mu l t ie lement quan t i tat i ve ana lys t s  for 
e l ements of i nterest .  

Quant i tat ive aata for te l l ur i um,  i ron , n i cke l , and chromi um 
shou l d  be obta i ned for each samp l e  t n  wh i ch the tel l ur i um 
concentrat i on t s  above the instrumenta l detect i on l im i t .  Samp l es 
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w h i ch conta i n  s i gn i f i cant q uant i t i es of f i ss ion product tel l ur i um 

( as determi ned by the Te scan and Fe/N i /Cr  rat i os ) may be more 

comprehen s i ve ly analyzed by performi ng  quant i tat ive ana lyses for 
those e l ements wh i ch compr i se the sampl e matr i x . 

E xper imental mo l ar rat ios of se l ected e l ements for i n d i v i dua l  

s amp l es can be  compared w i th nomi na l  rat ios i n  core mater i a l s  to  
determi ne the or i g i n  of a g i ven s amp le  matr i x .  A s ummary of 

e l ementa l compos i t i on for sel ected core mater i al s i s  tabu l ated i n  
Tab l e  A-3 . 

4 .  Perform tel l ur i um separat ion or preconcentrat ion procedures as 
necessary . 

Separat ion of tel l ur i un1 from i nd i v i dual  e l ements may be necessary 

for two reasons . F i rs t ,  the dose  rate of the samp l e  may be too 

h i gh (>200 mR/h ) to a l l ow i ts use i n  the ICP-AES system . The 

major contr ibut i ng i sotopes to the samp le  act i v i ty can be 

i dent i f i ed ,  and separat i on schemes sel ected wh i ch w i l l  
effect i vely i so l ate the tel l ur i um from the bu l k  of the sampl e 

act i v i ty .  I n  most cases , separat ion of the C s  and Sr wou l d  
p robab ly  be suff i c i ent to l ower the dose rate to acceptab l e  

l eve l s .  

Separat ion or preconcentrat ion of tel l ur i um from the bu l k  of the 

samp l e  matr i x  may al so be necessary when i ts concentrat ion i s  

b e l ow the i nstrumental detect i on l imi t .  The exper imenta l 
procedures aescr i bed i n  th i s  append i x  are appl i cab l e  toward many 

s ampl e matr ices . However , se l ect ion of the i nd i v i dua l  method i s  
most effect i ve ly  based o n  the resu l ts o f  a qual i tat ive  e l ementa l 
s can . For examp l e ,  the Fe ( I I I )  coprec i pi tat ion method i s  on ly  
effect ive  for samp les conta i n i n g  l ess  the 400 mg of  i ron . Th i s  
p robab ly  prec l udes use of th i s  techn i que for samp les conta i n i ng 

l arge amounts of steel s .  A l so ,  the i on-exchange method i s  

l im i ted i n  i ts appl i cat ion to l arge sampl es by the l oad i ng 

capac ity of the res i n .  
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TABLE A-3 .  MATER IAL COMPOSITION OF TMI -2 CORE REG ION COMPONENTS 
( wtl) 

M ater i al Fe N 1  Cr Cu � Mo 

304 ss Major 8- 10.5  18-20 

1 7 -4 PH MaJor 3-5 1 5 . 5- 1 7 . 5  3-5 

Z i rcaloy-4 0 . 2  o .  1 1 . 5 3 

Ag Cd I n  
A 1

2
o
3 

B4 C 

Co n tro 1 Rod 80 5 1 5  

Burnab l e  98 1 . 5 
Po t son 
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Because of the rel at i ve l y h i gh eff i c i enc i es of the separat ion  

t ech n iques ( 65 to  - 1 00% depend i ng o n  the exper imental 

cond i t i ons ) ,  these  methods shou l d  serve to i sol ate tel l ur i um i n  
q uant i t ies necessary for I CP-AES analys i s .  
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APP E ND I X 8 
TRAP-ME L T  I NPUT DECK FOR TM I - 2  
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APPEND IX  B 

TRAP-MELT INPUT DECK FOR TM I-2  

Th t s  appena tx  documents the therma l hydrau l ic data , contro l v o l ume 

geometr ies ,  ana tel l ur i um re l ease rates used to setup the TRAP-MELT i npu t 

O eek for TM I-2 . The s tart ana tota l t imes were from 9 180 and 1 2 780 s .  

I nput cards 23 , 24 , 25 , 26 , 2 7 , and 30 i n  the i nput deck are for contro l 

v ol ume geo.etr i c ,  therma l hydrau l ic and source data , respect ively.  
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