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!1. 'TRE' RELEASE OF. FISSION PRODUCT TELLURIUM FROM
LIGHT, WATER REACTOR FUEL-

i

1.1 Introduction:
'

The history'of tellurium release studies began with unciad UO2 heated.

in inert or reducing -atsoepheres. These tests showed high release rates for"

I | fission product tellurius which we define as a rate within a factor of 2 of-
| ;that of iodina. Similarly .we will here consider a low release rate to be

~

i- ione-tenth or :less than that of iodine. Since cesius and iodine generally
'Ij, exhibit similar release rates from-UO2 at. temperatures >1400*C' the same

$ definitions could be made in terms of cesius releases.
I

j ' !. When tests were made with Zircaloy cladding present, the observed 1

' tellurium release rates were significantly lower. This was not always the f
case when tests were run with1Zircaloy-clad UO2 in steam or steam-sir mix- t

f Nures.|It.was-qualitativelyrecognisedthatthereleaseoftelluriumwas~ ~

i,
.

<
1

|- lower when the atmospheric. conditions were less oxidising. In some tests ,

j s'amples of the cladding were examined and found to contain large amounts of
1 1

i tellurium. .However, the parameters affecting tellurius release were never
!

,

j systematically investigated. !

i
'

1.2 Postulated Tellurium Release Behavior
i

| t- Detailed study of the experiment data has enabled us to construct the i

i following semiquantitative behavior model. The rate of escape of tellurius

; from the U02 fuel:itself is approximately equal to that of iodine over the j

temperature range 1200.to 2800*C. 'Although this equivalency was ressured in;

j hydrogen and inert atmosaheres, we"will presume that it also holds true for f
; steam and steau> hydrogen atmospheres. When Zirceloy cladding is present, I

f. the cladding retains the tellurius and the release from the fuel rod is
'

.

. ,r , drastically reduced, typically by a factor of 30. !
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If the exposure conditions permit continued oxidation of the Zircaloy,
y the cladding will' release the captured. tellurium as the degree of oxidation

' ^M' approaches (100%.: Experimental. data indicate that the presence of stainless
. steel,'at least.at the higher temperatures of interest,'does not affect the

*

above postulated tellurius. behavior. .

The next section of this report . reviews previously. available test data
. in relation to .the ' above qualitative behavior model. In Sect. 1.4 recently

~

acquired information is, reviewed.
,

.

.1.3 Review of Earlier Experimental Rasults

1.3.1 Summary of' tests'with high tellurium release

Tests resulting in high tellurium release are summarised in Table 1.

parker's diffusion release tests show an effect of burnup. For the
,4000 PSid/MT burnup samples, the I, Te, and Ce data were av& aged together -

since the' scatter of data and number of tests made it' difficult to determine
individual element releases. Fifteen additional tests were run with
1000 leid/MT burnup U02 that released fission products generally between the

h' 1 and 4000 mwd /MT samples. The release (vaporisation) of UO2 was not
G

measured. In many of the osall-scale long-ters tests, the vaporization of
UO2 and other normally nonvolatile fission products such as Ce, Zr, and Ru
is significant. This is especially true with Davies diffusion tests.

The tungsten resistor and ORR in-pile tests show that the presence of
stainless steel cladding has little effect on overall tellurium release when

fuel samples are heated to very high temperatures. Oxidation of stainless-
steel clad UO2 at very high temperatures' also results in high tellurium
release.- Oxidation of unciad UO2 in air at lower temperatures (ORNL-3981)

does have an effect on the relative releases of iodine and tellurius. Their
release rates depend both on the temperature and time or completeness of
oxidation. Several ORR in pile melting tests were run with Zircaloy-clad

,.

high-burnup UO . The te11urina data from these tests were not completed and |2
,

published because of a change in program emphasis at the time.

Only three tests with Zircaloy-clad UO2 showed high tellurium release. ;

These are tests CNF 9915, the CDE tests, and test HI-2, all of which are
discussed in separate sections of this report.-j

,
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Tette 9. Smenery of teste ulth high release of To

gey Amount released Ifl
Emper Sment Teat eens Burney Temperefore 1Ime
descriptlen No. Cleeding ist tennyttil Atmosphere l*Cl teint me, ur i To Cs se Sr h Ce Zr ue2

Diffesten; # None 7 5 He 9200 330 0.3 0.57 9.63 0.19 0.004 0.08
i Perber 3600 330 2.3 6.0 12.0 9.5 0.2 3.0 0.01

|* 2000 330 19.4 40.4 65.0 16.0 15.0 6.5 M.0 1.0

1
Dif feslan; b name ~l.5 4000 les 3200 330 1.4 6.1 6.5 6.5 0.2 0.04 0.01l

Parker 5600 330 13.9 40.0 40.0 40.0 6.0 9.7 0.5
2000 330 00.0 H .S M .9 M.e 80.0 30.0 3.0

DIffestas;# None ~I.e i H2 4 00 120 0.2 0.5 2.0 0.5 0.5 0.05 <0.001
Davies Name 0.05 8 H2 2010 144 20.0 17.9 49.0 12.0 16.0 14.0 13.0 S.5 7.0

( Tungsten crecible; scene 2.0 t He 2000 2 99.0 94.0 97.0 64.0 2.4 0.44 0.33 0.15 0.36
Parker

|

39.0f I He 940 M e00 -4 30.0 30.0 42.0 41.0 4.5 f.2 0.4 <0.6 0.3
| Tungsten resister hae

| S. S. 39.0 i He Sete-2000 -f $6,0 52.0 31.0 46.0 4.2 1.8 0.S 0.3 . c.2
i ,

9
| 000t lepHe S. S. 6.0 t He -@400 5 06.8 06.0 71.0 0.4 L

| air -9400 5 40.9 72.0 53.0 e.it ,

"Frae first draf t 98U05D-0772. Smoothed date, total of M tests,
b
from first draf t Numsp4772. boothed date, total of le tests. , ,

O A Eltf-st-4 342. Each temperature everage of three tests.
dOmel-3901. Average of sin tests.
# The Technology of Insector Safety Vol. 2. Average of three tests.

fThe Techmelogy of lisector Safety, Vol. 2. One test.

0044L-3043. Average of three tests.

i

1

l

i
*

r !

A



-_ . . _...- __ . ._ ._ __ . . . .

.
-- - . .

4

1.3'.2' Suasary of tests with low tellurium releases

,
Tests with low tellurium rel'este (compared with iodine release) are

'

. listed in Table 2. A few core meltdown (CM) tests without tellurium are
included for. comparison purposes. All of these tests except CM-30 were made
with Zirealoy-clad fuel; some contained stainless steel alongside the fuel .

I
pins. 'It appears that the Zircaloy cladding was only partially oxidized ;

during the. helium and low temperature steam tests.

The SASCHA tests generally ran for 5 to 10 min at temperature; the.

release quantities are = calculated for 1 min ,in order to make rate compari-
sons easier. The release rates for air and steam atmospheres are similar. [

;

We believe that the oxidation of airconium in the melt was incomplete

j because.of the large mass of molten asterial located in the bottom of the
;

crucible.,'Some SASCHA tests were heated by direct induction coupling with

; the Zircaloy and stainless steel in the miniature core sample. With this

i type of heating, the induction currents caused part of the melt to climb up ;

the walls of the crucible thus allowing this material to be in close prox-I
,

'
.inity to the air or steam flowing above the crucible. Other tests were |_

I, heated indirectly from an induction-heated susceptor located just outside of
,

! ' ,- the crucible. We do not know which heating method was used in the various ,

tests and therefore cannot determine whether the difference in exposed melt
j surface area affected the oxidation of melted material and subsequent
j fission product release. A study (NUREC/CR-2182, Vol. 2, Appendix C) showed
j that the vaporization of structural material components in SASCHA tests

_ agreed well with the vapor pressures of the elements. This indicates that
i oxidation was incomplete. i

j i

: The core melt (CM)' tests are also believed to have been run with incom-
;
,

plate oxidation of the melted material. Hydrogen generation measurements ;
'

{
usually show -40% oxidation of the sitconius. The low tellurium and ruthe-

nium releases combined with high barius,and strontium releases are inter- |
'preted as being indicative of reducing' conditions in the melt. Test CM-30r

with no zirconium present retained tellurium and ruthenium.

| Two'other tests with Zircaloy-clad UO2 showed low tellurius release.
Tests CMF 996H and CMF 9925 are discussed' in the following section. !

'
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Table 2. Summary et tests with les rolesee of To

Amenet rolessed Ifl
003

Eapergammt Test asse aisraeme Temperotere iles

4.s.elptten tem. CleNIag igt lleaf/ Mil A- _ 're l*CI telal me, ur I Te Ce se Sr mm Ce Fr uo2

Tungsten reelster 2r 39 8 ten 44001000 4 46.0 35.8 0.8 38.9 9.4 98.9 8.IS 6.S e.86
#

2 m W' 2 m 00-5
Sewed MAN Filt 2 2r $3SS 2004 5 team o tem 1380 at 4.40 0.82 =46-5 a.29

LOCA

SASOtA slamient 2r let 40,000 ele. Air 9908 , 8 -48.8 S.75 7.5 %#
240C 8 92.0 S.8 73.0 0.9 0.e825 0.008 2mW

SASCHA slaufeat Zr les 48.000 sim. Steen 190y I l.6#
2400 9 92.0 7.3 73.0 S.G 0.005 0.006 9.005 0.02

~

4

sunene slaulents 06-20 2r 96,300 sle. Steam + & -4408 -4 48.0 al.e I.S a W
2 m 30-3

On-2tf 2r 625 Steen 6 k 2400 0 48.0 49.9
g5Parber

2r Sol Steam * k 2408 8 9.3 12.7 6
04-09f

2mW un
06 te 2r 986 Steam * & 2408 8

3.--
D. 2S 4 2r ste.e . & -e.e. . ... 3

W3
0 6-96 * 2r 408 Steam * k 2408 8

d 5.S. Steam * Ar 2000 8 <l.S 48.0
06-38

LOCA stamients 2r 33,000 sie. Steam * ten 500-1300 89-1200 98.0 1.9

teresa

#GeIL-Seel. .%te speeted. Average et tee tests.
sencI. Techeol. 9.II, Ausgest 9978, and Gut-4714. IsD2 **** 'I **'** F888 *

#5ee Welley, Ienho, 1999.
d . ,,,, ,,,,,,, ,,,,,,, g ,,,,,,,,,,i ,., ,,,, ,,t ,,,,,e

# olombes, CIhle. Besvamber 9985.C

T w s/On-2eet, voe. 8.
8 m s/Ot-2e m , wel. 2.

G/DD-2009, vol. 3.
AseseEG/On-2299, wel. 4.

dC. W. Perter, personal c-Icetten, Feeb. 84, 8903.
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1.3.3 ~ Susaary of' tests'in the containment sockup facility (CMF) and J

eentainment research installation (CRI)
#'

.. Pertinent test' data from CMF and CRI' runs are shown in Table 3. The
'

fuel specimens in these tests were heated at the melting point for ~2 min.
'

Steam or air flow was adequate for complete ^ oxidation, but the melt ,

geometry any have prevented complete oxidation during the short heating
- period. When Ziresloy was used, the melt often sparked during cooldown, *

'

especially if air was admitted, an indication that oxidation was not yet |
icomplete. ;

Tests.with stainless steel cladding indicated high tellurius release

Jwith'the exception of CMF-9905. The Zirealoy-clad tests had tellurium- -

releases ranging from high to low. For the highest tellurius release test, '

CNF 9915, severe oxidation was reported. The test with the lowest tellurium
release, CMF 9925, did not include air in the gas flowing over the melted !

fuel. |

-The simulant tests used fission product simulants distributed uniformly !

through'the' pellets. Tellurius, ruthenius, and molybdenue powdered metals I

were aimed with D02 powder and the other simulants and cold pressed. The '

'Y '

pellets were not sintered or heated in any way prior. to the release tests. |

Melt residues were not examined for extent of oxidation af ter the tests. j

t

1.3.4 contamination / decontamination experiment (CDE) tests

Five tests were ruS in the CDE facility. Averages of.the test results t

are given in Table 3. These tests were conducted at-22 peig, used short-
1

cooled fuel, sad were heated by high frequency induction. The fuel samples
,

were placed on either 100 or 20 g of crushed UO2 as an insulating base
located in a 1-5/8-in.-ID quarts tube that was temperature controlled with
circulated glycol at ~150'C. The steam flow was reported to be 1.6 ft/s [
"over the fuel" which translates to 63 L/ min '(STF) if the reference tem- !

Iperature is 150*C.
;

'An unitradiated' fuel sample was run and examined. The lower side of
the melt mixture was not completely oxidised although there apparently was

~

plenty of steam and more than enough time to assure complete oxidation. The ,'

7, amount of Ziresloy. was not given, but for the size fuel pin used 5-10 L (STP)

- ()
,
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- of steen total should have been enough for complete oxidation. In test-

:'/ " : CDg-5 gemisamples were.taken at the furnace outlet. The calculated amount' i. )
' of hydrogen formed in 30 min was only 0.3 L (STF), an unbelievably small

'

' amount.-

The releases shown in Table ~ 3' are " releases from fuel and furnace." We
- believe' that most of the fission products released in vapor form condensed
- on or reacted with the cool quarts furnace tube so that transport from the

furnace,was primarily as serosol.

Even'though we cannot evaluate the test conditions completely, it is

clear that the conditions were favorable'for complete oxidation of the

Ziresloy., Ruthenium release was greater than barium and strontius, an indi-
cation that: conditions at the fuel were oxidising. Tellurius release was

essentially the same as iodine as well as we can determine.- This appears to

be a result of complete oxidation of the cladding, but cannot be claimed to

be a very convincing example. Fission product molybdenum release was 0.04%.
No other tests have reported molybdenue release.

' 1.3.5 TREAT transient tests and test FRF-1

In the TREAT transient tests, fissioning in the pellets heated UO2 to
molting'or near setting in less than 0.5 s. The cladding melted or occa-
sionally fragmented. Various atmospheree- vere used as described in Table 3.

' The cooldown rate was not measured because the thermocouples were destroyed

by the temperature transient. Fission product release was usually much less
~ than in other molting tests because'of the short heating time. Splattered

'

fuel and cladding ande it difficult to determine release'from the fuel. Migh

releases-'of Ce, Et, and UO2 are an indication of such conditions. Overall
the stainless-steel clad specimens released somewhat more tellurius (relative
to iodine) than did the tiresloy clad samples. The ratio of iodine to

tellurium release in stainless-steel clad tests was 1.68 the same ratio with
Ziresloy cladding was 3.5. The low trapping efficiency for tellurius was

-probably a result of the poor contact between the melted fuel and cladding.
-

The molting process was apparently. violent, scattering melted cladding and
fuel around the containment. Oxidation of the tirealoy ranged from 41 to .

.

55% based on the hydrogen formed.

h

. -- .- . . . - .
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L Test FRF-1 Table 3, is inconclusive.regarding the release of tellurium.
.

( fH The low temperature and short heating time preclude significant oxidation of
e
'

sitconium. : The rupture opening in the center irradiated rod was such larger j.
.

in FRF-1 than in FRF-2'(Table 2). !

j |
|

1.4 Review of Recent Tellurium Release Data
1.4.1 Eigh temperature fission product release test series

j In the high temperature test series, high burnup commercial FWR fuel [
from the M. B. Robinson reactor was heated in steam at several different

~

'

otemperatures. Tellurium released.from the 8-in.-long fuel rod segments was |-

sessured'by Spark Source Mass Spectrometry (SSMS). Samples of material. '

deposited at several locations in the thermal gradient tube and on or near {
the glass wool filter ~(parts'of the apparatus used for collecting the

released fission products) were obtained by using graphite electrodes to |
>

take smear or swipe samples in as representative a manner as possible. The ;

electrodes were then placed individually in the SSMS and the smear deposits
vaporised for esas number analysis. This technique is only good within a (
factor of 2 per esasurement. Since only part of the system is senared, the j

'
- estiested total tellurium released is subject to an even larger. possible

'

error.
,

r

Data for the three II series testa run to date are listed in Table 4 I
;

Ia .

Table 4 Tellurium release in RI series test !
!

!

I, Cs, Er .b II'"*I'I |
~'Test Temperature Time release Te release oxidised

No. ('C) (ein) (3) (1) (I) {
!

#EI-1 1400 30 1.6-2.8 0.3 40 I

100jEI-2 1700 20 50~ 50-100
-MI-3 2000 20 55 0.6 ~35 !

a
3

5. Robinson pWR fuel, 28,000 mwd /NT.H
Accuracy ~1s within a factor of 2. !

#p ed on posttest estallographic examination.
Essed on amount of hydrogen formed. Steam supply limited maxieue ,

cladding oxidation to 40%.
-..

'

.

t
,

t
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!
V Even though-the tellurius release amounts are only approximate, it is clear I
b W : that auch more tellurium was released in test RI-2'than in the other tests.q :

. t
,

' v- The estent of oxidation of the Zirceloy was essentially complete in that '

test. .The . low omidation fraction shown for test RI-3 is a result of the<
e t
i~ v ' limited steam supply.and the relocation of the Zirceloy after melting. The '

* . relationship between tellurium release and Zircaloy oxidation observed in- [

', . these teste parallels siellar behavior in other teste described above.
j ~ ~

j

1.4.2 Tellurium Release from Core at TMI-2* |
*

: Tellurium sansles from TNI-2.- Determination of the Te concentration
in a highly radioactive. sample requires special analytical methods; there-

4

' fore, the Te level of such samples is;usually missed unless specifically I

searched for. The-main difficulties are (1)' interference from 125ere, which |

; is a relatively short-lived daughter of 125Sb and therefore an indicator of f
j Sb (not Te) transport, and (2) very weak photons from the other radioac.tive ;

f. Te nuclides which require specialised sample preparation and x-ray detection !
>j procedures. i

;

Mass spectroscopy has been used on some samples to determine levels of
'

the stable Te nuclides (126Te, 126Te, and 130Te).

j Rowever, 12 % e with the most prominant gamma, was seen in some early
samples'sent to ORNL. This prompted a special lookout for Te in many of the

i subsequent samples received at ORNL. In addition, some Te concentrations
;

f were reported in the primary coolant (NSAC-30) and in the containment build- j
ing air samples (GEND-005)'. |

; !

primary loos water (no solids). Results reported in NSAC-30 (Table 5.2) f
'

j based on analyses of early primary water samples (29 March and 10 April 1979) !

j indicate that 8-125 of the 1 and Cs inventory was in the primary water, but
only from 0.1 to 0.015 of the Te inventory. This any b due to either ;

j . (1) low Te release from fuel, or (2) low solubility of the Te species in !
_

|. water.
T

i l

| A staple received at ORNL 21 June 1979 (anal. No. 73212) corroborates [

[ lthe NSAC-30 result. Corrected for decay to 28 March, this sample indicated
3

Y
!'

(+
,

"Most of the 'Dft samples at OSNL were received and handled by D. O. Campbell [.
) of the Chemical Technology Division without whose assistance this section

|
'

# cound not have been assembled.

!

< :
-

I I

| .
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that the primary water contained 0.014% of the Te inventory and from 12 to
; - 17%'of the I and Cs inventory. (In the ORNL sample, all the Te activity was

associated with the glass container and none was 'in the water.)

The above determinations were based on 132Te, which f1 the most

prominant activity at short decay times but which soon dissappears

-(T / 2 = 78.2 h) .1

Primary water sansle with solids. Sample No. 73212, received at ORNL
19 Jose 1979, consisted of water plus solids. About 96% of the Te activity
(here 12%e was used for analysis) was associated with the- solids. Combin- )

ing the water and the solide results yields the followingt

Activity ratio in the sansles corrected to 28 March 1979

i

Whole core ratio
Measured fros ORIGEN

129er /131I. o,033 0,034

129er /134Cs 2.9 15.0 i
!
i~

129er.f136Cs 2.1 , 3.s

129er /13/cs 0.70 2.9 I
l
!

P

Since there is no way of knowing whether or not the solids level in this

sample was representative, only highly qualitative-conclusions may be drawn. ;

But it appears from this sample that Te release from fuel rods was roughly f
equal to that.of I and Ca.

(Incidently, about 97% of the iodine activity was associated with the ;

solids in this sempleIf) !

1

The " sues sludae seeste". This sample from the containment building !

contained 13-eL water and 0.389 3 solide. It was analysed in December 1982 {
relying on mass spectrometry for the stable Te nuclides 126, 128, 130, and i

'

13/ s, and neutron activation forstable Cs'nuclides samma spectroscopy for C

12/g ,,4 12D. Again, preponderantly the I and To were associated with the
.

{
solids, while the enjor part of the Cs was in the water.

:

Combining water and solide results and also totaling the nuclides per ,-

) element yields the following ratiost

,

u__ _111_ _ _ --- _ _ _ _ _ . - - - - . __ ___n__--- :
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Concentration ratio in " sump sludae"
t

,

( Whole core
- Measured from ORIGEN i

Te/I 0.785 1.7

Te/Cs 13.0 0.18

Again, the conclusions can only be highly qualitative since there is

only one sample with no possible indication of how representative it is.

But from the above we see roughly equivalent Te and I releases from the core I

and perhaps also Cs, with indication that the Te and I (but not Cs) asso-
: -

cisted preferentially with solids.

Results from the " painted" sample. " Plug 401," which was a painted
steel dise of ~2 3/4 in. dian projecting into the containment building, was
gassa-scanned at ORNL 29 August 1979. Assuming this disk was representative

! of the entire inner containment surface (assuming A = 2.2 x 108 2cm ) yields:
,

Percent of core inventory

/3 on containment wall
Q'i

12 % e 0.045,

| 12Ne 0.12

1311 1.8 ,

134Cs 0.0021
13/ s 0.0016C '

Ferhaps the only implication of this sample is the negative one that it

| does not indicate aggressive Te r,etention in the core region.
f

Containment building air sample. A containment building air sample, I

including associated suspended matter was acquired ~1 May 1980 and reported
in CEND-005 (Table 14). These results include 129er., 129 , 13"Cs, andt

13 / s determinations, from which the following summary may be drawnC
7

1. The air contained 20 uCi 129*re, which represents 4 x 10-9 fraction of
this nuclide projected at this time by ORICEN.

2. The air easple indicated that ~3.2 pCi 129I was in the containment air,

(, which is ~1.4 x 10-5 fraction of the whole core level.

,

, ,-
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4

h f3.; BethE134Cs and;13/cs sample results indicate an airborne level of !
;

I s ~5 x 10-11 ' of whole . core inventory. -
,

, -
-

:
(- s t,

i, - Thus these air'semples? indicate that the normalised level of airborne !

|_ ' To f a the containant was intermediate between I (high) and Cs (low). Some
!~

| oilthe iodine any have' been in the organic iodide foss.
~

,

L
. 1

Conclusions resarding Teirelease from the TMI core. One can perhaps'
;

- state. eely the negative result that no proof;is given here that te was
/-

.

strongly retained in the core region.
|: .

,

L On the other hand, there~1s' sons indication *(referring to the " primary- ,

n .. .,

water plus solide" and " sump sludge".semples) that Te was released from the :
m - . <-

TNI core region'to an approximately equal degree as I and Cs. ;
- _ jm

** - ' m* '

,

#> - 1.5 Tellurium - Metal' Itasalonel j

1.5.1 'Tellertua reaction with stataless steel [

tSuassary of esperimental-results_. Te11ur1~om reacts with stainless 'a
^

- steele7et temperatures as low as 673 K.1 Three stages have been observed in-

.
- -

_this$eaction.l3 Initially"a ' nickel telluride layeN- eontaining some iron,L
!

''d is formed on the surface of the estal. Then a chromi b telluride layer I

foras'between.tse~netalandtheouternickelte11uribbia3er.~ Finally,a
single layer of= chromium telluride forms as t'ha chromium strips tellurium [y

from the less stable nicket telluride. 'The resula is a chromium telluride |
- . , ;

layer with resident, nickel and'. iron on the surface.
. y ,

|w
, ,

The extent oficho three-stage reaction sequence depends on rampera- !

ture, reaction time, and alloy. Thus, in a te'st with 20% Cr/25%'Ni/Nb :

stabilised stainless / steel at a temperature of 1123 K, 0.1 mg Te/1 an2 ;
~

steel reacted almost instantaneously (<<160 s).2 I,nitially two reaction.

layers were observed; then af ter annealing for 50.5 h. (1.8 x 105 s) only |~. , .

one layer, the chromius telluride, was observed..f The.. reaction product
- p

thickness of appronisately 25 m was reported by three differene investi- i

,gators!"3 for the reaction of Te with four different ' stainless alloys at ,!p
1023 K after 1-h espoeTre. The overall width of tho' reaction ione then

/ >
' does rot appear to be sensitive to the alloy content. However, the rela-

tive smoests of Ni-Fe-tsiluride end Cr telluride, appears to vaiy with,..

h, 'a'11oy nickel content and;perhaps with grain aise., y |

p'?) 1-. .

. ,

#'y ,. , . .,. , ,

, v~ 7

f, !
,

, p 3 4

. i .. |
-

! ' ~ ,,U[. b_h ,2,Y .i . ., . _ , ,[s
. _ . _ . , . _ , - , ,

l_ , ,[ fi -. ~ . . , , _, _ _.,;, .
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iTellurium transport-(stainless steel systes). The Ni-Fe-telluride

reaction layer is composed of a nickel telluride containing some iron. The
,

a analysis:of.Te transport related to reaction with stainless steel will focus
,

on nickel telluride. Experimental.results -3 show that this material formsl

first and is less stable than the Cr telluride obtained after annealing.

5The nickel rich side of'the Ni-Te phase diagram shows s' low melting
temperature of.1278 K. Thus, above 1278 K there will be a combination of
nickel and Ni-Te liquid. No studies have reported the rate of the tellurium-

steel reaction under liquidus conditions but it must be extremely rapid.

More important for reactor accident studies, at high temparature the

rate of sublimation of To from the reaction sone will also increase. The

expected result of the combination of-reaction and resublimination of Te
~

is that' tellurium will transport down a temperature gradient. The rate of

transport will then depend on the temperature gradient and the vapor.'

3 pressure of.Te2+
i'

}
The vapor pressure for the reaction:

5 Nite (solid) * Ni (solid) + 0.5Te2 (ass) (1)

is reported 'as:6 -

! i

i log PTe2 = -12930/T + 11.91 (2)
; ; (ma Hg)
i ;

at T = 923 -j l073 K. This equation converts tot

i
j

"

in PTe2 -29772/T + 20.79 . (3)=

! sta e

l a
,

We have calculated the vapor pressure of Te2 according to Eq. (1) from*

; 600-600 K using thermodynamic data from the FACT program.I The resultant
equation is:

9

Te2 -27142/T + 17.98 . (4)| In F =

sta

There is a reasonably good correlation in the PTe2 calculated by Eqs. (3)
and (4). Thus,.. at 850 K, a temperature between the range of these

; equations, Eq. (3) gives 6.6 x 10-7 sta and Eq. (4) gives 8.7 x 10~/ ata.
.

I Vapor pressures can be used to obtain useful estimates of the rate of
_

Te1 resublimation. Of course,. evaluation of actual rates requires kinetic
,

'
~ , - .- .

. . _ , - -
m , . . . , , -. _ . _ . . . , . . , . ~ - . . . _

- , - , . , , - . , . _ . , , , .,_ . , . _ _ . _ . _ _ .,..r_,__ . . , _ , . ,_ _
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I- studies, but from thermodynamics.we can'obtain the maximum rate using the

O Retts-Langsuir equation:8
'

F (5) j
'

y..
ata (2sMRT)1/2

e

+ ' where j
,

.!

g.=maximunfluxfromthesurface(mol/cs2 ,),
s ,

. -

" 'M =. molecular weight (3/mol),

,R =. gas constant (erg /mol K'), _;
'

-

'

T =~ temperature (K),

2- '? = equilibrium pressure (dynes /cm ), 42

Table-5'was calenir.ted using pressures calculated from Eqs. (3) and ;
:

(4) in'the appropriate temperature ranges..
'

.

;

Table 5.- Tellurium vapor pressure above Nite and-
aszimus Te2 flux'vs temperature

t

; ;T(K) 'J-(sol /cm2) .P* (ata)
t

U 600. 1.65 x 10-13 1.45 x 10-12
! .700 9.77'x 10-11 9.31 x 10-10

800 1.16 x 10-8 .1.19. x 10- /
4.25 x 10~/ 4.60 x'10-6900 - c

_ 1000 1.10 x 10-5 1.26 x 10-'' |
1073 8.26 x'' 10- 5 ' 9.52 x 10-'' I

4

!
;

]
Conclusionsi reaardina Te reactions with stainless steel'.- Tellurium

reacts readily with stainless steel components under isothermal equilibrium

< . conditions.- However, in an open system in a temperature gradient, the

tellurium vapor pressure over nickel'telluride'should bring about resublina- -

- tion of tellurium which would then' migrate'down the temperature gradient.

Calculated values for the asximus' rate of resublimation (Table 5) show a,

!*

rapid increase with-temperature.

'

.The reaction with' stainless steel and the desorption of tellurium.

,_ .

should be relatively. insensitive'to oxidation effects. Chromium would be
7 '

the'first metal in this system to form an oxide. Nickel oxide would.not
i

A--;
,

'
i

.-

k g

I

e - 3p#4 4 *+***W9' - =*
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- fore unless significantly larger amounts of oxygen was available; and
, ,

p tellurium oxide has an' oxygen potential of only -12 kcal/mol 02 at
.

- 1500 K.8 -
.

|1.5.2 Tellurius' reaction with sirconium4

Summary of Experimental Easults. Tellurium reacts with sitconium at

temperatures as low as 673 K.10 Studies carried out over a temperature range
,

i of 92h1273 K,' with Zirealoy-4, resulted in the formation of two bands of
.

- - reaction products.3, The outer band was rich sitconium and tellurium and the
inner band was brittle and irregular in thickness; the inner band varied in

;

thickness between %10.us. Tin was distributed at the bottom cf the inner'
,

; . band in a concentration higher than in the bulk. In.another set of tests,
'

'~these.at lower temperatures 673-773 K, tellurius was reacted with both bare '

| Zircaloy-4 and'with profilmed (0.6 us-thick Zr0 -x) specimens.10 After |2

4 . - 11-12 days (9.5 x 10 _1,0-x'go6 s) of exposure at 673 K tellurium deposi- ;
5

tion on. bare metal was 28 ag/ce2 and on the profilmed setal it was *

2j 25 mg/cm . There was no mention in this study of two bands of tellurium

! containing reaction product. It is likely that.the lower temperatures

;
- ) restricted migration of tellurium into the metal, and metal outward

! towards the tellurius.
1 i

; ,

Desorption studies were conducted on the profilmed Ziresloy-4 speci- i
'

men ' The specimen was desorbed 49 h (1.8 x 105 s) at 673 K under con-'

|- tinuous evacuation. During this period, the specimen lost about 20% of ,

the tellurius adsorbed. In another study of the desorption of tellurium,ll

|~ clad specimens containing fission product deposits were heated at 673,

| 923, and 1273 K for b7 h (1.8 x 10 --2.5 x 1046 .s) . Tellurium displayed

thermal' stability up to 1273 K. The apparent difference in desorption ;

! rates is again#most.likely due to the low temperature of the study cited
j. from ref. 10. At,673 K the telluride formed should be ZrTe5, at 1273 K

the telluride would be Zrt xTe.
Tellurium; transport. There are five different zirconiuar-tellurium com-

a

j pounds,:Zr5 eg,' ZrTe, Zrg_xTe , ZrTe 3, and ; ZrTe 5,12 . The phase diagram f orT

this system has.not been studied:in-the zirconium-rich (>70 at. %) region.

f.
. The compounds ZrTeg. ZrTe,^ and Zrt_xTe are stable -above .1000 K, the others-

j. g . are'not. .' Zr l-xTe has a composition range between 52 and 66.6 at. % Te at
~

The liluidus-temperature for;this compound is about'1870 K. Not973 K.: l
: .;-

o ;

,

4 9r.'=ar w+ ean k * eme % =Wo.*e =*+- x* - ;* a w * aas M= '. * = ~ * PP = -9 *

:. . . --- . a. - - - , - .. . - - .. - . - . - -.- .
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surprisingly, liquidus temperatures on the tellurium-rich side of the phase
t'" diagram are much lower.
>w

Tin formsLa telluride with a nominal composition of SnTe and a

homogeneity range of. 50.1-51.1 at. % Te. This compound melts at 1077 K.13

- Thermodynamic data have been estimated for ZrTe2 and ZrTe3 9.14 The ,

ZrTe2 CO* pound appears as Zrt xTe in the most recent phase diagram for
this systes.ll - The free energy for the reaction:

Zr '(solid) + 2Te (gas) * ZrTe2 (solid) (6)

is reported to be

AG = -107500 + 40.13 T (7)
r

at -T = 298 -- melting point of ZrTe2 Th'is data is based on an estimated
heat of formation and entropy at 298 K.14 The data at 298 K were assigned

- an uncertainty.of 128% for heat of formation. The uncertainty in AG
values;at higher temperatures would be even greater than at 298 K. Never-<

theless, since -this is the only data available for zirconium-tellurium

, . compounds, it will be used to calculate tellurium vapor pressures with

( assumed uncertainty values of 30% in.the AG data. |

The vapor pressure of Te2 over <ZrTe2> calculated from Eq. (7) is given !

by:-

,

Te2 = -54096/T + 20.194'. (8)in P '

ata
,

Table 6 shows the maximum rate of vaporization of Te2(G) from ZrTe2
calculated using the Hertz-Langmuir equation (Eq. (5)] .- .

Table 6. Tellurium vapor pressure above ZrTe2 and
maximus Te2(g) flux vs temperature

'T (K) - J (sol /cm2 s) P* (ata)
'

800 2.48 x 10-22 2.53 x 10-21
1000 1.66'x 10-16 1.89 x 10-15
1500- 9.18 x 10-9 1.28 x 10-1

,

1

O
.

..we %-% .<c m % s. e- p ** * ** A- ~**-=ee-aw r ., * 7-e m+e ee w * 7 + se"*w - -"**ae+ " 7 - i
'

, - , . - - . ., - ,
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The values in Table 6 for 2 rte 2 may be compared to the values in |

h' Table 5 for Nite.- At 1000 K the maximum rate of Te2(g) vaporization is '

v
.i - 10 orders'of magnitude. lower for vaporization from ZrT*2 Due to uncer-

.tainty in- the thermodynamic values for ZrTe2, the value for Te2(G) flux
could be in error, at 1000 K, by as much as 15 orders of magnitude. How-
ever, even in the worst case of uncertainty, Te2(G) vaporization from
ZrTep is much less:than from Nite. I

4

The: vapor pressures of Te2 over Nite and ZrTe2 are shown in Fig. Is

along with those of several other elements. Lower partial pressures can be ,

expected as a result of alloy formation or solution in molten metals. As a

i .- point.of reference, the fractional release rate of tellurium in SASCHA tests

is usuallyJfound to be between those of tin'and silver (NUREG/CR-2182,
,

Vol. 2, Appendix C). 'The SASCHA tests consist of heating Zircaloy-clad UO -2
J

*

containing fission product simulants along with stainless steel to form a

- molten sixture in steam or air atmospheres.

*

Conclusions regarding Te reaction with Zr. Tellurium reacts readily
i

; with zirconium, even at temperatures as low as 673 K. At the higher ten-

. peratures expected in a nuclear | reactor accident, the most likely phases to
form are as follows: Zrt xTe.on the side of the clad exposed to tellurium
and an inner phase of ZrTe, at temperatures up to 1273 K, above.1273 K the

Zr5 e phase. For calculations here, we.have modeled the Zrt_xTe phase asT

ZrTe2-
.

.
The calculations show that tellurium pressures over ZrTe2 are much

' ' lower than over stainless' steel at the same temperature.

| The reaction of tellurium with zirconium and the desorption of

tellurium may.be sensitive to oxidation effects. Zirconium and tellurium

[ have widely_different oxygen potentials.' At 1500 K, the oxygen potential
I is.-195 kcal/mol 0 , and the oxygen potentialfor the formation'of.Zr02 2

!. for the formation of Te02 is -12 kcal/_mol 0 .9 Thermodynamic data for-2,

ZrTe 2 ' and '. Zr02 indicate that at 1500 K oxygen would replace tellurium'in
.ZrTe2 at oxygen po.tentials more positive than -171 kcal/mol 0 . Under con-2

[ dicions where oxidation of zirconium could. occur, the tellurium released

could either' react.with zirconium not yet oxidized, remain as liquid, or

[> desorb.
; V
I
f

1

1

:

.. ..w9mE . --mw.m+. M - - - =

, . . , . , , . --- . . .- . - , , . , . . - -- -.-.-. . , .3
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.ICompounds of th'e type ZrO *nTeo, n = 2, 3 have been reported. There2

J is no thermodynamic data for these compounds, but.the oxygen potential for
'" tellurium oxide indicates that oxygen pressures far in excess of those

'

necessary to fora Zr02 would be required before Zr0 *nTe0 would form. [2

t

1.6' 0xidation of Ziresloy and its Effect on Tellurium i

IThe oxidation of Zircaloy.in steam occurs in a predictable manner below

~1500*C as a diffusion controlled process. An oxide layer (essent'ially
Zr0 ) forms at the reaction surface. Oxygen diffuses through the oxide to |2

1

form a layer of. alpha zirconium adjacent to the oxide. Oxygen further dif- !
'

fuses into the original beta zirconium. With time the oxide and alpha.

layers grow in thickness until bets zirconium is eliminated entirely. The

oxide layer continues to grow until the alpha layer is also consumed. *

Table 7 summarizes the oxidation o'f 0'.0635-ca-thick Zircaloy at 1400*C in l
;

f steam as calculated by the MULTRAN program. Two-sidedoxidationisassumed|
| to occur four times as fast as one-sided. The oxide and alpha layer thick-:

I nesses listed would be the sum'of the two identical layers. The oxygen con,
tent of alpha zirconium at 1400*C levels out at:-C.4-atom oxygen per atom of.a

.I zirconium.

Several~ tests have provided moderately convincing evidence that when ;

Zircaloy becomes heavily oxidized the release of fission product tellurium i
'

j is high. Test HI-2 was performed at 1700*C in steam. Posttest examination +

kshowed that the cladding was essentially 100% converted to Zr02 and mass i

spectrometry analysis showed high release of tellurium. Test CMF 991S

heated Zircaloy-clad UO2 to melting for ~2 min in air. 5 vere oxidation was9 ,

reported and the tellurium simulant was released. The CDE tests exposed fore

' 20 ~ain in st.eam "at the fuel melting point" released tellurium almost as
i fast as iodine, but the actual test conditions and release amounts are not

clearly understood. Samples from TMI-2 can be interpreted as showing signif- .

icant tellurium release from the fuel.

iL ~The solubility of tellurium in zirconium and the formation of zirconium
'

'tellurides appear to be responsible for the good retention of tellurium in* -

unoxidized Zircaloy cladding. The available: thermodynamic data indicate+

that the tellurides in the cladding will not be decomposed until the clad-
/'^''

.Q ding is essentially completely converted to Zr0 . There is no guideline to'

2

estimate,the rate.of escape of, tellurium caught between two layers of Zr0 - 2

.

I

f ,---..-_---au. . - ..,_L~. . - , . . .
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i Table 7. Oxidation of 0.0635 cm-thick Zircaloy at 1400*C in steam
<

i

t
'

Oxide layer Alpha layer Beta layer
TotalReaction time (min)

Oxygen Oxygen Oxygen weight Percent
;-

One-sided Two sided -Thickness conc. Thickness conc. Thickness conc. gain conversion
*

3 3 3 2
oxidation ' oxidation (ca). (g/cm ) (ca) (g/cm ) (ce) (g/cm ) (g/cm ) to ZrO2'

7.5 1.875 0.0046 1.39-1.51 0.0059 0.186-0.454 '0.0545" 0.0087-0.0782 0.0093 6.5
-

{ 30 7.5 0.0302 1.39-1.51 0.0433 0.299-0.454 0.0 0.0585- 40.9 '

'

b
120 30.0 0.0717 1.39-1.51 0.0157 0.454 0.0 0.1105 77.3.

'

250 62.5 0.0953 1.51 0.0- 0.0 0.143 100

U
. 2 is ~35% complete." Beta layer disappears at ~21 min single-sided oxidation when the overall conversion to Zr0

bThe alpha layer reached near satuation at 80 min single sided oxidation.. The overall conversion to Zr02 was
2 is ~96%64.7%. The alpha layer" disappears at ~197 min single sided oxidation when the oxidation conversion to Zr0

complete.
.

O

4

. , -
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A thin layer of oxide on the inner surface of the cladding does not ;
,,

L(' } seem to be'a barrier to the pickup of tellurium. If the cladding balloons
,

w .. ,,

. - and ruptures with an opening sufficiently large-to permit significant oxida-

tion of the inner' surface, a thick oxide layer could restrict the entry of'

; tellurium. Only a small amount of cladding is needed to react with the
.

tellurium since the Zr/Te atos ratio is ~700 for typical cladding and burnup
,.

of UO - -

'

2

It is quite likely that with most of the induction-heated Zirealoy-clad4

fuel samples demonstrating low release of tellurium (SASCHA, CM series,
. CMF 992S, and CMF 996H) the rate of heatup was fast enough that the cladding

, - melted before the inner. surface was oxidized, thus allowing good contact
between pellets.and zirconium. It is possible that in some tests oxidation

of the inner surface of the cladding did inhibit the pickup of tellurium
,

(CRI-114). No quantitative data' exist that show the rate of release of
,

tellurium from zirconium 'as- a result of oxidation of the zirconium.
,

# In summary then, these observations appear to be consistent with the
chemical considerations outlined in Sect. 1.6, namely: (1).the existence of;

' dissolved Te in Zr or ZrTe formation does not greatly inhibit oxidation of
, .;./' Zr and (2) oxidation of Zr containing Te, either dissolved or as ZrTe,

causes a large increase in Te vapor pressure and consequently rapid evolu-

| tion.

't

1.7 Recommended Interia Tellurium Ralease Model*

Obviously we do not know enough.to prepara a detailed model of,

tellurium behavior. It does appear that tellurium release from the UO2
pellets occurs'approximately at the same rate as' iodine release. However,-

when zirconium tellurides can fora, the tellurium' vaporization rate is

- reduced drastically. The effect of stainless steel mixed with melted

Zircaloy cladding is believed to be essentially that of a diluent that,

thereby restricts'the rate of oxidation of the zirconium and zirconius

tellurides.
]

The question exists as to when zirconius tellurides are formed and when

they are decomposed. Also what rates of release or vaporization exist.for

| the two conditions? -As : stated previously, we believe that the existance of
the low-volatility tellurides is related'to the extent of oxidation of the

!'

*
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- Zircaloy cladding. When single-sided oxidation occurs, tellurium might exist |

( in the low volatility form until 96-100% conversion to Zr02 occurs (see
U Table 7). When two-sided oxidation occurs, especially if it is initiated

before significant snounts of tellurium are released from the UO , much less2,

oxidation might suffice to prevent formation of the low-volatility tellurides

by providing a barrier for diffusion to the metal.

We propose the following model for tellurium release relative to iodine

release for Zircaloy clad fuel. It applies to accidents in which the clad-

ding fails so that oxidation occurs at the inner cladding surface at least

- to some extent.

#

1. When the local degree of cladding oxidation (i.e., in the control

volume) is estimated as less than 90%, we recommend that a " low" Te

release rate'from the fuel plus cladding be employed, this " low" rate

being equal ~to 1/40th of that of iodine.

2. When the local degree of cladding oxidation is predicted to reach or
*

exceed 90%, we recommend use of a "high" release rate, equal to that of

iodine. This "high" rate should be applied to both the Te inventory;

| remaining in the pellet and also residing in the cladding.
J

The above is a gross simplification of what must.actually occur. Keep

in mind that the threshold for change in release rate is based on local

cladding oxidation. Core average oxidation is an unacceptable substitute.

If it is known that the local oxidation is being underestimated, it would be
,

proper to compensate by reducing the changeover criterion to a lesser amount

j such as 70%. This might occur if single-sided oxidation is being calculated

when it is known that the fuel rods have ballooned and ruptured thus allow-
ing two-sided oxidation of the cladding.

The following expressions can be used to calculate the rate of release

of tellurium from.Zircaloy-clad fuel. They are based on the above model and

on the iodine release rate functions presented in NUREG-0772 and in

NUREG/CR-2182, Vol. 2.

With Zircaloy present and oxidation (90%, and for T (fuel temperature.

- *C)-<1600*C:

10-1E e .01061T (9)0kr = 1.65 x
%.'

- where

kr = fraction of tellurium released per minute from fuel and cladding.

.
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For'T >1600*C:

~[ kr = 9.04 x 10-8 e5.22 x 10-3T, (to)s-
'With Zircaloy oxidation >90% complete, and for T <1600*C:

kr =-6.5 x 10-10 .0.01061T (11)

for T >1600*C:
.

r = 3.616 x 10-6 .5.22 x 10-3T. (12)k

The above equations are plotted in -Fig. 2. As in NUREG-0772, the fractional

release rate constant, k , is based on the fraction remaining in the fuelr

and cladding at any. instant.

,

2. AEROSOL FORMATION FROM SILVER CONTROL ROD MATERIALS

2.1 - Mass in Core and General Behavior
*

Most PWRs contain silver control rod elements consisting of an alloy

with composition 81 mol % Ag -- 14 sol % In -- 4.9 mol % Cd. The total mass

.. is ~2800 kg, compared with ~16,500-kg Zircaloy, ~2000-kg stainless steel,

and 79,700-kg UO . Thus the silver alloy makes up ~2.8% of the PWR core2

mass.

Observation in the Core Melt test facility at ORNL indicates that a

rather energetic failure of stainless steel cladding occurs due to genera-

tion of' internal pressure probably accompanied with s' me weakening of 'theo

stainless steel by-the molten silver. The failure temperature is not known;

but is probably lower than the ~1400*C point expected from steel sof tening
alone.

,

In addition, it was observed that the molten silver alloy, released

from the control rod in this fashion effectively wets Zircaloy.. [In con-

. tras t , in tests with bare silver (no steel), no wetting of the Zircaloy

occurred, and a different type of result was' obtained.]
_

2.2 Ag-In-Cd Release in SASCHA Tests

Recent tests in the SASCRA facility at KfK included simulated control

L/', rod mate' rial.- Silver release results from two recent tests in steam are
~

N;'|
shown in Fig. 3; a comparison is shown in this figure for fission-product,

f

silver from an earlier test..
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Note, ~45% of the Ag was released from the absorber rod in the test at
'

, c3 2050*C. The release occurs within the first 5 min of the time at tempera-
'

'

ture. About ~80% of the Ag was released in the test at ~2200*C.

Also note that evolution rates of fission product silver appear to be

comparable to control silver releases in the SASCHA tests.

Albrecht has calculated whole core releases of control rod material

using his observed release rates for a particular core heatup history con-

sisting of 15 min uniformly at 2200*C followed by 15 min at 2400*C for the~

slumped core. .These calculated results are as follows:

Control rod material release from core from
Albrecht using SASCHA data

^

Percent release
from core

Ag 75
In 20

: Cd 100

!-

j ' 2.3 Ag-In-Cd Release in Core-Melt Tests

j Significantly lower control rod material releases are currently being

observed by G. W. Parker in the 1-kg Core Melt Facility. These tests employ- !

,

~1 kg of representative core mass; however, the temperature distribution in
these test samples are now well known.

Control rod material releases reported by
Parker in 1-kg Core Melt Facility Tests

,

J

Percent release |
from core

Ag 6.1
In 5.4
Cd 53.0

l

*
.
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metallic form. In two test cases using MARCH currently being reviewed at

^7) ORNL,- H /H 0 ' ratios in the reactor vessel were generally less than unity'

2 2
'#

, throughout most of1the core heatup time. Based on this very limited view,
..

it _ is judged that indium aerosol would, in contrast with Cd and Ag, likely

to be'the oxide, In2 3, rather than the metal.0 i

2.5 Chemical and Metallurgical Considerations

Some important physical and chemical properties of these materials are

given below:

,

H /H O ratioMelting Boiling-- 2 2
point point below which'

('C) ('C) oxide forms
'

,

Ag i 961 2163 Low
In :167 2073 ~1
Cd ;321 767 ~0.01
Ze 1852 4409 High

.In2 3 10 --

Zr02 2700 --

( Since anticipated H /H O ratios may be in the range ~0.1 to ~1 (based2 23

on a very limited exam nation), we may exp,ect that released Ag and Cd remain
in the elemental form. On the other hand, released indium may be either
elemental or as In2 3, 'since its H /H O transition is in the expected range.0 2 2

1

In comparison,1Zr is extremely oxygen acquisitive and will tend to7

become Zr02 at all except the most minute H /H O ratios. '
2 2

We should also note that Cd* and In' are significantly more volatile
than Ag' and thus have greater chance for vaporization and advection as a
gas. However, indium oxidation, if it occurs, would greatly reduce its

volatility. 1

'

Solubility in Zr. Examination of the Ag-Zr, In-Zr, and Cd-Zr binary
phase diagrams indicates high solubility of Ag, In, and Cd in:Zr.

Therefore, if conditions allow dissolution in Zr, the vapor pressure of
these materials would be reduced approximately by its local mole fraction in
the resulting alloy (Raoult's law).

.

p .
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However, such alloy! formation would not inhibit Zr oxidation which

~ involves'far stronger chemical binding forces In the event of Zr oxidation,- .

V any dissolved Ag, Cd, or.In would exert its higher elemental vapeor pressure.;

j . As noted above, Zr oxidation conditions could possibly oxidize In as
-

well, in.which case the In vapor pressure would revert to a much lower level,

t

typical of the oxide.

.

;- 2.6 Recommended Interia Release Estimate for Ag-In-Cd

' - It is apparent from the above that the release of control rod alloy

from the core region involves complex physical and chemical processes
requiring.some care and_modeling sophistication. In the interia we recom-

_

; mend the following procedure based upon the above discussion.
;

! Recommended interim silver alloy release-from fuel model
i

i 1. Assume failure of the control rod cladding at T = 1400*C; i.e., when

i the maximum control-volume temperature along.the rod reaches this
*~value.,

_.2. At the time of rod' rupture, assume ~5% of the'Ag, 5% of the In, and 50%
j of.the Cd becomes aerosol in the RV gas space.-

3. Linearly increase _the degree of release as.the predicted local core
temperature rises, such that as the melting point is reached, 50% of-

, the'Ag, 15% of the In, and 80% of the Cd in the control volume becomes --

:-
aerosol.,

4. If local temperatures - are predicted to rise above the melting point'

,

(~2300*C)', the balance. of the control rod alloy ~ aaterials should be
released asL2800*C is reached.

!

i
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