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(1) Obfestive

The Eish Tempera ture Fission Prodnet Chemistry program
provides quantitative data and models on the behavior of fission
prodsets during severe reaster aseidents. The primary thrusta of
this resesrek are to define ehemical processes that affect
fission preduet transport is the reactor primary system and to
provide models of fission prodnet behavior during severe assidentprosesses. Quantitative data on the rates of fission product
roastions with strastural and aerosol materials la steam andhydrogen atmospheres are produced in this program. These dataare used in computer models of severe remotor assidents such as
TRAF-MELT. Meehamistic models of fission product release during
fuel degradation, steam emplosions, and core debris /sonorete
intermotions are_.being developed in this program. The efforts lathis program directly support the NRC's Interia Source Tern
Study. ,
la) Sammary of Accoun11shments in FT33

As s oupl i shme n t s in the High Tempe ra ture Fission Product
Chemistry Program during FT33 may be categorized as those dealing

_ with fission product traneyort in reactor primary systems and
those dealing with fission product release during severe reactor
aseident prosesses. Studies of chemical interactions that willaffect transport of fission products yielded the f ollow in gresults:

The rate of Cs05 and CsI reaction with Incomel 600 and type.

304 stainless steel at 10000C was fossd to be slow. Reaction
of .sesian iodide involves dissociation to release iodine orII.

'

The reactions of Cs05 and CsI are with the trace constitasats
.

of the steel or Iacomel.

Rates of te11 arias reactions with silver, tia, Zircaloy-2.

oxidized stainless steel and oxidized Inconel in argon and in
steam atmosphere at 500-8000C were seasured.1

I
Desorption rates of tellar.ima bound to Issonel and stainless.

steel were measured and found to obey Arrhenius kine tics.

Borou carbide control rod asterial was fonad to react with.

steau and the prodnots of this reaction react with Cs0E and
CsI. EI or I may be a product of the reaction with CsI.

These results point to two substantive findings la FT83. First,
there is a compe tition be tween reaction of fission products with
structural materials so they cannot escape the primary system and

.

.
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reseties of fission products with aerosols that oss be carrieds

'

from the primary system. Second, mea-fuel materials such as
boroa earbide saa affect the fission product chemical form and
transport b e h a v i o r ...

During FYS3 the VANESA model of fission product release
during core debris /comerate internations was f ormul a t e d. Thismodel was used to calesiste releases expected during severe
aseidents at the Surry. Peach Botton, Grand Gulf, Zion and
Sogueysk plaats as part of the Interia Sourse Tera Study.
Further support for the Interia Sourse Tern Study was provided La
the somesptual formulation of models for fission prodact release ,

during a. team explosions and during fuel molting.
2h. Discussion of Accome11shments in FYg3

The reactions between cosine-iodine composads with
strustarsi materials la steam and hydrogen atmospheres were under
study in FY33. Two stable fission product species predicted to
exist in these environments are Cs05 and CsI. At 1000*C the
reaction of Cs05 with Incomel and of CsI with Insonel' and with

' 304 ss were all slow but the reaction rates were sensured and
,

could be calenisted with the CRCDEP code. (CRCDEP is a calcu-lational model that has been developed in this program for
predicting reaction rates of vapor depositing on the walls of a
pipe with cirenlar cross section.) No iodine was found'in the
prodsats of Cal reactions with surface layers om either the
Incomel or type 304 stainless steel.

At the lower temperatures of 700C and 850C, Cs05 reacted to
form particles on the 304 ss surface. The particles have been

i found to consist of cesian and chlorine at 700C and cesium.'

phosphorus, manganese and alckel at 850C. If these particles
formed in the steam stream, they nucleated and grew to their 10
to 50 na size in several seconds.

These re sul ts are being interpreted in terms of a tendency
for Cs05 to react with volatile species of minor elements in the,

! steel. The produsta of reaction condense under the test con-
ditions which simulate conditions in the primary system of a
reactor during a severe accident.

Reaction rates were se n s ur.e d for tellurina on a variety of
reactor materials (304 ss and Incomel 600 as-received and
proozidized) in argon la the temperature range of 500C to 800C.

|

Measurements have been ande under s imil ar conditions forl

tellarian reacting with silver. Zircaloy-1 and UO
2 Tellurinareacted very rapidly with silver producing silver telluride

whiskers which grew to several millimeters in length. The slightreaction of te11 arias with Zircaloy at 500C. increased at 800C
*

,

!
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astil about 10% of the tallarias reacted with the zircaloy in the
microbalance geometry. The rate of te11arina reaction with-

Zircaloy is controlled apparently by a surface oxide which forms
easily and inhibits reaction at lower temperatures but tends to
dissolve at higher temperstares. Tellarium reacts very slowly
with UOg at 500C. About 7z 10~0 ga/cm2 are absorbed in a bed of0.1 mm UO; particles over a several hour periods the tellurium
desorbs from the UO 2 at 800C,

The reaction of tallarise with preozidized Inconel 600 was
fossd to be somewhat slower than with Incomel in the as-receivedcondition. Nickel telluride reaction compounds changed from the
leading edge to the trailing edge of th e Ineonel compos and were
identified. The rate of diffusion of metals through the reaction
layer and the thickness of the layer control the reaction rate

.and the composition of the product. Several percent of hydrogen
appears to have no effect on the reaction between te11arina and
Incomel.

A

The desorption of tallarium from me tals was studied. At
temperatures greater than 800C, te11arina desorbed from Incomel
which had been previously exposed to tellarium. Specific
desorption races were me a s,are d as a function of temperature usingsamples of Ni

2.86Te2 (which had formed on Incomel) and Fe;,;3T*2(which had formed on 304 sa). With the iros telluride, additions
of hydrogen to the argon-tellurium stress had no effect on the
desorption. However, hydrogen decreased the stability of the
nickel tellurids by a factor of about five.

A series of experiments were begna in the steam facility to
examine reaction rates of te11arina with structural materials insteam and hydrogen. Absorption of te11arina on Inconal indicates
the reaction rate is rapid and similar to the results for
tellurina reacting in arson. The same is true of te11arina
reacting with 304 ss although the almost 100X thicker oxide layer
made it more difficult to detect sa equal amount of absorbed

! te11arina. The model CRCDEP is being used to estimate rates forI

the te11arina-in-steam reactions.

In the tallurium desorption experiments performed in a
transpiration apparatus, an alumina boat containing tin was

| placed downstress of the tellurides. The moltea tia extracted
from the stress 60% to 75% of the te11arina at 700C and 75% to90% at 900C. This semiquantit a tive experiment indicates that tia'

v ap o r'i z e d from Zircaloy fuel cladding could be an efficient
scavenger for tallarina and might bind the tellarium so it could
not react with structural asterials.,

!

.
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Studies began on the control rod material boron carbide
(B C) in a steam and hydrogen environment. At 1000C boron

-

4

carbide oxidized in steam to form volatile boric acids. The
boric oxide vapors condensed in cooler regions of the system
plagging the 2.5 cm diameter condenser tube. The plug. porous to
non-condensing gases, could act as a particle fil te r and react
with the gases and particles. The boric acids could behave in a

,

similar way in the cooler. small channel regions above a reactor
sore.

When Cs1 was added to the sceau downstress of the BCa4significant amount of cesina was found in the B03 product of B C2 4oxidation. This indicates a prob'able reaction between CsI and
boric oxide. Smaller amounts of cesian were found on the Inconelso either CaI or a cesium-boron compound has reacted with the
Incomel. No iodine was found on either the B 0j2 or the Inconelt

but some was found in the condensed acid plug. A reaction that
,

! conid produce a more stable cesium-boron compound might release'

iodine in th e form of HI,

When Cs0H. instead of CsI, was injected into the steam,
reactions between cesium and B C and be tween ce sina and Inconel4

i. were similar to those obse*rv-ed with CsI.

Calanistions suggest Cs2 No04 is a stable cesina species
within the fuel rod. Several experiments suggest it any not be
stable in the primary systou of a reactor during a severe
accident. In a flow of argon Csg Mo04 did not evaporate at
temperatures up to 10000C. Addition of Hg to the argon led to
evaporation beginning at tempe ra ture s of about 6000C. Masa loss
accelerated above th e melting point of Csg No04 Addition ofwater vapor to the H 2 stream decreased the mass loss. CaOH
appears to be the vaporizing species.

Raman spectra of te11arina, steam, and HI were ca l ib ra t e d
with the laser-Raman spectrometer against the spectrum of

; nitrogen. A flowing system was developed to calibrate spectra of
those fission product species that are corrosive to quartz. used
for closed cell calibration. The flowing system can handle any
carrier gas including steam. CsI and Cs0H are being calibratedI

in an argon carrier and then their behavior in steam and hydrogenwill be azamined.

The VANESA model of aerosol and fission product release
during core molt / concrete interactions has been formulated.
Generation mechanisms included in the model are:
1. Vaporization of the species at high temperatures encountered

in the melts which is accentuated by sparsing gases from
! decomposing concrete.
I
!

l
l
i
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2. Aerosol formation by bubble bursting. *

These processes have been compiled in the model to determine:
i 1. The release rate of refractory species

2. Composition and properties of the released asterial
3. Size distribution of the aerosols formed in the release

prosess
4
'

'Frediations of the VANESA model compare well to predictions
from an empirical correlation of experisestal data on aerosol,,

8

mass ge ne ra tion. The model predicts that at later times in sa
aseident, release will be dominated by aerosol created when
bubbles burst at the melt surface. This would provide a small
but long term source of fission products to the contalassat
atmosphere. Model,sessitivity of vaporation release was found to
be linear for gas flow through the melt and for activity,

coefficients of the melt coastituents. Sensitivity of release toi seit tempe ra ture is exponential.
1

Steam explosions were* identified la the Reactor Safety Study
as a mechanism of fission product release during severe reactor
accidents. Ruthenina release during steam explosions was
estimated to be important. Analyses done as part of the High .Temperature Fission Product Chemistry program suggest that either
chemical conditions will not favor ruthenium release during steam
explosions or the time available for release will not be long
enough to achieve significant release fractions. A conceptual
framework for a model of fission product release during steam
explosions has been feranlated. This model ut il iz e s data from
steam explosions research to describe the nature of debris hurled
into the atmosphere and yielding fission products. The detailed

,

chemical kinetics of release and the duration of the releaseprocess.are calculated.
!

Results obtained with this model are being used in the
Interia_ Source Tara Study.
3a. Anticinated Aeconnlishment in FYg4

The activities in this program during FT84 will concentrate
on the acquisition of expe rime n ta l data needed for the analysis
of fission product behavior during severe accidents. Limitationsof resources will require curtailing model development
activities. Careful definition of the chemical systems to be
examined experimentally will be sa important feature of work
during _FT84 The anticipated activities in FT84 are:

.- - . .. . . . _ -

h

I
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Document results obtained in FT83 on the tellurina desorption
*

'

rates in steam.

Doeunent results obtained in FT83 on the behavior of B C in
*

steam with cosina hydroxide and cesium iodide. 4

*

Conduct experiments to determine the effects of cadmina on the
behavior of CsI, Cs08, and Te in steam.

*

Conduct experiments to determine the nature of competitive
reactione of To with structu'ral materials and with potential
aerosol materials such as tin from zircaloy cladding.

-%
*

Conduct experiments on the behavior of Mo and Ru in steam andhydrogen.
.

*

Model the effects of clad interactions with fuel on therelease of fission products.

Milestones

1st Quarter FT84

(1) Complete topical oport on boron carbide reactions'with
steam, Cs0H and CsI.

(2) Complete topical report on te11arina reactions and
desorption in steam.

(3) Prepare definitions and background material for the next
experimental studies.

2nd Quarter FT84

(4) Conduct experiments to evaluate competitive reactions of To
with tin, silver, and structural materials.l

I

3rd Quarter FT84
|
!

(5) Topical report on the competitive reactions of To.
(6) Initiate experiments to explore the behavior of cadmina.
4th Quarter FT54

(7) Topical report on cadmium behavior in steam and reactions
with Te, CsI, and Cs0H.

{
,

B

!
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(8) Topical report on the thermodynamics of the Zr-Zr02-UO2system.

(9) Initiate experiments on the behavior of No and Ru in steam.
3b. Discussion of Activities in FY84

Experimental data on the chemistry of fission prodacts
needed for NRC activities may be categorized as (1) data needed
for severe sesident analysis models, and (2) data aseded tointerpret results of experiments. Data needed by the TRAP-NELT
model of fission product transport la the primary system are good,

representatives of the first category. Data needed to interpret., fission product release results from the PBF testa of fuel
degradation, and data for interpreting and~ analyzing rossits of.

the Marviken fission product transport tests represent the second
category. It is the objective of the High Temperature Fission
Product chemistry program to supply chemistry data in both
categories.

A large ataber of experimental resnitt were obtained inFY83. Documentation of these re sults will acoupy a sub st antial
portion of the first quarter of FY84 RessLts obtained inexperiments with te11arina reaction in steam with metals and the
behavior of B C in steam with Cs0E or CsI will be completed in4
the first quarter. Also during the first quarter of FY34 plans
will be formulated for further investigations of fission product
chemistry in'the steam and hydrogen environment of the primarysystem during a severe reactor accident. These plans will, at
the end of the first quarter, be reviewed with the NRC.

At this j unc ture the most pressing data needs involve the
following systems:

(1) Compe titive reaction of tellurina with structural and
aerosol asterials.

Previous work in this program has shown te11arina|

firmly and rapidly binds to structural materials found in
reactor cores such as stainless steel. Once bonad the
te11arina would not be able to contribute to the fissionproduct release to the containment or from the . reactor
plant.

On the other hand. it has been shown tha t te11arinareacts efficiently with aerosols such as silver from control
rods or tia expelled during fuel clad oxidation. Te11urina
bound'to these aerosols will contribute to the fissionproduct source term to the extent the aerosols contribute.
A competition then exists in the reactions of tellurina
which must be evaluated to determine the Te source term.This competition may explain why tellurina was able to pass

I

e
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so far down the experiment traia during the recent fuel'

degradation test at PBF.

(2) Effects of cadmium on the behavior of Cs05, CsI. and Te.

Experiments to determine fission product release done
i

at ORNL sad at IfE in Germany have shown that cadmium is
vaporized easily. Large quantities of cadmina vapor could
be expected during severe accidents at nuclear plants.that
use precious metal (As-In-Cd) control rod alloys. Cadmium
is a reactive element and forma stable halides and
tellurides. The presence of cadmina vapors could, them.
alter the behavior of CaI and Te especially the reactions.of,

these fission product species with structural materials.*

Reaction of cadmium vapors with structural asterials could
,

prevent formation of copious cadmina aerosols in cooler!
regions and avoid the effects these aerosols could have onI

agglomeration or settling of fission product aerosols.
(3) The behavior of Mo and Ru in stese ccetaining CsI, Cs0U. andTo.

74 rile molybde*num oxides can be formed in steam
*

environments. These oxides ought to be reactive toward Te
and any, ia' fact, react with CsI. Ruthenina ought act be
volatile in these environments, yet some rathenina release
and transport was observed in the recent PDF test. Some
have argued tha t gaseous RuTe was responsible for this
release.

(4) The behavior of alkali metal fission products in steam.

The volatility of barina and strontina during severe
reactor accidents may be higher than estimated in the
Reactor Safety Study in which stable, gaseous hydroxides

; were neglected. On the other hand, the alkali metals can
1 react with Zr02 to form stable. Iow volatility zirconstes.i

The rate at which alkali metal vapors react with Zr0: is not
; known so the potential sitigation of alkali metal release
( cannot be evaluated.

(5) Effect of manganese aerosols on Cs, I, and Te transport.

Manganese from steel'is expected to be a major.
non-radioactive, contributor to the aerosol produced during
a severe reactor accident.. The Marvikea experiments will
use manganese as a maj or constituent of its "co r ina " s e ro s ol
simulant. Data from the Marviken experiments are to be used
to validate predictions of aerosol and fission product
transport by the TRAP-MELT code. It will be essential then

.

O

|
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to provide deposition veloeity dsta to the TRAP-NELT code on'

the behavior of manganese species and their internations
with "fis sian" cons titaast s such as Te, CsI. and Cs08.

At the carrent level of effort it is feasible to investigste
during FYS4 the first three of these tasks. Prior to initiatingexperisestal work detailed plans for the experiments and
descripties of the thermookemical and kinetic basis for the
experiments will be prepared for NRC and peer review.

.

f Model develoyeest is this program will be curtailed during| FYS4 relative to FY83. A single obj ective of establishing a;
thermochemical description -- suitable for computer codes -- of1

the effects of elad/fael internations om fission product release'

is foreseen. This sodel will be based on the experimental data
being generated by researchers in West Germany. It will attempt
to.deseribe in mathematical form the changes la fission product
activities brought on by dissolution of cladding in the fuel to
form a low setting asterial.

4 Anticinated Activities in FY85

Experimental investipation begna in FY84 will be completed.
Studies of the behavior of alhall metal fission products and the
behavior and interactions of manganese aerosols with fission

i

I

products will begia.
-

5. Related Activities

Results from the High Temperature Fission Product chemistry
program are of direct use to current reactor liosasing activities
concerning the extent and chemical forms of fission productrelease during severe sooidents. In addition, re sul t s of this
work are of direct use to other NRC-sponsored research
activities. Expe rime nt a l reaction and thermodynamic data are
used in the TRAP sad TRAP-MELT codes being developed at Battelle
Columbas Lab. The diassostic methods using Raman spectroscopy
could be used by ORNL for the study of fission product releasefrom fuel rods. A close cooperation with these users of the
research re sul t s is being maintained.

Allied work os fission product release from high temperstare,

( core materials is anderway in Germany. Regular, formal,
information exchanges and frequent informal visits sacas the

,

staff insure that results of the German work are considered inthis activity sad that there is
effort. no. unnecessary duplication of

I

!
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6. Publications,

1. R. A.'Sallash, C. J. Greenholt, and A. R. Taig, Chemical
Interactions 31 Tellurina Vanors gilh Reactor Materials,
NUREG/CR-2921, SAND 82-1145, Sandia National Laboratories,
July 1983.

2. R. A. Sa11 ash, R. M. Elrick, and A. R. Taig, Reaction Between
1333 Cesium-Iodine Connonads agf Resetor galgg h 304ss.Imeonel igg 131 S il ve r, NUREG/CR-3197, SAND 83-0395, Saadia
National Laboratories, September 1983.

6j 3. D. A. Powers and J . E. Brockmana, "R e l e a s e of Fissionl

Prodasts and Generation of Aerosols Outside the Primary1

!
_ . System", Appendiz C in Radionnelide Release Egigg Snecilig

LIX Aceident Condition, Vol. 1 (draft BMI-2104L.
4. D. A. Powers and'J. E. Brockmana, " Status of VANESAValidation", contribution to Vol. 5, BMI-2104.
5. D. A. Powers. "A Model of the Steam Explosion Source Tern,i Sandia Topical R e p o r t .,

, _ .

Anticinated Renorts in _ET54
!

1. D. A. Powers. "Va po r iz a t i o n of Cadmium from Reactor Control
. Rod s ", Saadia Topical Report.

! - 2. R. Elrick, et al., "Te11arina Re a c tions and Desorption fros| Steels in S te am ". Sandia Topical Report.
,

3. R. Elrisk, et al., " Reactions of B C in Steam with Cs05 and4CsI", Saadia Topical Report.
4. R. Elrick, et al., "R e a c t i o n of Te11arina with Tim and Silverin -S t e am ", Saadia Topical Report.
5. R. Elrick, et al., " Reactions of Cadmium with Steel, CsI, and

Te in Steam",,Saadia Topical Report.

_, 7. Subcontractor Information
NA

8. Eauinment Purchases

No major equipment purchates are anticipated.
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