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(1) Qbhiscgive

The High Temperatare Fission Produet Chemistry program
provides quantitative dsts and models on the behavior of figsion
products during severe resctor asccidents. The primary thrusts of
this resenczch are to define Chemical processes that affect
fission preduet tramsport ia the resctor Primary system sand to
provide models of fission product behavior duariag severe sceident
processes. Quantitative data om the rates of fission product
reactions with struotursl asand 8erosol materials in steam and
bydrogen stmospheres are produced iam this program. These data
Are used in computer models of severe reactor accidents suck as
TRAP-MELT. Mechanistiec models of fission product relesse during
fuel degradation, steams explosions, and core debris/concrete
intersctions are being developed iz this program. The efforts in

this program directly support the NRC's Interim Source Term
Study.

2s) Ssmmaxy of Accomwplishments ia FY$3

with fissiom produmct traasport in reactor primary systems and
those desling with fission product ralease daring severe reactor
tccident processes, Studies of chemical isterasctioms that will
affect tramsport of fission products yielded the following
results:

« The rate of Cs0f and Csl reaction with Iancomel 690 and type
304 scainless stesel at 1000°C was found to be slow, Reaction

of cesium iodide iavolves dissociation to release iodine or
!IQ

« The resctions of Cs0H and CsI are with the trace constituents
of the steel or Inconel.

« Rates of tellurium reactions with silver, tin, Zircaloy~-2,
Oxidized stainless steel aand oxidized Inconel ia argom and ia
$team atmosphere at 500-800°C were measured,

+ Desorption rates of telluriom bound to Inconel and stainless
steel were messured sad found to obey Arrhenius kinetics.

. Borom cardide comtrol Fod material was fouand to reasct wvith
steam and the products of this reaction react with CsO0H sad
CsI. HI or I may be a product of the rescstionm with Csi.

These results point to two substantive findings in FY23. Firse,
there is & competition betveen reaction of fission products with
structural materials so they caanot ¢scape the primary system and
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reaction of fission products with serosols that caz bde earried
from the primary systom. Second, non~fusl materisls sach as
borom carbide can affect the fission product chemical form aad
traasport behavior.

Duriag FYS83 the VANESA model of fission product relesse
during core debris/comcrete interactions was formulated. This
model was used to calculate releases expected during severe
sccidents at the Surry, Peasch Bottom, Graad Gulf, Ziom aand
Sequoysh plants as part of the Iaterim Source Term Study.

Further suppert for the Interim Source Term Study was provided ia
the comoeptual formulation of models for fission product release
duriag steam explosions sad duriag fuel melting,

2n. P-Lu-lum—u_hmnmmm

The reactions between cesium~iodine compounds with
structaoral materials in steam and hydrogen atmospheres were under
study ia FY83. Two stable fissionm product species predicted to
exist ia these enviromments sre Cs0B and CsI. At 1000°C the
reaction of CsOH with Inconel amd of Csl with Incomel and with
304 53 were all slow but the reactiom rates weore measured and
could be calculated with the CRCDEP code. (CRCDEP is & calcu~-
lational mode! that has been developed im this program for
predicting reaction rates of vapor depositiag om the walls of a
Pipe with circular cross section.) No iodine was fouasd in the
products of Csl resctions with surface layers om either the
Inconel or type 304 stainless steel.

At the lower temperatures of 700C sad 850C, Cs0H rescted to
form particles on the 304 ss surface. The particles have been
found to coasist of cesium and chlorine at 700C sad cesium,
phosphorus, mangasese asad nickel at 850C, If these particles
formed in the steam stream, they nuclested asnd grew to their 10
to 50 um size in several seconds.

These results are being interpreted in terms of a tendency
for Cs0H to resct with volatile species of minor elements in the
steel. The products of resction condense under the test con~-
ditions which simulate coaditions im the primary system of a
resctor during s severe accident,

Reaction rates were measured for telluriom om a variety of
Fesctor materials (304 ss and Inconel 600 as~received and
preoxidized) iz argom im the temperature range of 500C to 800C.
Measurements have been aade under similar coaditions for
telluriom reascting with silver, Zircaloy=2 and U05. Telluriam
rescted very rapidly with silver producicg silver telluride
whiskers whieh grew to several millimeters in leagth., The slight
resction of tellarium with Zircaloy at S00C, increased at 300C
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satil about 10% of the tellurium reacted with the zircaloy ia the
microbalance geometry. The rate of telluriam reaction with
Zircaloy is controlled spparently by & surface oxide which forms
easily and inhibits resctionm at lovwer temperatures but tends to
dissolve at higher temperstures. Tellurium reacts very slowly
with U0, at 500C. About 7 g 10~9 gn/cm? are absorbed inm s bed of
0.1 mam U0, particles over a several hour period; the tellurium
desorbs from the uoz at 800C.

The reaction of tellurium with preoxidized Inconel 600 was
found to be somevhat slover than with Inconel inm the as-received
condition. Nickel telluride reactionm compounds changed from the
leading edge to the trailing edge of the Inconel coupon and were
identified. The rate of diffusion of metals through the reaction
layer and the thickmess of the layer control the reactionm rate
and the composition of the product, Severasl percent of hydrogen
Sppears to have 2o effect omn the resctiosn between tellurium and
Inconel.

The desorption of tellorium from metals was studied. At
temperatures greater than 800C, tellurium desorbed from Iaccael
which had been previously exposed to tellarium. Specific
desorption rates were messured ss 2 fuactiom of temperature asing
semples of Ni, g5Tey (which had formed om Iaconel) and Fes 1¢Tes
(which had formed om 304 ss). With the irom telluride, sdditions
of hydrogen to the srgon~tellurium stream had no effect o the
desorption. However, bydrogen decreased the stabilicy of the
nickel tellurids by a factor of about five.

A series of experiments were begun in the steam facility to
éxamine reaction rates of tellurium with structural materials is
$team and hydrogea. Absorption of tellurium on Inconsl indicates
the reactiom rate is rapid aad similar to the results for
tellariom reacting ia argon,. The same is true of tellaoriom
Feactiag with 304 ss although the slmost 100% thicker oxide layer
made it more difficult to detect am equal amount of absorbed
telluriom. The model CRCDEP is being used to estimate rates for
the telluorium=-in~steam resactions,.

In the tellurium desorption experiments pevformed iz a
traaspiration apparatus, as aslumine boat containing tiz was
placed downstream of the tellurides. The molten tia extracted
from the stream 60% to 75% of the tellurium at 700C snd 75% to
90% at 900C. Thris semiquantitative experiment indicates that tin
vaporized from Zircaloy fuel cladding could be an efficient
scavenger for tellurium and might biad the tellurium so it could
B0t resct with structarsl materials.
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Studies began om the control rod material boroa carbide
(B‘C) ia & steam aad hydrogen enviroament. At 1000C bdoron
carbide oxidized in steam to form volatile boric acids. The
boric oxide vapors condensed in cooler regions of the system
plugging the 2.5 cm diameter condenser tube. The plug,
son~condensiag gases, could act as & particle filter and react
with the gases and particles., The boric acids could behave in &

similar way in the cooler, small chaanel regions above a resctor
core.

Whea CsI was added to the steem downstream of the ByC a
sigaificaat amouat of cesium was found in the 8203 product of B,C
oxidation. This indicates s probable resction between CsI and
boric oxide. Smaller amounts of cesium were found om the Iaconel
$0 either Csl or a cesium-boron compound has reacted with the
Inconel. No iodine was found on either the 8203 or the Inconel
but some was found in the condensed scid plug, A reaction that

could produce a more stable Cesium~boron compound might release
iodine ian the form of HI.

Vhen CsOH, instead of CsI, was injected into the stesm,

reactions between cesium and B4C aad betveen cesiam saad Inconel
vere similar to those observed with SR,

Calculations suggest Csy MoOg is a stable cesiam species
within the fuel rod. Several experiments suggest it may not be
stable in the Primary systeoem of a resctor during a severe
sccident. Iz a flow of argon Css MoOy did aot evaporats at
temperatures up to 1000°9C, Additionm of H: to the argon led to
evaporation beginning at temperatures of about 600°C. Mass loss
accelerated above the aelting point of Cs: MoO,. Additiom of

water vapor to the lz stream decreased the mass loss., CsOH
appears to be the vaporizing species,.

Raman spectra of tellurium, stoam, and HI were calibrated
with the laser-Raman Specrrometer against the spectrum of
nitrogen. A flowing system was developed to calibrate spectras of
those fission product species that are corrosive to quartz, used
for closed cell calibratioa, The flowing system can handle any
carrier gas includiag stesm. CsI snd CsOB are being calibrated

in an argons carrier and :zhen their behavior in steam and hydrogen
will be examined.

The VANESA model of aeroscl and fission product release
during core melt/concrete iateractions has been formulsted.
Generation mechanisms included in the model are:

1. Vaporizationm of the Species at high temperatures eacountered

ia the melts which is Accentuated by sparging gases from
decomposing concrete.

porous to
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2. Aerosol formatiom by bubble bursting.
These processes have been compiled ia the model to determine:
1. The reloease rate of refractory species
2. Composition and properties of the relessed material

3. Size distribution of the saerosols formed in the release
process

Predictions of the VANESA model compare well to predictions
from en empirical correlatios of experimental dats omn aerosol
Bass generation. “The model predicts that at later times ia aa
scoident, relesse will be dominated by serosol crezted when
bubbles burst at the melt surface. This would provide & small
but lomg term source of fission products to the contaiament
stmosphere. MNodel seasitivity of vuporation release was found to
be linear for gas flow through the melt and for sctivity
coefficients of the melt coastituents. Sensitivity of release to
melt temperasture is exponential.

Steam explosions vere identified ian the Rasctor Safety Study
4% & mechanism of fission product release during severe reactor
sccidents. Ruthenium release doring steam explosions was
estimated to be important, Aoalyses done as part of the High
Temperature Fission Product Chemistry program szggest that either
chemical conditions will mot favor rutheniuom release during steam
explosions or the time available for release will not be long
enough to achieve significant release fractions. A conceptual
framevork for a model of fission product release during steam
explosions has been formulated. This model utilizes data from
Steam explosions research to describe the nature of debris harled
into the atmosphere and yielding fission products. The detailed
chemical kinetics of release and the duration of the release
process are calculated.

RBesults obtained with this model are being used im the
Interim Source Term Study.

3a. Amticipated Accomplishment ig FY34

The activities in this program during FY84 will concentrate
Oon the ascquisitiom of experimental data needed for the analysis
of fission product behavior during severe accidents. Limitations
of resources will require curtailing model development
sctivities. Careful definition of the chemical systems to be
examined experimentally will be an important feature of work
during FYS84. The suticipated activities in FYS84 are:
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* Document results obtained in FY83 oz the telluriam desorption
rates in stesm.

* Document results obtained in FY83 om the bebhavior of B‘C in
steam with cesiom bydroxide asad cesium iodide.

Conduct experiments to determine the effects of cadmiuom oz the
behavior of Csl, Cs0H, and Te in steanm.

Conduct exXperiments to do:oguino the nature of competitive
reactions of Te with structurasl materials and with potential
serosol materials such as tia from zircaloy cladding.

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

Model the effects of clad intersctions wvith fuel om the
release of fission produacts,

¥il
L3t Quaztes FYS4

(1) Complete topicel “eport om boron carbide reactions with
steam, CsOH and CsI.

(2) Complete topical report om tellurium reactions and
desorption in steam.

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

23d Quszser FYS4

(4) Conduct experiments to evaluate competitive reactions of Te
with tiz, silver, and structursl materials.

(5) Topical report om the competitive reactions of Te.
(6) Initiate éxperiments to explore the behavior of cadmiaom.
4th Qll‘il: FYs4

(7) Topical Feport on cadmium behavior in steam and reactions
with Te, CsI, and CsOH.
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(8) Topical report om the thermodynamics of the 2:-2:02-002
system.

(9) Initiate experiments om the behavior of Mo aad Ru in steam,.

3b. Discussion of Acsivities iz Fyss

Experimental date on the chemistry of fission products
needed for NRC activities may be categorized as (1) dats needed
for severe accident snalysis models, and (2) data needed to
interpret results of experiments., Dats needed by the TRAP-MELT
model of fission product transport im the pPrimary system are good
representatives of the first category. Data needed to iaterpret
fission product release results from the PBF tests of fuel
degradation, and dats for iaterpreting and analyzing results 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 im both
Categories,

A large ncmber of experimental results were obtained in
FY83. Documentatios of these results will oceupy & sabastautiasl
boriicna of the first quarter of FYS4. Results obtained in
experiments with telluriam reaction in steam with metals and the
behsvior of ByC in steam with CsOH or Csl will be completed in
the first quarter. Also duriag the first quarter of FYS4 plans
wvill be formulated for further investigatioms of fission product
chemistry in the steoam and hydrogen eaviroament of the primary
System during s severe resctor tccident. These plans will, at
the end of the first quarter, be reviewed with the NRC.

At this junctare the most Pressing datas needs involve the
following systems:

(1) Competitive reaction of tellurium with structural and
serosol materials.

Previous work inm this program has shown tellurium
firmly and rapidly bdinds to structaral msaterials found in
Feactor cores such as stainless steel. Once bound the
telluriom would not be sble to contribute to the fission
product release to the contaiament or from the reactor
plant., On the other Baad, it has been shown that telluriam
feacts efficiently with aerosols such as silver from coamtrol
rods or tim expelled duriag fuel clad ozxidation. Telluriom
bouad to these terosols will contribute to the fission
produact source term to the extent the serosols contribuate.
A competition then exists in the reactioms of telluriam
which muost be evaluated to determine the Te source term.
This competition may explain why tellurium weas able to pass



(2)

(3)

(4)

(5)

s0 far down the experiment train during the recent fuel
degradation test at PBF,

Effects of cadmiunm om the behavior of CsOH, CsI, and Te.

Experiments to determine fission product relesse done
at ORNL sad at KfK in Germany have shown that cadmiom is
vaporized easily,. Large quantities of cadmium vapor could
be expected during severes Sccidents at nuclesr plants that
Gse precious metal (Ag-Ia-C4) control rod alloys, Cadmium
is & reactive element snd forms stable halides sad
tellarides. The presence of cadmium vapors could, thes, -
alter the behavior of CsI and Te especially the reactions of
these fission product Species with structural materials.
Reaction of cadmium Yapors with structural materials could
prevent formation of copious cadmium serosols inm cooler
regions and avoid the effects these aerosols could have on
sgglomeration or settling of fission product serosols,

The behavior of Mo aad Bu ia steac ccerntaining CsI, CsOO, and
Te.

V)" rile molybdenum oxides can be formed inm steam
eavironments., These oxides ought to be resctive toward Te
and may, iz fact, react with CsI. Ruthenmium ought not bHe
volatile in these eavironments, yet some ruthenium relesse
tnd transport was observed in the recent PBF test. Some
bave argued that gaseous RuTe was responsible for this
release.,

The behavior of alkali metal fission products in steam.

The volatility of barium snd strontiaom during severe
reactor asccidents may be bigher than estimated in the
Resctor Safety Study in which stable, gaseous hydroxides
were neglected. On the other hand, the alkali metals can
react with Zroz to forms stable, low volatility zircomates.
The rate at which slkali metal vapors react with Zr0, is not
known so the potential mitigation of alkali metal release
caanot be evaluated.

Effect of manganese terosols on Cs, I, and Te transport,

Manganese from steel is expected to be a major,
Bon-radiosctive, comtributor to the serosol produced during
§ 3evere reactor accideant.. The Marviken experiments will
G%e manganese a3 1 major constituent of its "corium” aerosol
simalant, Data from the Marviken experiments are to be used
o validate predictions of serosol asad fissionm product
transport by the TRAP-MELT code. It will be essential then



to provide deposition veloeity data to the TRAP-MELT code on
the behavior of Banganese species snd their interactions
with "fissiom” :omstituents sach as Te, CsI, and CsOH.

At the curreat level of effort it is feasidle to investigate
during FYS4 the first three of these tasks. Prior to initiating
experimental work detailed plans for the experiments snd
description of the thermochemical and kinetic basis for the
experiments will be prepared for NRC and peer review.

Nodel development ia this program will be curtailed during
FY84 relative to FYS3, A single objective of establishing a
thermochemical description == suitable for computer codes =-- of
the effects of clad/fuel iateractions om fission product release
is foreseea. This wodel will be based on the experimental datas
being generated 3y researchers in West Germany, It will sattempt
to describe in mathematical form the changes ia fission product
sctivities brought on by dissolation of ¢ladding in the fuel to
form a low melting material.

4. A|;‘g‘g|;gg Activities ig FY8s

Experimental iavestigation begum in FYS4 wvill be completed.
Studies of the bebavior of alkali mertal fission products snd the
behavior aad iateractions of manganese aserosols with fission
products will begia, ¢

- Relaced Activities

Besults from the High Tempersture Fission Product Chemistry
program are of direct use to ¢arreat reactor licensing sctivities
concernmiag the extent and chemical forms of fission product
release during severe saccidents, Ia sdditicn, resulcts of this
vork are of direct use to other NRC-spomsored research
fctivities., Exzperimentsl reaction and thermodynamic dats are
used in the TRAP snd TRAP-MELT codes being developed at Battelle
Columbus Lab, The diagnostic methods using Raman spectroscopy
¢ould be used by OBRNL for the study of fission product release
from fuel rods. A close cooperation with these users of the
Fesearch results is being maintained.

Allied work on fission product releass from high temperature
¢ore materials is undervay ia Germany. Regular, formal,
information ¢xchanges and frequent informal visits among the
staff insure that results of the German work are considered in
this activity sad that there is no Gnnecessary duplication of
effore,
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