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1. Introduction

Radioactive iodine is a major contributor to severe-
accident radiological consequences because its impact
depends on both the amount released and its chemical
form during transport through the reactor coolant
system and containment. Although Csl is a major
iodine-bearing  species under light-water-reactor
accident conditions, interactions with accident-related
materials can redistribute iodine from Csl into non-Csl
species such as HI, I, and l,. Because these species
exhibit different transport and retention behaviors,
factors controlling Csl stability are important for
source-term assessment [1,2].

The Phébus FP tests showed absorber-dependent
differences in gaseous iodine fractions between SIC-
equipped FPT1/FPT2 and B4C-equipped FPT3 [3,4].
CHIP showed that Csl remained stable under SIC-
related conditions despite the presence of Mo, Ag, and
Cd, whereas TeRRa-RBS and NUREG/CR-4963 Test
28 showed that Cs-B-O formation under boron-
containing conditions decreased Csl stability and
increased non-Csl gaseous iodine [5-8].

However, because each experiment covers specific
compositions and  thermal  conditions, these
observations alone do not provide a common basis for
evaluating Cs-I phase and species distributions across
SIC- and B4C-related conditions. Thermodynamic
equilibrium  calculations  using GEMS  and
HERACLES-TDB [9-11] provide a framework for
evaluating experimentally identified reaction pathways
across different chemical and thermal conditions.
However, HERACLES-TDB lacks several control-rod-
related species—phase combinations, particularly Cs—B-
O phases, thereby excluding the corresponding cesium-
redistribution  pathways from the equilibrium
calculation. This study therefore extends HERACLES-
TDB with control-rod-related species and reaction-
based representations of data—deficient Cs-B-O
condensed phases. The extended HERACLES-TDB is
evaluated against selected results from CHIP, TeRRa-
RBS-1, and NUREG/CR-4963 Test 28 to examine how
competition among cesium-bearing species affects Csl
stability and iodine redistribution across control-rod-
related conditions.

2. Thermodynamic Database Extension and
Calculation Method

2.1 GEMS Equilibrium Calculation Framework and
Scope

Thermodynamic  equilibrium  calculations  are
performed using GEMS with HERACLES-TDB, a
thermodynamic  database  developed for high-
temperature nuclear fuel and fission-product systems
[9,10]. For a specified temperature, pressure, and bulk
elemental composition, GEMS determines the stable
phase assemblage and species amounts by minimizing
the total Gibbs energy subject to elemental mass-
balance constraints:

G(n):anyj — min, An=h. 1)

where N, and x; denote the amount and chemical

potential of species j , respectively, A is the

stoichiometric matrix, and b is the bulk elemental
composition. The calculated equilibrium is therefore
constrained by the species and phases included in each
defined chemical system.

Each evaluation condition is treated as an
independent, spatially lumped equilibrium state using
the temperature, pressure, and bulk elemental
composition defined based on the corresponding
experimental conditions and reported data. The
calculations therefore describe equilibrium competition
among the phases and species included in each
chemical system. Reaction kinetics, spatial transport,
deposition, and time-dependent revaporization are
outside the present calculation scope. The case-specific
input conditions and comparison quantities are
described in Section 3.1.

2.2 Literature-Based Selection and Implementation of
Control-Rod-Related Species

HERACLES-TDB does not include all species—phase
combinations required to represent the absorber-related
reaction pathways identified in the selected experiments.
Control-rod-related species and phases are selected
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based on experimentally identified reaction pathways
and thermochemical data available in the literature.
Species with available thermochemical properties are
incorporated directly into HERACLES-TDB, whereas
the data-deficient Cs—B-O species requiring a reaction-
based representation are described separately in Section
2.3.

Representative SIC-related additions include Ag-I,
Cd-1, Cs-Cd-I, and In-1 species associated with metal—
iodine pathways that can compete with Csl.
Representative B4C-related additions include B-C and
B-O-H species associated with B4C oxidation and the
subsequent distribution of boron among gaseous and
condensed species. The Cs—B-0 extension additionally
includes CsBsOg and Cs;B4O; as cesium-bearing
species relevant to boron-containing conditions.
Because complete independent thermochemical data are
unavailable for these species, their reaction-based
representation is described separately in Section 2.3.

Species with available thermochemical data are
implemented using standard-state thermodynamic and
phase transition properties, with each phase treated as a
separate species—phase combination. The extension
comprises 19 chemical species and 43 species—phase
combinations, as summarized in Table I.

Table I. Thermodynamic database extension

Chemical  Species—phase

System species combinations Input basis
SIC- 9 24 Thermochemical
related data
B4C and 6 13 Thermochemical
B-O-H data
Thermochemical
Cs-B-O 4 6 and reaction-
based data
Total 19 43 —

The extended database therefore enables equilibrium
competition between Csl and absorber-related cesium-
bearing species, including Cs-B-O species under
boron-containing conditions, to be evaluated within a
common calculation framework.

2.3 Reaction-Based Representation of Data-Deficient
Cs—B-0 Condensed Species

Thermochemical data are available for CsBOyg),
whereas complete standard-state thermochemical data
are unavailable for CsBsOg) and Cs,B4O7(s). Excluding
these phases would remove the condensed Cs-B-O
pathways available under boron-containing conditions
and prevent the equilibrium calculation from
representing competition between Csl and Cs-B-O
phases for cesium. These phases are therefore
represented using the following formation reactions,
with CsBO,() and B,Os) as reference species:

CsBO(s) + 2B,03(l) = CsBs0s(s), 2
2CsBO,(s) + B20s(l) = Cs2B40+(s). 3)
CsBsOsi) and Csy;B4Oys) are treated as pure single-
component solid phases with unit activity. In contrast,
the activities of CsBO, and B,O; used for the reactant
terms are component activities in the pseudo-binary
CsBO,—B,0; condensed system reported by Stolyarova
et al. [12], referenced to the corresponding stable pure-
component states at each temperature. The superscript
PB denotes these pseudo-binary component activities,
distinguishing them from the unit activities assigned to
the pure product phases. Accordingly, the equilibrium
constants of Egs. (2) and (3) are expressed as

_ aCsBSOB _ 1 (4)
CsBsO; ~ ,PB PB 2 = ,PB PB 2’
o acsBo2 (aBZO3) acSBo2 (aszo3)
— aCszBﬂ,O7 — 1 (5)
Cs,B,0 PB  \2,PB PB \2,PB °
o (achoz) a3203 (a'CsBOZ) B,0,

The a" values for CsBO, and B0 reported by
Stolyarova et al. [12] at 800, 900, and 1,000 K are used
to derive temperature-dependent equilibrium constants
for Egs. (2) and (3). Their temperature dependence is
represented as

log K0, (T) =5.283-1.20 x107°T, (6)

109Ky, (T) =18.34504 - 28071x10°T +132414x10°T2 (7

where T is expressed in kelvin. The corresponding
standard Gibbs energy changes are obtained from
AG°(T)=—-RT InK(T). (8)

These values are combined with the thermodynamic
properties of CsBOys and ByOsg to construct the
temperature-dependent thermodynamic representations
of CSBsOg(S) and CSzB4O7(S).

The activity data used for parameterization span 800—
1,000 K; therefore, the reaction-based parameters are
applied quantitatively within this temperature range.
Calculations outside this range are used only to examine
qualitative trends in thermodynamically favored species
and are not interpreted as quantitative predictions of
individual species fractions.

3. Results and Discussion
3.1 Evaluation Cases and Calculation Conditions

Equilibrium calculations are performed for selected
conditions from CHIP #1/#2, TeRRa-RBS-1, and
NUREG/CR-4963 Test 28, to evaluate Csl stability and
iodine redistribution under Mo-, SIC-, and boron-
containing chemical conditions. All experimental inputs
are converted to molar quantities; flow-rate data are
converted using residence times of 10 s for CHIP Phase
I and 5 s for Test 28. The evaluated chemical systems,
calculation conditions, and comparison quantities are
summarized in Table II.
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Table Il. Calculation cases and comparison quantities

Representative

Case chemical system and Compa_rl_son
! quantities
condition
Cs—1-Mo (#1);
Cs—I-Mo-Ag-Cd (#2) Elemental
Phase | (transport): inventory
CH#:E [ile?nd 423-1873 K; ratios;
' Phase I1 I species
(revaporization): fractions
423-723 K
TeRRa-RBS-1 Cs-1-B; Csés‘;‘l";"gsgn
[7] revaporization: 850 K £ P
ractions
NUREG/CR- Cs-1-B-C; -
. ractions;
4963 Test 28 high-temperature elemental
[8] reaction: 1270 K
balances

For CHIP Phase I, elemental inventory ratios derived
from the converted inputs are compared with the whole-
line experimental inventories because the present
equilibrium model does not resolve spatial deposition
profiles. Phase Il is assessed using iodine phase and
species distributions under the reported revaporization
conditions. The converted CHIP Phase I compositions
differ from the reported whole-line Cs/I, Cd/l, Ag/l,
Mo/Cs, and Mo/Cd ratios by 0.25-5.05%, within the
reported uncertainty of 8-10% for elemental mass
determination [5,6]. This comparison provides an input-
consistency check for the equilibrium calculations.

TeRRa-RBS-1 is evaluated as a local equilibrium
state at the 850 K deposition location by comparing the
calculated Csl conversion with the measured decrease
in the iodine deposits. NUREG/CR-4963 Test 28 is
assessed using the distributions of Cs-, I-, and B-
bearing species and the corresponding cumulative
elemental balances.

Because the experiments differ in bulk composition,
temperature, and the physical state of the supplied Csl,
numerical species fractions are compared only within
each experimental condition. Cross-case comparisons
are therefore used to interpret qualitative differences in
cesium and iodine partitioning rather than to compare
species fractions directly.

3.2 Csl Stability and lodine Redistribution under SIC-
Related Conditions

Under the CHIP #1 Phase | condition, non-Csl iodine
species increase over the temperature range in which
cesium molybdate species become stable, as shown in
Fig. 1. Cesium partitioning into Cs—Mo-O species
reduces Csl formation and shifts iodine toward Iz, ),
and Hlg. These results indicate that competition
between Csl and cesium molybdate controls the
calculated iodine distribution under the CHIP #1
condition.
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Fig. 1. Calculated iodine species fractions for
CHIP #1 under Phase | conditions

For CHIP #2 Phase I, Csl remains predominant over
a wider temperature range, while non-Csl iodine species
remain limited, as shown in Fig. 2. Unlike CHIP #1,
where cesium molybdate formation redistributes cesium
away from Csl, the Ag- and Cd-containing system
maintains a stronger association between cesium and
iodine over most of the evaluated temperature range.
The Ag- and Cd-containing system therefore exhibits a
different equilibrium partitioning behavior, with a more
Csl-centered distribution. This tendency is consistent
with the experimentally reported reduction in gaseous
iodine transport in the presence of SIC-related
constituents [6].
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Fig. 2. Calculated iodine species fractions for
CHIP #2 under Phase | conditions

The Phase Il results further distinguish between the
two chemical systems. Under the CHIP #1 condition,
iodine is predominantly distributed to the gas phase as
Iy, whereas cesium and molybdenum remain in
condensed species, as shown in Fig. 3. At 573 K, the
calculated condensed-phase retention fractions of both
cesium and molybdenum are 100%, differing from the
reported values by 0.02 and 0.03 percentage points,
respectively [5]. The simultaneous retention of cesium
and molybdenum in the condensed phase and gas-phase
partitioning of iodine, together with the stability of Cs—
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Mo-O condensed species, indicate a thermodynamic
tendency for iodine to separate from the deposited
material under the oxidizing steam-air condition.
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Fig. 3. Calculated iodine species fractions for
CHIP #1 under Phase 11 conditions

In contrast, Csls remains the predominant iodine
species throughout the CHIP #2 Phase Il temperature
range, as shown in Fig. 4. The calculated gas-phase
iodine fraction is negligible at 443 and 573 K and
approximately 0.01% at 723 K. Consequently,
approximately 99.99% of the iodine inventory remains
in the condensed phase even at 723 K. The persistence
of Cslg indicates that the Ag- and Cd-containing
system maintains the association between cesium and
iodine under the evaluated revaporization conditions,
consistent with the reduced gaseous iodine transport
reported for CHIP #2 [6].
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Fig. 4. Calculated iodine species fractions for
CHIP #2 under Phase Il conditions

Taken together, the results indicate that the
contrasting iodine partitioning observed in CHIP #1 and
#2 can be interpreted by competition among cesium-
bearing phases: cesium molybdate formation reduces
Csl stability in the Mo-containing system, whereas Csl
remains thermodynamically favored in the Ag- and Cd-
containing system.

3.3 Csl Conversion and lodine Redistribution under
Boron-Containing Conditions

Under the TeRRa-RBS-1 steam-boron condition,
74.1% of the initial cesium inventory is distributed to
CsBsOsgs) at 850 K, while 25.9% remains as Csl), as
shown in Fig. 5. The stabilization of CsBsOs) provides
a competing condensed-phase sink for cesium, reducing
the fraction retained as Csl.
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Fig. 5. Calculated cesium species fractions under the
TeRRa-RBS-1 steam—boron condition

Correspondingly, 74.0% of the initial iodine
inventory is distributed to gaseous Hl), lag, and I,
whereas 25.9% remains as Csl), as shown in Fig. 6.
Because cesium is partitioned almost entirely between
Csl and CsBsOg under this condition, the fraction
transferred to CsBsOg directly represents the calculated
Csl conversion. Given the 1:1 Cs-to-l molar ratio in Csl,
this conversion also corresponds to the fraction of
iodine removed from Csl in the local equilibrium
calculation. The resulting Csl conversion of 74.1% lies
within the uncertainty range of the experimentally
measured 76.1 + 6.4% decrease in the iodine deposit
near 850 K [7]. This consistency supports the calculated
local redistribution trend from Csl to CsBsOsgs) under
the evaluated condition.
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Under the NUREG/CR-4963 Test 28 condition at
1270 K, 82.2% of the cesium inventory is distributed to
CsBOy(), while 16.9% remains as Csl), as shown in
Fig. 7. CsOH( and (CsBO2)2q account for 0.5% and
0.3%, respectively. The calculated redistribution of
cesium toward Cs-B-O species is qualitatively
consistent with the experimental observation of cesium,
with little iodine, in the boron oxide layer formed on the
B.4C specimens [8].
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Fig. 7. Calculated cesium species fractions under the
NUREG/CR-4963 Test 28 condition

The corresponding iodine distribution is dominated
by non-Csl gaseous species. As shown in Fig. 8, 59.8%
of the iodine inventory is distributed to Hlg), 23.3% to
I, and 16.9% remains as Csl). Iz and other minor
iodine species together account for less than 0.01%,
resulting in a total non-Csl iodine fraction of 83.1%.
Although the detailed calculated species fractions are
not directly validated against Test 28, the Cs-B-O
distribution is dominated by CsBOy(, consistent with
the CsBO2-centered product pathway proposed for the
experiment, and is accompanied by HI-dominated
iodine partitioning [8].
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The cumulative material balances for Test 28 show
relative differences of —5.4% to —0.2% between the
selected calculated and experimental quantities [8]. The
calculated transported boron amount is 2.57 g-B, which
is 1.9% lower than the experimental value. The iodine
supplied as Csl is calculated as 28.93 mg-l,
corresponding to a difference of —0.2%, while the
calculated iodine amount contained in Hlg) is 17.31 mg-
I, 5.4% lower than the experimentally recovered total
iodine amount. These comparisons provide integral
checks against selected reported boron and iodine
material-balance quantities rather than species-specific
validation of the 1270 K equilibrium distribution.

TeRRa-RBS-1 represents deposited Csl interacting
with boron-bearing steam at 850 K, whereas Test 28
represents gaseous Csl interacting with BiC—steam
reaction products at 1270 K. Under these conditions,
CsBsOgs) is stabilized as a condensed cesium-bearing
phase in TeRRa-RBS-1, while CsBO,() is predominant
in Test 28. Despite the different stable Cs—B-0O species,
both calculations show that cesium partitioning into Cs—
B-O species decreases the fraction retained as Csl and
increases non-Csl gaseous iodine.

Although selected cumulative material balances are
compared quantitatively, the detailed species partition
at 1270 K is interpreted primarily as a thermodynamic
trend because the reaction-based Cs—B-O parameters
are derived from activity data at 800-1000 K.

3.4 Thermodynamic Interpretation of Control-Rod-
Material-Dependent Csl Stability

The results can be interpreted through the competing
cesium-bearing pathways available under each control-
rod-related chemical condition. Csl remains stable
when cesium is preferentially associated with iodine.
When alternative Cs-bearing species become stable,
cesium is redistributed away from Csl and iodine is
correspondingly partitioned into non-Csl species.

Under the SIC-related conditions, the Mo—Cs-I
system in CHIP #1 allows cesium molybdate formation
to compete with Csl, while iodine is partitioned into
non-Csl species. The Ag- and Cd-containing CHIP #2
system remains more Csl-centered under both transport
and revaporization conditions. Under the boron-
containing conditions, CsBsOgs and CsBOyg act as
alternative cesium-bearing products. Their formation
reduces the fraction of cesium retained as Csl and
increases the partitioning of iodine into non-Csl
gaseous species.

The evaluated experiments involve different
compositions, temperatures, atmospheres, and physical
states of Csl; therefore, their numerical species fractions
are not directly compared. Instead, the results identify a
common thermodynamic relationship in which Csl
stability depends on the competitive partitioning of
cesium among the Cs-bearing species permitted by the
surrounding chemical system. The extended database
therefore provides a thermodynamic basis for
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interpreting condition-dependent Csl stability and
iodine redistribution under SIC- and B4C-related
conditions.

4, Conclusion

This study extended HERACLES-TDB to represent
the SIC- and B4C-related reaction pathways required to
examine Csl stability and iodine redistribution. The
extension combined literature-based thermochemical
data for control-rod-related species with reaction-based
representations of data-deficient Cs—B—O condensed
phases. Across the evaluated conditions, Csl stability
decreased when alternative cesium-bearing species
became thermodynamically favorable, whereas the Ag-
and Cd-containing CHIP #2 system remained more Csl-
centered than the Mo—Cs—I system in CHIP #1. The
absorber-related differences in the calculated iodine
distributions were therefore interpreted through the
competitive partitioning of cesium among the species
permitted by each chemical system.

The case-specific comparisons provided supporting
evidence for this thermodynamic interpretation within
the defined scope of each experiment. For TeRRa-RBS-
1, the calculated Csl conversion of 74.1% was within
the uncertainty range of the measured 76.1 + 6.4%
decrease in the iodine deposits near 850 K, supporting
the calculated redistribution of cesium from Csl to Cs—
B-O phases. For NUREG/CR-4963 Test 28, the
differences  between  selected calculated and
experimental cumulative material-balance quantities
ranged from —5.4% to —0.2%, providing an integral
consistency check on the calculated redistribution.
However, because the Test 28 temperature of 1270 K
was outside the 800-1000 K range used to derive the
reaction-based Cs—B-O parameters, the detailed species
fractions were interpreted as thermodynamic
redistribution trends rather than as direct quantitative
predictions.

The extended thermodynamic database therefore
provides a common framework for evaluating
condition-dependent  Csl  stability and iodine
redistribution across SIC- and boron-containing
chemical systems. Such chemical-speciation
information could support source-term assessments in
which iodine transport and retention depend on its
chemical form. The present calculations represent
spatially lumped equilibrium states and do not resolve
reaction Kinetics, transport, deposition, or time-
dependent revaporization. Further work should improve
the high-temperature thermodynamic and phase data for
the Cs—B-O system and couple equilibrium speciation
with kinetic and transport models in integrated severe-
accident analyses.
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