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An iodine chemistry simulation tool, Kiche, was developed for analyses of chemical kinetics
relevant to iodine volatilization in the containment vessel of light water reactors (LWRs) dur-
ing a severe accident. It consists of a Fortran code to solve chemical kinetics models, reaction
databases written in plain text format, and peripheral tools to convert the reaction databases into
Fortran codes to solve corresponding ordinary differential equation sets. Potential advantages
of Kiche are the text format reaction database separated from the code that provides flexibil-
ity of the chemistry model, and, being a Fortran code which is relatively easily coupled with
other Fortran codes such as severe accident analysis codes. This document describes the model,
solution method, code structure, and examples of application of Kiche for simulation of exper-
iments. The calculation results by the present model agreed well with the experimental data
and it indicates the model properly includes the most important processes in the volatilization
of iodine from irradiated iodide solutions with or without organic impurities. The appendixes
give practical information for the usage of Kiche.

Keywords: Severe Accident, Iodine Chemistry, Containment Vessel, Source Term, Radiation
Chemistry, Numerical Simulation

This work includes a part of results of a contract research funded by Japan Nuclear Energy
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1 Introduction

TIodine is one of the fission products (FPs) produced in the core of light water reactors (LWRs)
and is the one recognized as the most relevant to the public health consequences in case of a
severe accident with environmental release of FPs, due to its large fission yield, the half life of 8
days (for '3'1) and complicated chemical behavior that may produce volatile species. Thus, large
number of research works have been done on the iodine chemistry under the conditions relevant
to the reactor cooling system (RCS) and the containment vessel (CV) of LWRs. Especially, after
the core degradation accident at TMI-2 plant, US, in 1979, comprehensive studies focused on
more realistic evaluation of the iodine source term have been performed internationally.[1, 2, 3]

Figure 1.1 schematically illustrates the iodine behavior in the containment vessels of boiling
water reactors (BWRs) and pressurized water reactors (PWRs). In the RCS, iodine speciation
is primarily determined by thermodynamics and Csl vapor or aerosol is the dominant form of
iodine. Typically, Beahm et al.[4] concluded that the iodine at the release into the CV is mostly
in CsI and less than 5% elemental iodine and HI. It is likely that iodine is mostly transferred
into the CV as Csl gas or aerosols, and sediments on to the floor gravitationally or by the spray,
then dissolves into water as iodide ion. It is known that iodide ion is converted into volatile
elemental iodine or organic iodines under the effect of radiation. Due to the low temperature in
the CV, the speciation does not follow the thermodynamics but is dominated by kinetics.

Influences of various factors on the radiation chemical reaction of iodine was investigated,
such as pH, initial iodide concentration, dose rate, temperature, dissolved gases and impurities. [5,
6,7,8,9, 10]

Also, efforts have been made in modeling mechanistically such radiation-chemical behaviors
of iodine, and some computer codes or reaction databases have been developed for that purpose,
e.g. LIRIC (AECL/Canada)[11], INSPECT (AEA/UK)[12]. Those tools include fundamental
reactions of relatively large number such as water radiolysis and iodine reactions with radicals
and so on, and they are called “mechanistic” models. Other kind of tools called “semi-empirical”
models also exist. They have relatively simple reaction models and are tuned to reproduce
experimental results[13, 14].

On the other hand, in the source term assessment by synthesized severe accident simula-
tion codes, such as MELCOR[15], MAAP[16], THALES2[17], the chemical behavior of iodine
in the containment has mostly been neglected or considered by simple assumptions. It might
be partially due to the history that those codes were first developed in 1980’s when the knowl-
edge on such iodine chemistry was limited and still involved large uncertainty. Some of the
codes, at present, include iodine chemistry models[15, 18], and they seem to be at experimen-
tal or developmental stages where further verification and consideration of practical usages are
underway.

We developed a chemical kinetics simulation tool “Kiche” (Kinetics of Iodine Chemistry)
to simulate the iodine chemistry in the containment vessel under severe accident conditions. It
is also capable as a tool for examination and development of mechanistic models for various
chemical kinetics, and as a program module to be coupled with other Fortran codes such as
severe accident codes. Kiche consists of a Fortran code to numerically solve chemical kinetics
models and peripheral tools to handle reaction databases. At the start of the development of
Kiche, we referred the methods and reaction models in IODIC3M code developed by Institute
of Nuclear Safety System, Inc. (INSS)[19] and LIRIC 3.2 model by AECL/Canadal[l11].

This document describes the Kiche tool: the modeling and numerical solution method in
Chapter 2, the system and code structure in Chapter 3, and verification/example calculations in
Chapter 4. Appendixes provide practical information on the reaction database (Appendix A),
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RI: Organic lodine compounds RI: Organic lodine compounds

Figure 1.1: Iodine behavior in the containment vessels of light water reactors. (BWRs (left),
PWRs (right))

usage of the code (Appendix B) and input/output data (Appendix C).
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2 Model and Solution Scheme

2.1 Reaction Model

The concept of the iodine behavior modeling by Kiche is illustrated in Fig. 2.1. Aqueous reac-
tions, the gas-aqueous mass transfer of volatile species and wall adsorption of Iy are involved.

At present, chemical reactions are assumed only in the aqueous phase, because it is the
primary reaction field to produce volatile iodine due to the high concentration of materials and
water radiolysis effect[3, 2]. As volatile iodine species, I and organic iodides are considered.
The organic iodides are divided into two groups, high volatility organic iodides (HVRI) and
low volatiliry organic iodides (LVRI), following the method of LIRIC 3.2 model developed at
AECL/Canada[l1]. Alkyliodides, typically CHsl, are assumed for HVRI; other more hydrophilic
larger molecules are assumed for LVRI.

The latest reaction set of ours as of October 2010, named “10a”, is summarized in Table 2.1—
2.6.

The primary purpose of the present model is the analysis on systems with dilute aqueous
solutions like the water pool in a containment vessel where molar fractions of solutes are much
less than that of solvent, water. Thus, the rate constants are based on molar concentrations of
the chemical species. If concentrated solutions are to be handled, more rigorous activity based
reaction modeling and data should be required.

In the Kiche tool, the reaction set is given in a plain text file written in chemical reaction
formula and expressions for rate constants (see Appendix A).

The reaction set is categorized in five kinds.

Table 2.1 is the water radiolysis including the generation of primary products and reac-
tions among them[20, 21]. Radical species produced by them trigger many reactions specific to
irradiated solutions.

Table 2.2 is the inorganic iodine reactions that provides the primary reaction paths to produce
volatile iodine in iodide solutions under irradiation[11, 12, 9]. Oxidation/reduction of iodine
species by reactions with water radiolysis products, hydrolysis of elemental iodine, and other
reactions are included. The reaction of iodine atom and dissolved hydrogen (index: ih2a),
and the volatility of iodine atom (i_21, i.21b) can be included optionally (activated by setting
corresponding options in the input).

Table 2.3 is the organic iodine production process including radiolytic decomposition of
organic impurity and reaction of organic radicals with iodine species[11, 22, 23]. The present set
was developed based on the organic reaction model of LIRIC 3.2[11] and studies on the radiolytic
degradation of methylethylketone (MEK) at AECL/Canadal24, 22], by putting emphasis on
applicability for both air and low oxygen concentration conditions, corresponding to PWR and
BWR containment atmosphere, respectively.

Table 2.4 includes miscellaneous reactions such as the catalytic consumption of -O; by
transition metal ions represented by Fe?* /Fe3t, acid/base equilibria, influences of chlorine. The
influence of the transition metal ion reactions is important because it may significantly enhance
the iodine volatility at high pHs.

Table 2.5 shows the processes other than chemical reactions, such as interface mass transfer,
adsorption on walls and leaching of organic solvents from painted walls.

Table 2.6 shows the definition of some variables involved in the rate constant expressions in
those tables.
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Figure 2.1: Concept of the iodine behavior model.

Table 2.1: Reaction set 10a : Reactions / Water radiolysis.

Index  Reactant Product Rate constant*

ge_m {H,0} e rad*(2.574+3.31e—3*tce)
gh {H,0} ‘H rad*(0.57+1.13e—3*tce)
gh2 {H,0} H, rad*(0.4340.75e—3*tce)
goh {H20} -OH rad*(2.65+7.19e—3*tce)
gh202 {H,0} H,0, rad*(0.675—0.625e—3*tce
ghp {H20} H* K(ge_m)

e02 2¢” + 2{H,0} 20H™ + Hy 6.468e¢9*exp(2.030e4*tf)
€03 e~ + -H+ {H,O} OH™ + H, 2.651e10%exp(1.400e4*tf)
e04 e~ +-OH OH~ 3.027e10*exp(7.920e3*tf)
e05 e~ + Hy09 -OH + OH~ 1.413e10*exp(1.536e4*tf)
06 e +0s 05 1.791e10%exp(1.417ed*tf)
e07 e~ +-05; +2{H,0} 20H™ + H,0, 1.284e10*exp(1.360e4*tf)
€08 e~ 4+ -HOq HOZ 1.284e10*exp(1.360e4*tf)
€09 2-H H, 5.447e9*exp(1.505e4*tf)
el0 ‘H+-OH {H,0} 1.528e10%exp(7.770e3*tf)
ell ‘H+ Hy09 -OH + {H,0} 5.173eT*exp(1.594e4*tf)
el2 -H+ Oq -HOq 1.324e10*exp(1.061e4*tf)
el3 ‘H+ -HO» H50, 1.000e10*exp(1.060e4*tf)
eld  H+-0; HO; 1.000e10*exp(1.060e4*tf)
elb 2-OH H50, 4.750e9*exp(7.650e3*tf)

* Written by Fortran expressions; K(X)=The rate constant of reaction X; Variable definitions are
given in Table 2.6; Species in { } are eliminated in the definition of rate constants.
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Table 2.1: Reaction set 10a : Reactions / Water radiolysis.(continued)

Index  Reactant Product Rate constant™

el6  -OH+H, T+ {0} 11707 exp(1.815e4%tf)

el7 -OH + H304 -HO, + {H,0} 2.879eT*exp(1.562e4*tf)

el8 -OH + -HO, O, + {H,0} 1.077e10 *exp( 5.620e3 *tf)

el9 ‘OH +-05 Oz + OH™ 1.099¢10 *exp( 1.085e4 *tf)

20 2-HO, Hs05 + O, 6.667c5 *exp( 1.910e4 *tf)

e21 ‘HO2 + -O5 + {H20} O2 + Hy02 + OH™ 7.597e7 *exp( 8.600e3 *tf)

€23b H* + OH™ {H,0O} 6.62e10+1.48e9*tce+1.28e7*tce**2
—6.03ed*tce**341.28e2*tce**4

€23 {H,0} H* + OH~ K(e23b)*kkw

e30b  H™ +-0; ‘HO, 3.41e10+2.75e8*tce+1.24eT*tce**2
—6.23e4*tce**3+131.*tce**4

e30 -HO4 Ht +.05 K(e30b)*kkho2

e24b  H* + HO; H, 0, K(e30b)

e24 Hy0, H* + HO; K(e24b)*kkh202

€29 -OH + OH~ -0~ + {H,0} 7.22e9+1.62e8*tce+2.40e6*tce**2
—7.81e3*tce**3+10.6*tce**4

e29b ‘O~ + {H20} -OH + OH~ K(e29)/kk29

e25 H>05 + OH™ HOQ_ + {HQO} K(629)

e25b HO; + {H,O} H>0, + OH™ K(e25)/kk25

e26b e +HT H 10.%%(18.61—6.94e3 /t+2.12¢6 /t**2
—2.34e8/t**3)

26 H e +HF K (e26b)*kkh

e27b ‘H+ OH~™ e~ + {H20} 2.510e7 *exp( 3.838e4 *tf)

27 e + {H,0} H+ OH™ K (e27h)*kk27

e28b  H™ +-0~ -OH K(e30b)

28  -OH Ht + -0~ K (28b) *kkoh

e31 ‘HO, + OH~ .05 + {H,0} K(e29)

e31b 05 + {H,0} ‘HO, + OH™ K(e31)/kk31

€32 Hy; +-0~ ‘H+ OH~ 1.211e8 *exp( 1.380e4 *tf)

e33 Hy02 + -0~ 05 + {H20} 5.546e8 *exp( 1.560e4 *tf)

e34 ‘OH + HO5 05 + {H,0} 8.319e9 *exp( 1.560e4 *tf)

e35 -0~ +-OH HO; 7.610e9 *exp( 7.700e3 *tf)

e36 e~ +HO5 ‘07 4+ 0OH~ 3.507¢9 *exp( 1.540e4 *tf)

e37 e +-07 + {H,0} 20H~ 2.313e10%exp( 7.900e3 *tf)

e38 ‘07 + 02 O3 3.709e9 *exp( 1.120e4 *tf)

e38b 03 ‘07 + 0Oq 2.708e3 *exp( 4.570e4 *tf)

* Written by Fortran expressions; K(X)=The rate constant of reaction X; Variable definitions are
given in Table 2.6; Species in { } are eliminated in the definition of rate constants.
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Table 2.2: Reaction set 10a : Reactions / Iodine-Inorganic.

Index  Reactant Product Rate constant*

i.01 I” +-OH 14+ OH™ 7.7e9*exp(19e3*tf)
12.14f  I+4e” I~ 2.4el10%ea

12.15f Iy +e” I 5.1el0*ea

12.17f 15 +e” 21~ 1.3el0%ea

12.20f I+ -H HY +1~ 2.7el0*ea

12.21f I, +-H I +HY 3.5el0*ea

12.22f I +-H 21~ + H* 1.8e7*exp(22200.0*tf)
12.58f I4+1- 1, 1.2¢10%exp(18.8e3*tf)
12.58b  I5 I4+1 7.4e4*exp(40.4e3*tf)
12.62f 2-1I5 Iy +1~ 4.5e9%ea

12.12f I, +1™ I3 1.00E+10

12.12b I I, +1- K(12_12f) /kk12

1263t I+ Iy 5.0e9*ea

12.64f 2.1 I 1.0el0*ea

1227t I, +-0O3 Iy +0g 3.9e9%exp(6.7e3*tf)
12.28f HOI+-O5 OH™ + 1+ Oq 1.0e6*ea

12.30f I3 +-O5 Oq + 21 3.0e9*ea

12.40f HOI + -OH 10 + {H,0} 7.0e9%ea

12.41f 10 +-OH HIO, 1.0el0%ea

12.01f I+ OH™ I,OH™ lel0*exp(12.5e3*tf)
12.01b  L,OH~ I, + OH- K(12.01f) /(kk1/ (kkw*kk2))
12.02f I,OH™ HOI + 1~ 1.34E4-06

12.02b  HOI+1- L,LOH~ K (12.02f) /kk2

12.13f  HOI 10~ + H* 0.14%exp(1.97e4*tf)
12.13b 10~ +HT HOI 5e9*exp(1.47ed*tf)
12.54f  T,OH™ + Hy0, HIO, + I~ + {H,0} 2.25e6*exp(39000.0%tf)
12.54b  HIO, + 1~ + {H,0} Ib,OH™ + Hy09 1e7*exp(101000.0*tf)
12.55f HIOy + OH™ I~ + 02 4+ {H20} 2e9*exp(50e3*tf)
ih2a  Hy+ 1 H* + H 41— fuseih2*2d6*exp(1.5d4*tf)
121 2-Ig Irg fusexig*1e8

i21b Irg 2-1Ig fusexig*1e8/exp(49.0)

* Written by Fortran expressions; K(X)=The rate constant of reaction X; Variable definitions are
given in Table 2.6; Species in { } are eliminated in the definition of rate constants.
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Table 2.3: Reaction set 10a : Reactions / Iodine-Organic.

Index  Reactant Product Rate constant*

orgdl  ORG +-OH -ORG 7.3d7*exp(12.2d3*tf)
orglla -OH {none} K(org01)*[org]*4d0
orgd2  -ORG + Oq ORGIP 3.1d9

orgd3  ORGIP + -OH 3R 1.0d8

org04 ‘R + O 2C0, 1.049

orglda Oy {none} K(org04)*[xr|*1d0
orgd5  2-ORG ORGIMP 1.0d9

orgd6  ORGIMP + -OH ORGIMP 5.0d9

orgd7  ORGIMP + -OH {decomp} + 3CO4 5.0d9

org07a -OH {none} K(org07)*[orgimp]*20.0d0
orgd8  ORGIMP + e~ OH~ + 1/20RGIMP 5.0e9

orgl9 2-R ORGIMP 1.0d10

orgld R+ -ORG ORGIMP 1.0d10

orgll ‘R+-OH ORGIMP 1.0d10

orgl2  -ORG + -OH ORGIMP 1.0d10

orgl3 R+ ORGIMP ORGIMP 1.0d6

13_7f R+1, LVRI + I 6.3¢9

13_8f R+1 HVRI+ 1 3.1e8

13_9¢f ‘R +HOI LVRI + -OH 1.5e7

13_.10f R+ HOI HVRI + -OH 7.0e5

13_11f LVRI+ e~ I+ R 1.0e10

13.12f  HVRI+e™ I+ R 1.0e10

13.13f  LVRI ORGIMP + 1~ +H* 1.3e—8*exp(100e3*tf)
13_.14f HVRI ORGIMP + 1~ + H* 1.3e—T7*exp(104e3*tf)
impl I, + ORGIMP L,ORGIMP 1.2d6*exp(3406d0*(1d0/298d0—1d0/t))
implb I;ORGIMP Iz + ORGIMP 6d0

* Written by Fortran expressions; K(X)=The rate constant of reaction X; Variable definitions are
given in Table 2.6; Species in { } are eliminated in the definition of rate constants.

ORG: organic compounds (xylenes or MIBK from aqueous paints), ORGIP: intermediate species
in the course of ORG decomposition with excess oxygen, ORGIMP: large molecules produced
without oxygen by dimerization of organic radicals, I, ORGIMP: complexes of I and ORGIMP,
-R: small organic radicals producing organic iodides, -ORG: organic radicals in the initial stage of
ORG decomposition.
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Table 2.4: Reaction set 10a : Reactions / Miscellaneous.

Index  Reactant Product Rate constant®

mcl  Fe’t +.05 Fe?T + O, 1.5e8%exp(15100*tf)

mc_2 Fe?T + .05 + 2{H,0} Fe3t + Hy09 + 20H™ leT*exp(15100%tf)

mc3  Fe’' + HO; + {H,0} Fe3t + Hy04 + OH™ 1.2e6*exp(15100%tf)

14_1 Fe?* +-OH Fe3t + OH™ 3e9%exp(15100.0%tf)

143 Fe?t + H,0, Fe3™ +-OH + OH™ 55.0*exp(85210.0*tf)

baf B(OH)3 + OH~ B(OH)4~ 1el0

bab B(OH)4~ B(OH)3 + OH™ K(baf)*kkb_ba

13.4ab HT + HCO; COs + {HQO} lel0

13.4af  CO3 + {H30} H* + HCO; kkco2*K (13_4ab)

13.6b H*+CO3” HCO3 1.0e10

13.6f HCOj3 H* + CO3~ kkhco3m*K (13_6b)

cll -OH + Cl~ -HOCI1~ 4.3d9*ea

cllb -HOCI~ -OH + C1~ 6.1d9%ea

cl2 -HOC1™ + HT -Cl+ {H,0} 2.1d10%*ea

cl3 -Cl+ Cl~ -Cly 2.1d10

cl3b -Cly -Cl+Cl~ K(cl3) /kk_cl3

cl4 Cl+1~ 14 CI™ 2d10%*ea

clb Cly +17 I+ 2C1 2d10*ea

cl6b I,Cl~ I, + Cl~ 1d5

cl6 I, + Cl~ I,Cl~ K(cl6b)*kk_cl6

cl7 2.Cl Cl, 8.8d7*exp(—48d3/rgasgen
*(1d0/t—1d0/298d0))

cl8 Cly + {H20} HOCl+ Cl~ + HT kbol*t/hplan*exp(—8d0/rgasgen)
*exp(—63d3/rgasgen/t)

cl8b HOCI+ Cl~ + HT Cl; + {H20} kbol*t/hplan*exp(—71d0/rgasgen)

*exp(—27d3/rgasgen/t)

* Written by Fortran expressions; K(X)=The rate constant of reaction X; Variable definitions are
given in Table 2.6; Species in { } are eliminated in the definition of rate constants.
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Table 2.5: Reaction set 10a : Non-reaction processes.

Index Dependent Affecting Factor*
conc. conc.

ssg-1 [ISSg] [Log] vadissg*cut95([issg] /max(mlimissg,eps_24))

ssg-2 [ISSg] [ISSg] —kdeissg

ssg_3 [Log] [Log] —0.5*vadissg*assg/max(vg,epsvol)*cut95([issg]
/max(mlimissg,eps_24))

ssg4 [Log] [ISSg] 0.5*kdeissg*assg/max(vg,epsvol)

spg-1 [ISPg] [Log] vadispg*cut95([ispg] /max(mlimispg,eps_24))

spg_2 [ISPg] [ISPg] —kdeispg*(one—mirvispg/max(max([ispg],mirvispg),eps_24))

spg-3 [Log] [Log] —0.5*vadispg*aspg/max(vg,epsvol)*cut95([ispg]
/max(mlimispg,eps_24))

spg-4 [Iog] [ISPg] 0.5*kdeispg*aspg/max(vg,epsvol)*(one—mirvispg
/max(max([ispg],mirvispg),eps_24))

sp-1 [ISP] [I5] vadisp*cut95([isp] /max (mlimisp,eps_24))

sp_2 [ISP] [ISP] —kdeisp*(one—mirvisp/max(max([isp],mirvisp),eps_24))

sp-3 (I (L] —0.5*vadisp*aspaq/max(vaq,epsvol)*cut95([isp]
/max(mlimisp,eps_24))

sp-4 (L] [ISP] 0.5*kdeisp*aspaq/max(vaq,epsvol)*(one—mirvisp
/max(max([isp],mirvisp),eps_24))

spim_1 [IMSP) 1] vadimsp*cut95([imsp] /max(mlimimsp,eps_24))

spim_2 [IMSP] [IMSP] —kdeimsp

spim_3 1] [I7] —vadimsp*aspaq/max(vaq,epsvol)*cut95([imsp]
/max(mlimimsp,eps_24))

spim_4 7] [IMSP] kdeimsp*aspaq/max(vaq,epsvol)

tri2-1 [L2g] (L] kmti2*aint /max(vg,epsvol)

tri2_2 [Log] [Log] —kmti2*aint /max(vg,epsvol)*hpi2

tri2_3 (I [Log] kmti2*aint /max(vaq,epsvol)*hpi2

tri2_4 (L) [Io] —kmti2*aint /max(vaq,epsvol)

tri2_la [Log] [I5] qgflow*kkbi2 /hpi2/max(vg,epsvol)

tri2_2a [L2g] [L2g] —qgflow/max(vg,epsvol)

tri2_4a [I5] [I5] —qgflow*kkbi2 /hpi2/max(vaq,epsvol)

tri2con-1  [Iag] [Izcon] kmti2con*acon/max(vg,epsvol)

tricon 2 [Ipg] [Iog] —kmti2con*acon/max(vg,epsvol)*hpi2

tri2con-3  [Izcon] [Log] kmti2con*acon/max(vcon,epsvol)*hpi2

tri2con4  [Iycon] [Izcon] —kmti2con*acon/max(vcon,epsvol)

tri2con5  [Is] [Izcon] fcon /max(vaq,epsvol)

tri2con 6  [Izcon] [Izcon] —fcon/max(vcon,epsvol)

trhvri_1 [HVRIg] [HVRI] kmthvri*aint/max(vg,epsvol)

trhvri_2 [HVRIg] [HVRIg] —kmthvri*aint/max(vg,epsvol)*hphvri

trhvri_3 [HVRI] [HVRIg] kmthvri*aint/max(vaq,epsvol)*hphvri

trhvri_4 [HVRI] [HVRI] —kmthvri*aint /max(vaq,epsvol)

trhvri_la  [HVRIg] [HVRI] qgflow*kkbhvri/hphvri/max(vg,epsvol)

trhvri 2a  [HVRIg] [HVRIg] —qgflow/max(vg,epsvol)

trhvri4a  [HVRI] [HVRI] —qgflow*kkbhvri/hphvri/max(vaq,epsvol)

trlvri-1 [LVRIg] [LVRI]] kmtlvri*aint /max(vg,epsvol)

trlvri_2 [LVRIg] [LVRIg] —kmtlvri*aint /max(vg,epsvol) *hplvri

trlvri_3 [LVRI] [LVRIg] kmtlvri*aint /max(vaq,epsvol)*hplvri

trlvri4 [LVRI] [LVRI] —kmtlvri*aint /max(vaq,epsvol)

trlvri-la  [LVRIg] [LVRI] qgflow*kkblvri/hplvri/max(vg,epsvol)

trlvri2a  [LVRIg] [LVRIg] —qgflow/max(vg,epsvol)

trlvrida  [LVRI]] [LVRI] —qgflow*kkblvri/hplvri/max(vaq,epsvol)

*x Written by Fortran expressions; cut95( )=Cut-off function at > 0.95

xxxg: gas phase species, xxxgout: gas phase species flowed out of the system, issg/ispg: adsorbed
iodine on gas phase steel/painted walls, isp/imsp: adsorbed elemental iodine/iodide ion on aqueous
phase painted walls, orgpaq: organic compounds in the aqueous phase paint.
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Table 2.5: Reaction set 10a : Non-reaction processes.(continued)

Index Dependent Affecting Factor*

conc. conc.
trxi_1 [Ig] [1] fusexig*kmtxi*aint /max(vg,epsvol)
trxi_2 [Ig] [Ig] —fusexig*kmtxi*aint /max(vg,epsvol)*hpxi
trxi_2a [Ig] [Ig] —fusexig*qgflow/max(vg,epsvol)
trxi-3 [1] [Ig] fusexig*kmtxi*aint /max(vaq,epsvol) *hpxi
trxi_4 [1] [1] —fusexig*kmtxi*aint /max(vaq,epsvol)
trel2-1 [Clag] [Cla] kmtcl2*aint /max(vg,epsvol)
trel2_2 [Clag] [Clag] —kmtcl2*aint /max(vg,epsvol)*hpcl2
trcl2_3 [Cly) [Cly) —kmtcl2*aint /max(vaq,epsvol)
trel2-4 [Cly] [Clag] kmtcl2*aint /max(vaq,epsvol)*hpcl2
trel2_2a [Clag] [Clag] —qgflow /max(vg,epsvol)
fcl2 [Clagout] [Clag] qgflow
fi2 [Iogout] [Log] qgflow
thvri [HVRIgout) [HVRIg] qgflow
flvri [LVRIgout] [LVRIg] qgflow
fxi [Tgout] [Ig] fusexig*qgflow
disorg_1 [ORG] [ORGPaq] kdisorg*aspaq/max(vaq,epsvol)*kkdisorg
disorg_2 [ORG] [ORG] —kdisorg*aspaq/max(vaq,epsvol)
disorg-3 [ORGPaq] [ORGPaq] —kdisorg*aspaq/max(vspaq,epsvol)*kkdisorg
disorg 4 [ORGPaq] [ORG] kdisorg*aspaq/max(vspaq,epsvol)
trorg-1 [ORGg] [ORG] kmtorg*aint /max(vg,epsvol)
trorg_2 [ORGg] [ORGg] —kmtorg*aint /max(vg,epsvol)*hporg
trorg_2a [ORGg] [ORGg] —qgflow /max(vg,epsvol) *forggout
trorg_3 [ORG] [ORG] —kmtorg*aint/max(vaq,epsvol)
trorg_4 [ORG] [ORGg] kmtorg*aint /max(vaq,epsvol)*hporg
tro2_1 [O2g] [O2] kmto2*aint /max(vg,epsvol)
tro2.2 [O2g] [O2g] —kmto2*aint /max(vg,epsvol)*hpo2
tro2.3 [O2] [O2] —kmto2*aint /max(vaq,epsvol)
tro2.4 [O2] [O2g] kmto2*aint/max(vaq,epsvol)*hpo2
trh2_1 [Hog] [Ho) kmth2*aint /max(vg,epsvol)
trh2_2 [Hag] [Hag] —kmth2*aint /max(vg,epsvol)*hph2
trh2_3 [Hs] [Hs] —kmth2*aint /max(vaq,epsvol)
trh2_4 [Hs] [Hag] kmth2*aint /max(vaq,epsvol)*hph2
trco2_1 [CO2g] [COq] kmtco2*aint/max(vg,epsvol)
trco2.2 [CO2g] [CO2g] —kmtco2*aint /max(vg,epsvol)*hpco2
trco2-3 [CO.] [CO.] —kmtco2*aint/max(vaq,epsvol)
trco2-4 [COq] [CO4g] kmtco2*aint /max(vaq,epsvol)*hpco2
trn2_1 [Nag] [N,] kmtn2*aint /max(vg,epsvol)
trn2_2 [Nag] [Nag] —kmtn2*aint /max(vg,epsvol)*hpn2
trn2_3 [Ns] [Ns] —kmtn2*aint /max(vaq,epsvol)
trn2_4 [No] [Nog] kmtn2*aint /max(vaq,epsvol)*hpn2
trnh3_1 [NH3g] [NH;) kmtnh3*aint /max(vg,epsvol)
trnh3_2 [NH;g] [NH;g] —kmtnh3*aint /max(vg,epsvol)*hpnh3
trnh3_3 [NH;] [NH;] —kmtnh3*aint /max(vaq,epsvol)
trnh3_4 [NH;] [NHsg] kmtnh3*aint /max(vaq,epsvol)*hpnh3

* Written by Fortran expressions; cut95( )=Cut-off function at > 0.95

xxxg: gas phase species, xxxgout: gas phase species flowed out of the system, issg/ispg: adsorbed
iodine on gas phase steel/painted walls, isp/imsp: adsorbed elemental iodine/iodide ion on aqueous

phase painted walls, orgpaq: organic compounds in the aqueous phase paint.
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Table 2.6: Reaction set 10a : Assignment of variables.

tce=t—273.15

tf=(1.0/298.15—1.0/t) /rgasgen

ea=exp(18800.0*tf)

dw=1.00017 — 2.36582e—5%tce — 4.77122e—6*tce**2 + 8.27411e—9*tce**3
rad=dose*13/3600.0/1.602e—19,/100.0/6.022¢23*dw
pkw=14.93—4.131e—2*tce+1.903e—4*tce**2—4.705e—T*tce**3+5.724e—10*tce**4
pkh=10.49—4.103e—2*tce+1.443e—4*tce**2—2.325e—T*tce**3+4-2.065e— 10*tce**4
pkoh=12.50—3.317e—2*tce+1.964e—4*tce**2—6.198e—T*tce**3+8.244e—10*tce**4
pkho2=4.917—3.813e—3*tce+8.77le—7*tce**2+2.177e—T*tce**3—4.000e—10*tce**4
Ikw=10.%*(—pkw)

kkh=10.%*(—pkh)

kkoh=10.**(—pkoh)

kkho2=10.**(—pkho2)

kkh202=kkoh

kk25=kkh202 /kkw

kk27=kkw /kkh

kk29=kkoh /kkw

kk31=kkho2 /kkw

ionst = 0d0

pkb_ba = 1573.21d0/t+28.6059d0+0.012078d0*t—13.2258d0*log10(t)+(0.3250d0—0.00033d0*t)
*ionst—0.0912d0*ionst**1.5

kkb_ba = 10d0**(—pkb_ba)
kk12=(1.0/dw)*10.0%*(555.0/t+7.355—2.575*1og10(t))
Kkk1=10.0"*(13880.0/t—0.2445%t+308.4*log10(t)—749.1)

kk2=3e—3

if(index(mdlctrl,” useih2”)>0) fuseih2=1d0

if(index(mdlctrl,” usexig”) > 0) fusexig = 1d0

call acidbaseequil(”c02”,t,kkco2)

call acidbaseequil(”hco3_m” ;t,kkhco3m)

kk_cl3 = 1.9d5

kk cl6 = 1.7

if(index(mdlctrl,” orggout”) > 0) forggout = 1d0

Written by Fortran expressions; “if(index(mdlctrl,string)>0)" means “if string option is selected”;
Subroutine “acidbasesquil” gives acid-base equilibrium constants.
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2.2 Construction of the Chemical Kinetics System Equations

Kiche does the numerical analysis of a chemical kinetics system, by constructing a set of simul-
taneous ordinary differential equations for the evolution of concentrations from a reaction set
such as presented in the previous section, and by solving it numerically. This section describes
the former part.

The processes included in the kinetics model are in two categories as shown in Section 2.1,
chemical reactions and other kinetic processes that are not expressed by chemical reaction equa-
tions. Here, we call the latter non-reaction processes. As a general expression, a reaction r
(suffix) is written as follows,

riRy +roRo + -+ 1, Ry, i p1P1L+paPo+ -+ pp, P, (2.1)

where k, is the rate constant of the reaction r (suffix); R and P are the reactant and product
species, respectively; 7, and p, are corresponding stoichiometric coefficients, respectively. Based
on this reaction, the concentration change rate of a reactant component R; and a product
component P; include a consuming and a producing contribution terms, respectively, as follows,

d R’L r I T
T kR R R (2:2)
d[P] r T T
= R R (R (23)
where suffixes ¢ and j are one of 1,2,---,m, and 1,2, -, n,, respectively.

On the other hand, contribution of a non-reaction process n that changes the concentration
of species X; is expressed as follows,
d[X;]
dt

=4k, [Xml][Xn,Q] + e [Xn,ln] (2.4)

Product of arbitrary
set of concentrations

where k,, is the rate constant of the process n. This expression indicates the product of the
concentrations of species X,, 1 through X,,;  drives the evolution of the concentration change of
a species X;. Note that the product of the concentrations may have duplication of species in it,
or may have no species. So, higher order or zero-th order kinetics can be accommodated in the
form. A process including multiple terms can be decomposed into multiple processes and casted
into the above scheme.

All the processes in the system in above two categories, then, construct a system of simul-
taneous ordinary differential equations. The equation for the concentration change of a species
X, is expressed as follows,

d[X;]
dt

= (ke [Ra]" [Ra] - (R, ])

T

+ Y (pike[Ra]" [Ro]™ - [Ro,])

T

+ Z(kn[Xn,l][Xn,ﬂ T [Xn,ln]) (2-5)

n

where the 1st sum for r is taken for reactions involving X; in the reactants, the 2nd sum for
reactions involving X; in the products; and the sum for n for non-reaction processes affecting
X;.

— 12 —
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Thus, change of every concentration is expressed by a polynomial of arbitrary order including
potentially all the concentrations in the system,

dYy,

W:fk(YhYZa”'vYM) (26)

where Y} is the concentration of species k; M is the number of species included in the system;
fr is a polynomial of concentrations.

2.3 Numerical Solution Method

Kiche solves the simultaneous ordinary differential equations for the system, Eq.(2.6), by a
simple first order finite difference method with implicit temporal discretization as follows,

vty
tn? f ( n+1 TL-i-l7 L ’Y]’f\}-i-l) (27)

where n and n + 1 denote the current and the new time steps, respectively. Reaction kinetics
models often show a “stiff” nature and a practical fast solution needs the implicit scheme. The
finite difference equations have nonlinear terms of concentrations in the right hand side, and are
solved by Newtonian iteration[25].

With a superscript p indicating intermediate values during the iteration, and the residual

errors Yy, = Y — Y, Eq.(2.7) leads to the Newtonian iteration equation
YP +6Y;, — dfk\P
MBI ey (S o @8)
=1

where an in the right hand side of Eq.(2.7) is approximated by the 1st order Taylor expansion
around the intermediate values. This constructs a linear equation set for the residuals Y},

of | .
th 5Yk+2( k) Y= m(yif_yk)—fif' (2.9)

The residuals obtained by this linear equation set give the corrections to move the intermediate
values Y}” closer to the solutions Yk"Jrl.

Thus, the solution algorithm to obtain the concentrations at the new time step from those
at the old time step is as follows.

1. Assign old time step concentrations Y;* to Y} as initial guess.
2. Solve the simultaneous linear equations Eq.(2.9) for the corrections Y.
3. Assign Y + Y}, to Y.
4. Tterate the item 2—3 until the absolute values of the corrections §Y} become small enough.
The linear equation set Eq.(2.9) is also expressed by vectors and a matrix,
J.-x=c (2.10)

where J is the Jacobian matrix consisting of the coefficients for the corrections,

1 (8fk)p .
- ~+ for i = k,
J(k,i) = g;: ot Y (2.11)
< 8Yi> otherwise;

— 13 —
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vectors « and c are the corrections and the constant terms,

T, = OYk, (2.12)

1
P -V - (2.13)

Gk = tn+1—t”(

Kiche solves the linear equation set by Gaussian elimination method|[25].

Usually, every chemical species is involved in only a few processes out of more than a hundred.
So, the matrix J is often sparse. There are methods to handle sparse matrices more efficiently[25]
and improvement might be possible by utilizing them.

At present, we use the conventional Gauss method for simplicity and robustness. And, it is
actually practical enough. For instance, chemical evolution of a system with ~70 species, more
than a hundred reactions and non-reaction processes for 300 h with maximum time step of 50 s
(such as the cases in Chapter 4) is solved within a minute on a Intel 32 bit CPU of 2.3 GHz
clock.

— 14 —
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3 Code Description

3.1 Overall Concept of Kiche

Figure 3.1 shows the concept of the Kiche tool which provides numerical solution of chemical
kinetics models. A Fortran 95' code “kiche” solves the chemical kinetics model such as described
in Chapter 2. The part of its source code that is dependent on the reaction set—the chemistry
model-is not hard-coded, but generated from a “reaction database” that is in the plain text
format, thus readable and editable by users.

A Perl? script “chem2f95” is a tool to do the conversion of the text form database into
Fortran codes. Practically, it reads the reaction and non-reaction expressions from the database,
extracts species and rate constants, and write Fortran source slips for the definition of species and
processes including the reactions and the non-reactions, and the rate constants of the processes.
Those source slips are written as include files and referred from the main body of kiche source
code.

Another script chem2tex is provided to generate a LaTeX? source from the reaction database
for the text presentation of the reaction equations, rate constants and other variables. The script
also automates generation of PDF* file by processing the LaTeX source by a LaTeX system and
a PDF creator.

With the help of the conversion systems described above, users can easily understand what
reactions are involved in the calculation, modify or newly develop the reaction set by themselves.

When the system is used for the first time or when the reaction set is updated, the following
steps are needed for the calculation.

1. Generation of the part of Fortran code, the chemistry model, by chem2f95.
2. Compilation of kiche source code to make the execution module.

Note that the execution module of kiche is generated separately for every reaction database
referred. As a convention, it is recommended that a suffix to identify the reaction database is
given to the execution file name, e.g. kiche.10a, kiche.mymodel and so on. A “Makefile”® is
provided to do this automatically.

Practical information on the reaction database and the input/output data for kiche is de-
scribed in detail in Appendixes A and C.

3.2 Data Structure for Species and Processes

In the kiche code, the chemistry model is stored as structured data in three categories: species,
reactions and non-reaction processes. As shown in the part of the source code, Fig. 3.2, they are
defined as “derived types” having necessary elements, i.e. spcobj, reacobj and nonreacobj.
Then, actual variables are declared as matrices of those types, i.e. spcs, reac and nonreac.
As described in Section 2.2, once those model constituents are stored as structured data, it
is relatively easy to construct the system equations and the Jacobian matrix for the numerical

!Fortran 95 is a standard for a computer language Fortran, officially numbered as ISO/IEC-1539-1997[26].

2Perl (Practical Extraction and Report Language) is a script language having advantages in text processing[27].

3LaTeX is a high-quality typesetting system for production of technical and scientific documentation[28].

4PDF (Portable Document Format) is a standard for document exchange, developed by Adobe Systems Inc.
and has become an open standard ISO/IEC 32000-1[29].

SMakefile is a default file read by “make”, a utility software to automate shell processes, typically compilation
of programs.

— 15 —
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Input data \

kiche chem2f95

(Fortran95 code) Reaction

database
Chemistry model (Text file)

- Reactions

- Species
Cell object

- Concentrations of species

- Misc. variables

chem?2tex
(Perl script)

J

l Text presentation
of the reaction set

Calculation result

Figure 3.1: Relation of Kiche code, reaction database and peripheral tools

solution. Also, from the viewpoint of the processes necessary for the conversion of the text
reaction database into Fortran code, this method makes the extraction of information easy.

Actually, the chem2f95 script simply does the extraction of species names and writing the
source to store them into the matrix spcs, parse of reaction and non-reaction expressions and
writing the source to store the information into reac and nonreac matrices, then, copy of the rate
constant expressions. The chemical species are alphabetically sorted when indexed by integer
numbers. The reaction and non-reaction processes are indexed and stored by the order as it
appears in the reaction database. When kiche is compiled by the Makefile, the Fortran sources
generated by chem2f95 are written in include files, setchem.inc and rconst.inc. Additionally,
necessary size of those matrices are evaluated according to the number of species and processes
involved in the model, and written in another include file sizedef .inc.

3.3 Data Structure for the System Cell

The system to be simulated has its attributes such as aqueous and gaseous volumes, wall surface
areas, gas-liquid interface area, temperature, dose rate, and so on. Figure 3.3 shows the definition
of the derived type cellobj for the storage of the attributes of the system volume called a “cell”.

Note that, the cellobj type has a matrix element to store the concentrations of species.
This is for the storage. The concentration element of spcs (spcsobj type) is referred during
the chemical evolution calculation, and the result is stored in an element of the cell attribute
variable.

At present, kiche handles one cell. However, by this design, separating the handling of cell
attributes from the chemistry model, it should be relatively easy to extend the code for multiple
cells.

3.4 Overall Structure and Flow of the Code

The overall module structure of the code is given in Table 3.1. The modules for the variables
for chemistry model and system cell, “chemvars” and “cellvars”, and for the chemistry tools,
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========= yars_chem.f95 ==========

! variables for the chemistry model
1
module chemvars

use modelsize

implicit none

save

! species object
type spcsobj

JAEA-Data/Code 2010-034

character(len=maxlensname) :: name ! name of species

real (kind(1d0)) :: conc, iatom

end type spcsobj

! concentration (mol/dm3, mol/dm2, etc.)
! number of iodine atom(s) in a molecule of the species

! reaction object r1R1+r2R2+...+riRi+...+rnrRnr -> pl1P1+p2P2+...+piPi+...+pnpPnp

type reacobj

character(len=maxlenname) :: name ! name of reaction

integer :: nr, & ! number of reactant specie(s)
spr (maxnrnpnn), & ! reactants 1..nr (species index)
np, & ! number of product specie(s)
spp (maxnrnpnn) ! products 1..np (species index)

real(kind(1d0)) :: &
nspr (maxnrnpnn) , &
nspp (maxnrnpnn) , &
k
end type reacobj

number of reactant molecle(s) rl..rnr (order of the reaction)
number of product molecle(s) pl..pnp
reaction rate constant

! non-reaction object d[C]1/dt = kx[Cdep1] [Cdep2]...[Cdepnn]

type nonreacobj

character(len=maxlenname) :: name ! name of non-reaction process

integer :: sp, & ! species C (species index)
nn, & ! number of depended species (order of the process)
spdep (maxnrnpnn) ! species depended, Cdep (species index)

real(kind(1d0)) :: k
end type nonreacobj

! rate constant

! actual variable definition for chemistry model objects

type(spcsobj) :: spcs(l:nspcs)
type(reacobj) :: reac(l:nreac)

type(nonreacobj) :: nonreac(l:nnonreac)

========= yars_chem.f95 ==========

Figure 3.2: Source code for the definition of the data structure to store the species, reactions

and non-reaction processes.
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========= yars_chem.f95

JAEA-Data/Code 2010-034

cell object data type and some manipulation are defined
(intend to have a packaged set of cell state data

e.g. thermohydraulics)

1
1
! for exchange between subroutines and with other codes,
[
1

module cellvars
use modelsize
implicit none
save

! gas composition
type gascomp
real(kind(1d0))

:: po2, pn2, ph2, pco2, pnh3, pother, & ! partial p (Pa)

x02, xn2, xh2, xco2, xnh3, xother ! mol fraction

end type gascomp

! cell object (all the info of a cell is contained)

type cellobj

real(kind(1d0))

dose, &

temp, tempg, &
xhm, &
ptot, &
psat, &
pst, pgas, &
vg, vaq, &
aint, &
assg, aspg, &
aspaq, &
agepaq, &
ufg,ufaq, &
wlsg,wlpg,wlpa
tpg, tpaq, &
vspg, vspaq, &
acon, &
hcon, &
mcon, &
twcon, &
vcon, tcon, &
fcon, &
ucon, &
conc (nspcs)

!
!
!
!
!
!
!
!
!
!
!
!
q,& !
!
!
!
!
!
!
!
!
!
!
!
!

&

! chemical state is

type (gascomp)
integer :: typ
end type cellobj

1 gas

dose rate (kGy/h)

T of 1liq and gas phases (K)

relative humidity (=pst/psat)

total p (Pa)

sat. p for tempg (Pa)

steam, gas partial pressure (Pa)

volume of gas, aqueous phases (dm3)

area of gas-aq. interface (dm2)

steel, paint wall area in gas (dm2)

paint wall area in aq. (dm2)

age of the aqueous paint (day) (for org content)
velocity in gas/aqueous phases along the wall(dm/s)
wall length, gas steel/paint/aq paint (dm)
thickness of paint in gas, aq. (dm)

volume of paint in gas, aq. (dm3)

condensate area (dm2)

condensation wall height (dm)

condensation mass flux (kg/s.dm2)

condensation wall temperature (K)

condensate volume (dm3), thickness (dm)
condensate flow rate (dm3/s)

condensate average flow velocity (dm/s)
concentration of chem. species (mol/dm3),
(mol/dm2) or (mol)

indexed as same as species structure array.

only saved as "conc", a set of copy of spcs()¥conc

! typ=0 normal, 1 vg<epsvol, 2 vag<epsvol

Figure 3.3: Source code for the definition of the data structure to store the system cell attributes.
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Table 3.1: Module structure of kiche code.

Source file Module Contents ((sub): subroutine name)

chemtool.f95 chemtool (sub)setupchem: Set-up of the chemistry model.

(sub)evolchem: Numerical solution for the time step advancement
by chemical kinetics model.

(sub)rconstl, rconst2: Calculation of rate constants.
initinout.f95 initinout (sub)initinput: Initialization and input processing.
(sub)output: Output processing.
Other related subroutines are contained.
misccorr.f95 misccorr Miscellaneous correlations and models (see Table 3.2).

vars.f95 ctrlvars Definition for controlling variables. Subroutines handling time
table data are contained.

tctrlvars Definition for controlling variables related to time.
vars_chem.f95 modelsize  Definition of matrix sizes for the chemistry model.
cellvars Definition of the system cell data structure, related variables and
subroutines.
chemvars Definition of the chemistry model system data structures, and

related variables.

General purpose modules

consts_mod.f95 consts General physical and mathematical constants.

iochartools_mod.f95 iochartools I/O and character handling tools.

math_mod.f95 math Mathematics tools including matrix solvers.
misc_mod.f95 misc Miscellaneous tools for data handling.
wrsttab.f95 wrsttab Fast running steam table (water physical properties) for wide

range of thermal conditions.

“chemtool”, provide the most important functions of kiche code.

The overall flow of the code is illustrated in Fig. 3.4. The main program controls the overall
processes, and the subroutine “evolchem” handles the numerical solution of the chemical kinetics
model.

The time step is controlled in evolchem. If it fails in the matrix inversion, At is reduced by
a factor of 0.75, concentrations are reset to the old step values, and another trial is given. If the
fail continues till At becomes smaller than the lower limit, dtmin= 10~ s by default, the run is
quit. Contrary, when the solution is obtained by a small number of iterations, At is increased
by a factor of 1.05.

Note that the system “cell” is defined as a local variable in the main program. Thus, the
system to be simulated can be flexibly modified by replacing the main program with other
programs or an interfacing program to others.
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main evolchem

Set-up of the chemistry model Gas state equation calculation

\ \

Input and initialization Copy cell properties to work variables

\

Time evolution loop (for t<tend)
- Do the time tabled input data
- Output
-| Chemical kinetics evolution

v

Ending Newton iteration loop (till convergence)

Do the time tabled input data for chemistry

Calculate rate constants (at old time step)

Save the old concentration data

- Construction of Jacobian matrix
- Matrix inversion
- Check residuals (convergence)

Give back the new concentrations to
the cell variables

(At control according to the matrix inversion
and convergence performance, and the
time updating is done inside evolchem)

Figure 3.4: Flow of kiche code.

3.5 Built-in Physical and Chemical Property Data and Its Ex-
tension

A module “misccorr” provides miscellaneous subroutines for the physical and chemical proper-
ties related to gas-aqueous partition of volatile species, dissolution of organic compounds from
wall paints, adsorption and desorption of iodine species on walls, acid-base equilibria, wall con-
densate film behaviors, and so on.

At present, we have the correlations as listed in Table 3.2. Users can add new subroutines
there so that they can use them in their reaction databases.

The “wrsttab” module, originally developed for severe accident simulation[30] (see Ta-
ble 3.1), provides water physical properties in a wide range of temperatures (274-1000 K) and
pressures (103-10% Pa). It is at present refferred only in subroutines in misccorr module.
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Table 3.2: Physical/Chemical data correlations and models in misccorr module.

Subroutine Functions of the correlations and models Reference

hpargas Gas-aqueous partition coefficients and interface mass trans-  [31][32][33][34]
fer velocities of gases (O2, Ng, COy, NH3, NO, NOg, O3), [35][36]
organic solvent dissolved from aqueous paint (ORG), and
iodine species (I, -I, HVRI, LVRI).

kkorgdissol The equilibrium constant and the rate of leaching of organic  [37][38]
solvents from epoxy paints in aqueous phase. (ORGPaq <>
ORG)

cOorgdissol The initial concentration of organic solvents remaining in the  [37][38][33]
paint matrix (depending on the age and the paint thickness).

sorp_sg Adsorption/desorption of Iz on gaseous steel surfaces. [39][40]

sorp_paint Adsorption/desorption of Iy on gaseous or aqueous painted [39]
surfaces, and that of I~ on aqueous painted surfaces.

gasrule Gas phase pressure and concentration calculations.

acidbaseequil ~ Acid-base equilibrium constants (HSO; , HCO3, CO2, NHf, [41][42][43]
HyPO,, H3PO4, HCOOH, RCOOH).

wallcondfilm  Calculation of the flow rate and average thickness of falling

condensate water film on the wall.

The source code of the correlations and models are found in misccorr.£95.

— 21 —



JAEA-Data/Code 2010-034

4 Verification and Example Calculations

4.1 Small Scale Experiment at JAEA

We performed experiments in a small scale system, Fig. 4.1, in which aqueous CsI solution with
prescribed additives was irradiated in a Gamma-cell and the cover gas was swept. The evolution
of gaseous release fractions of elemental iodine and organic iodines were separately monitored at
the filters in the downstream[10]. Influences of added organic compound, methylisobutylketone
(MIBK), and oxygen concentration in the cover gas was examined. Simulations of this series of
experiments are presented here.

The experimental conditions are given in Table 4.1. In the calculations, the initial concen-
trations of iodine (as I7), MIBK and boric acid/NaOH buffer at specified pH (~7), temperature,
dose rate, gas composition and flow rate were given according to the experimental condition.
The pH was set at the experimental condition at the start, and the following change was calcu-
lated. The interface mass transfer velocities were given by a method we call “Os basis relative
evaluation” (see the item “kmto2base” in “Control keywords” paragraph of Appendix C.1.2).
For the basis mass transfer velocity for Os at 25 °C, 4 x 107 dm/s as measured in the system
was used. The adsorption on the vessel wall was negligible, and not considered in the calculation.

Figures 4.2-4.4 are the comparison of the experimental data and calculation results on the
history of gaseous iodine release fractions. The release as Is and organic iodines are separately
compared. Also, the present model “10a” was compared with the one that is the same as “10a”
except the organic reaction model is the one in LIRIC 3.2[11]. It uses simpler reactions,

ORG + -OH — 6-R (1d9),
-OH — {none} (1d9*5d0*[org]),
R+ 03 — CO2 (1d9),

instead of reactions orgOl-orgl3 in Table 2.3. It was developed based on the study on the
radiolytic degradation of methylethylketone (MEK) at AECL/Canada, and verified with ex-
periments in various conditions with mostly air environment[24, 22, 23]. The present organic
reaction model was developed based on their work to improve the performance to cover low
oxygen concentration conditions relevant to the containment environment of BWRs.

Flow-out Sweep gas (1 L/min)
Gamma-
rays Volatile iodine
Y % N
FO Csl solution
E with prescribed
additives

— (100mL)

Stir and temperature
controlled

Figure 4.1: Small scale experiment at JAEA
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Table 4.1: Conditions of JAEA small scale experiment.

Case Sweep gas MIBK conc.  Dose rate  pH
(mol/L) (kGy/h) (initial)
Base 0 6.6 6.97
OrgL Air 1x1074 7.4 6.99
OrgH 1x1073 6.9 6.93
LO 0 6.6 7.03
OrgL-LO | N3-2%0, 1x1074 6.5 7.12
OrgH-LO 1x1073 6.7 7.04
N2 0 7.5 6.72
OrgL-N2 N, 1x107¢ 74 6.99
OrgH-N2 1x1073 6.9 7.16

Common condition: Initial I~ cone. 1 x 10~*mol/L; Buffer 0.1mol/L B(OH)3-NaOH;
Solution volume 100mL, Gas volume in the vessel 286mL, Gas-aq. interface area 0.567dm?
(¢85mm); Sweep gas flow rate 1L/min; Stir ¢6 x 25(mm) glass stir bar, 350rpm;
Temperature 25+2°C during irradiation; Irradiation period 2h.

Figures 4.2-4.4 show that, the present model “10a” simulates the history of both Iy and
organic iodines (“RI” in the figures) relatively well for most of the conditions, and significant
improvement from the LIRIC 3.2 model is seen in low/no oxygen conditions.

Figure 4.5 shows the comparison of the fractions of iodine release as Iy and organic iodines,
by models “10a” and “10a with LIRIC 3.2 organic reactions” for all the cases. The LIRIC 3.2
organic model tends to overestimate the concentration of the organic radical and the release as
organic iodines in low or no oxygen conditions, because it assumes the decay path of the organic
radical only through oxygen. This point was improved in the present model by considering
another path that takes effect in low/no oxygen concentration conditions (see Table 2.3)[10].

Note that small fractions of organic iodines were released even with no MIBK addition in
the experiments. This is probably because the existence of organic impurity in the water and
reagents. In the calculations, 1.4 x 1076 M of MIBK corresponding to 100 ppb TOC (total
organic carbon) was assumed. The calculations by the present model show less organic iodine
release than LIRIC 3.2 organic model with this very low organic imurity (Base, LO and N2
cases), though it is considered not so technically significant.
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Figure 4.2: Gaseous iodine release history: comparison of experimental data and calculation
results, 10a (left) and 10a with LIRIC organic reaction set (right); I2: elemental iodine, RI:
organic iodines; Origin of time is at the start of irradiation; Sweep gas: Air.
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Figure 4.3: Gaseous iodine release history: comparison of experimental data and calculation
results, 10a (left) and 10a with LIRIC organic reaction set (right); I2: elemental iodine, RI:
organic iodines; Origin of time is at the start of irradiation; Sweep gas: N9-2%0Os.
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Figure 4.4: Gaseous iodine release history: comparison of experimental data and calculation
results, 10a (left) and 10a with LIRIC organic reaction set (right); I2: elemental iodine, RI:
organic iodines; Origin of time is at the start of irradiation; Sweep gas: No.

— 26 —



JAEA-Data/Code 2010-034

I, Release
1E+2 | |
M Exp
O LIRICorg
M 10a
§1E+1-
c
g8
T
L
[T
o
@ 1E+0 1
[1)
o
&
1E-1
fF & EF 9L PSS
g S ¥ & 5y 3
§ & g &
Organic Iodide Release
1E+2 | |
M Exp T —‘
O LIRICorg
BT m10a
€ 1E40 ] —
e
T
®
L
5 1E-1
b
[}
o
@ 1E-2-
1E-3 1
fF &§F 3 9 PP
N S 5 3 ¥ 3
s 4 g &

Figure 4.5: Gaseous iodine release fractions: comparison of experimental data and calculation
results at the end of irradiation. The cases and conditions are described in Table 4.1. (Exp:
experiments, LIRICorg: 10a with LIRIC 3.2 organic model, 10a: 10a model.)

— 27 —



JAEA-Data/Code 2010-034

[Gas Ventilation

Charcoal Filter Gas Recirculation Loop

. E Lﬂﬂll N
¥ : #) H, Sensor
Gas 11
Sampling e 7T
Loop 1 ~] / 1]
AAIS -ra A/ . pH control
xﬁ““-., |
Aqueous ™S
Sampling NG ) A
Loop 4 ! Aqueous
oo | \ Recirculation
Oniine _ = Loop
Gamma E
Figure 4.6: RTF test apparatus.[44, 46]
Exp. + cal.(given) -------
10 =+ T T T e ARMEE 2
9 X 1 i
5 8 A TIVSTIRTR A I
g By | ]
0 50 100 150 200 250 300
Time (h)

Figure 4.7: pH control in RTF Phase-0 Test-2 Stage-2 experiment.

4.2 RTF Experiment with a Steel Vessel

RTF (Radioiodine Test Facility) was an experimental apparatus at AECL/Canada where middle
scale (~300 L gamma-irradiated tank) iodine chemistry experiments were performed. Some cases
of the experiments were referred for International Standard Problems (ISPs) of OECD/NEA [44,
45). Figure 4.6 shows the schematic of the apparatus. About 25 L of 3!I-labeled iodide solution
was contained in a vessel, in which %°Co gamma source was located at the center. The evolution
of iodine concentration in the cover gas and the solution was measured by sampling loops
equipped with gamma counters.

The case referred in ISP-41[44], Phase-0 Test-2, was gamma-irradiation of CsI solution in
a stainless steel vessel at room temperature. Aqueous pH was controlled as a given condition.
Practically no organic impurities were involved, and it was considered as a simple basic condition.
Table 4.2 summarizes the experimental condition and some calculation parameters. The interface
mass transfer and adsorption parameters for iodine were based on the values recommended in
ISP-41. As indicated in the bottom row of the table, three cases of calculations were done.
Figure 4.7 shows the controlled pH history that was given as input.

Figure 4.8 shows the evolution of gaseous iodine concentration by the calculation, compared
with the experimental data. The base case calcuation agreed with the experiment very well.
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Table 4.2: Experimental condition and calculation parameters for RTF Phase-0 Test-2 Stage-2
(ISP-41).

Experimental

Temperature/Pressure | 25 °C / Atmospheric

Cover gas Air

Initial iodine conc. 9x 1075 M as CsI

Dose rate 1.36 kGy/h

pH control/range Controlled, 10-5.5 (see Fig. 4.7)

Vessel / Geometry 316 stainless, Gas volume 315 L, Aq. volume 25 L, Gas-aq.
interface 37 dm?, Gas wall surface 220 dm?, Aq. wall surface
52 dm?

Calculation

Adsorption parameters | Ads. velocity 1.8 x 1072 dm/s, desorption rate 1.8 x 1076 s~!
Interface mass transfer | 5 x 10~* dm/s for I,
Initial concentrations | [I7]=9 x 1076 M, [Fe?t]=[Fe3t] =1 x 107° M

Cases “Base”: as indicated above
“NoFe”: not assuming Fe?* /Fe3* existence
“Ig”: considering volatility of iodine atom (without Fe ions)

However, other cases, “NoFe” and “Ig”, showed significant underestimation for the stages of high
pHs. In the model, the iron ions work as catalysts that oxidize -O, radical, a reducing agent for
I, (Table 2.4), and enhance the oxidization of I~ to I. In our experiences, we needed to assume
such catalysis effect by transition metals to obtain good simulation of RTF experiments at high
pHs. Note that we did not use that in the simulation of JAEA experiment with a glass vessel.

The volatility of iodine atom examined in the “Ig” case was proposed by Dickinson and
Sims[12]. They considered the similarity of -I with Xe and the importance of its volatility in the
case Iy concentration was very low. However, our calculation on RTF experiments showed that
its effect is much weeker than the metal catalysis effect.

Thus, we suppose that consideration of the effect of metal catalysis should be included in
the cases having metals in the system, i.e. experiments with steel vessels or simulation of real
plants.

Figure 4.14 shows the evolution of aqueous iodine concentration. The base case showed a
good agreement with the experiment. Figure 4.10 shows iodine distribution in the system. It
is depicted that, in the experiment, most of iodine went to the gas phase wall and very little
amount was in the gas phase at the end state. It is because Is is reactive and easily adsorbs on
walls. Note that the adsorption of I on the wall is handled empirically by given rate constants
based on experimental observation, despite such quantitative importance, at present.
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Figure 4.9: Aqueous iodine concentration: comparison of experimental data and calculations.
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Figure 4.10: Iodine distribution in the system: comparison among the calculation results
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Table 4.3: Experimental condition and calculation parameters for RTF Phase-10 Test-1 (ISP-41
follow-up phase 2).

Experimental

Temperature/Pressure | 60 °C / Atmospheric

Cover gas Air

Initial iodine conc. 8.6 x 107 M as CsI

Dose rate 0.67 kGy/h

pH control/range Controlled at 10 before 72h and after 285h, otherwise not controlled
Vessel / Geometry 316 stainless, Gas volume 315 L, Aq. volume 25 L, Gas-aq.

interface 37 dm?, Gas wall surface 220 dm?, Aq. wall surface
52 dm?; Amerlock 400 epoxy paint for all the walls (xylene
based, about 0.3mm thick, aged 3 months)

Calculation

Adsorption parameters | For I5: Ads. velocities

2 x 1072 exp(5.1 x 103(1/298 — 1/T)) dm/s (gas, painted wall),
4 x 1072 dm/s (aq., painted wall); Des. rates 0 (gas, painted
wall), 1 x 1076 s7! (aq., painted wall)

For I7: Ads. velocity 4 x 107 dm/s (aq., painter wall); Des.
rate 1 x 1076 s71 (aq., painted wall)

Interface mass transfer | 1/(1/kmaq + Hp/kmg) for Io, HVRI and LVRI where

kmag = 7 % 1074(T/298)5 dm/s, kg = 0.01(7/298) dm/s, H,
is the partition coefficient (Coq/Cy)

Paint solvent leaching | JAEA model[37]

Initial concentrations | [I7]=8.6 x 107% M, [Fe*T]=[Fe3T] =1 x 107° M,
[orgpag]= 0.25 M

Cases “Base”: as indicated above

“NoFe”: not assuming Fe?" /Fe3T existence

“Cp0Odef”: using default value for the initial organic conc. in
paint = 0.08 M

4.3 RTF Experiment with a Painted Vessel

Another case of RTF experiment, Phase-10 Test-1 which was also referred in the follow-up
studies of ISP-41[45], was simulated. Table 4.3 shows the experimental condition and some
calculation parameter settings. The vessel wall was coated with an epoxy paint, and this case
involved the influence of the organic impurity coming from the paint. The pH was initially set
at 10 and the control was stopped at 72 h. After that, pH changed naturally by the reaction in
the system.

The mechanism of the influence of organic impurity on the iodine chemistry is understood
as follows[2, 3]. The paint matrix involves significant amount of remaining organic solvent that
leaches when the paint is submerged under water. Under irradiation, such an organic impurity
undergoes radiolytic degradation and provides organic radicals and acids. The acids lowers the
pH of the solution and enhance the volatility of Io. The organic radicals react with iodine and
produce organic iodines.

The “10a” model of Kiche includes those processes, and this experiment was picked up for
the test of those models.
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Figure 4.11: pH evolution: comparison of experimental data and calculation results for RTF
Phase-10 Test-1 experiment.

In the calculation, parameters for the adsorption and interface mass transfer of iodine species
were given according to the recommendation in the ISP document[45]. The initial concentration
of iron ions was assumed as same as the previous section.

The leaching of the organic compound from the paint was handled by our own model which
gives the equilibrium between the solution and the paint matrix, K, and the leaching rate, kq
(dm/s), by the following equations|37].

AE, (1 1
_ —4 e _
K =3x10 exp{ ( 298)} , AE, =55 (kJ/mol) , (4.1)
AE, (1 1
— =7 _ a _ _
kg =4.17 x 10 exp{ ( 298)} , AE, =50 (kJ/mol). (4.2)

The initial concentration of the organic solvent in the paint matrix obtained from our experiment
was around 0.08 M. However, it depends on the paint application process, age of the paint and
so on, and has relatively large uncertainty. So, we tried several values for it and found that
assuming 0.25 M gives a good agreement with the experimental data on the gaseous organic
iodine concentration.

Figure 4.11 shows the calculated pH change compared with the experimental result. The
selected base case parameters gave a good agreement on this pH drop behavior. The “NoFe”
case showed more pH drop probably because more oxygen was available for more CO2 produc-
tion. The “CpOdef” case showed less pH drop due to less organic compound available for CO4
production.

Figure 4.12 compares gaseous I and organic iodines (HVRI+LVRI) concentrations by the
base case calculation and the experimental data. The calculation showed a good agreement with
the experimental data. Comparison among the calculations on the gaseous iodines is shown in
Fig. 4.13. The “CpOdef” case showed less volatility than the base case though the trend was
similar. The “NoFe” case showed much less volatility. Figure 4.14 shows the aqueous total
iodine concentration. The base case calculation underestimated the aqueous concentration in
the latter half. Figure 4.15 shows the concentration of organic solvent in the paint obtained
in the base case calculation. It shows that the solvent remaining in the paint mostly leached
during the experiment.
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Figure 4.14: Aqueous iodine concentration: comparison of experimental data and calculations.
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Figure 4.15: Calculation result on the decrease of organic solvent (ORGPaq) in the aqueous
paint matrix by leaching.

— 35 —



JAEA-Data/Code 2010-034

5 Summary

A computer code Kiche was developed for analyses of chemical kinetics relevant to iodine
volatilization in the containment vessel of LWRs during a severe accident. The model and
code was described in this document. Application of Kiche for simulation of experiments, in-
cluding JAEA experiments for the influence of organic impurity and oxygen concentration, RTF
experiments with steel walls and with painted walls, demonstrated good agreement of the cal-
culation results with those experimental data. It indicates that the present model covers the
primary processes of the volatilization of iodine from irradiated iodide solutions with or without
organic impurities.
Potential advantages of Kiche are as follows.

e The reaction database is in the plain text format and appears as reaction and rate constant
expressions, so that users easily read or modify the reaction model.

e Being a Fortran code, it is relatively easily coupled with other Fortran codes such as severe
accident analysis code.

e It solves “stiff” reaction kinetics models practically fast enough by the implicit scheme.
The present limitations are as follows.

e There are factors still not included in the present reaction model, “10a”: contribution of
nitrogen to nitrate or ammonia production, gas phase reactions by ozone or electron, gas
phase organic iodine production on walls, etc.

e The reaction model is based on concentrations, and limited for dilute solutions. Concen-
trated solutions need more rigorous formulation with activities.

e The present code handles only one cell, though extension for multiple cells should be
relatively easy.

e More sophisticated methods might be applicable for the discretization and matrix inver-
sion, and might improve the accuracy and speed.
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Appendix A Syntax of the Reaction
Database

A.1 Structure and Control Keywords

Figure A.1 gives an example of how the reaction database appears. The database should be
written according to the syntax described in the followings so as to be processed by chem2f95
script properly.

The database consists of 4 sections,

e Variable definition section,

e Reaction section,

e Non-reaction process section, and
e Jodine atom number section.

Those sections are started with control keywords, and ended by a blank line or the EOF
(end of file) code. There are keywords other than the section declaration, namely for comments
and variable definitions. Table A.1 summarizes the control keywords.

A.2 Syntax of Each Section

A.2.1 The “Variable Definition” Section

This section consists of space separated list of Fortran variable names. Those variables are
defined as double precision real variables in the Fortran source to be generated. Basically,
variables appearing in the fVAR expression must be listed so that they are defined in the
source. However, some are already defined in the code (temperature, dose, adsorption and mass
transfer related variables).

Calling of subprograms need their definition elsewhere. Typically, misccorr.£95 is the place
for definition of miscellaneous subprograms.

The variable definition section can not contain fVAR lines.

A.2.2 The “Reaction” Section

Assume a reaction named “reacl” is expressed as follows,

riRy + 1Ry + -+ 1, Ry, i p1PL+paPo -+ pp, Py, (A.1)

where k, is the rate constant of the reaction r (suffix); R and P are the reactant and product
species, respectively; r, and p, are the corresponding stoichiometric coefficients, respectively. A
line of the reaction database for this reaction is written like the following.

! reac_name reactant product rate_const
reacl r1[R1]+.. .+rmr[Rmr] p1[P1]+...+pnr[Pnr] expression_for_kr

The syntax for this section is described as below.

e A reaction is defined by a line having 4 fields, “reaction name”, “reactant”, “product” and
“rate constant”.
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! kiche reaction database

#DEFVAR

tce tf ea dw rad kkw kk12 kkl kk2 kkco2 kkhco3m

pkw pkh pkoh pkho2 kkh kkoh kkho2 kkh202 kk25 kk27 kk29 kk31

#REACTION

! temprature vars

#VAR tce=t-273.15 ! temperature t[k], tcelC]

! generation of primary products by water radiolysis

! fit of Katsumura’s review fig (CHARGEDPARTO4, chap.23, fig.1)
ge_m {h20} [e_m] rad*(2.57+3.31e-3%tce)

gh {h20}  [xh] rad*(0.57+1.13e-3*tce)

! Radiolytic oxidation-reduction
#VAR kk12=(1.0/dw)*10.0%*(555.0/t+7.355-2.575%10ogl10(t)) ! Palmer et al.(1984) good for 277--483K

i_01 [i_m]+[xoh] [xi]+[oh_m] 7.7e9*%exp(19e3xtf) !  DICOO_1
12_14f [xil+[e_m] [i_m] 2.4e10*ea

#NONREACT

!

! i2

tri2_1 [i2g] [i2] kmti2*aint/max(vg,epsvol)

tri2_2 [i2g] [i2g] -kmti2*aint/max(vg,epsvol) *hpi2
tri2_3 [i2] [i2g] kmti2*aint/max(vaq,epsvol)*hpi2
tri2_4 [i2] [i2] -kmti2+*aint/max(vaq,epsvol)

#IATOMS

[orgimp] 0
[i20rgimp] 2
[orgip] 0

Figure A.1: Appearance of the reaction database. (10a)
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Table A.1: Control keywords for the reaction database.

Keywords for declaration of sections

fDEFVAR Start of the “Variable definition” section.
fREACTION  Start of the “Reaction” section.
INONREACT  Start of the “Non-reaction” section.
HTATOMS Start of the “Iodine atom number” section.

Keywords other than section declaration.

! Comments or comment lines. (Following characters to the end of the line are
ignored.)

VAR Assignment of variables. Fortran sentences to assign values to variables should
follow. It can appear inside of “Reaction” or “Non-reaction” sections. It must
appear before the reference of the variable.

One or more blank line(s) are recognized as end of sections. Comment lines has no effect.
In the Fortran expression(s) following VAR keyword, “K(process name)” is replaced with
the rate constant for the reaction or non-reaction process of the specified name. Also
“[species name]” is replaced with the concentration of the species. Any Fortran sentence
can be inserted (e.g. if sentence, calling subprograms, etc.).

One or more space(s) delimit the fields until the rate constant field is reached. Spaces are
not significant within the rate constant field. Heading space(s) in this line are ignored.

the reaction name is a string of a length less than 20 characters, and used for identification
of the reaction.

The reactant and product are strings to describe the left hand side and the right hand side
of the reaction, which must be written without spaces within. “+” is used as delimiter
between terms.

“[...]” means species names. The solvent, or any species that should be ignored in the
kinetic formula can be written by “{...}”, e.g. {h20}.

The stoichiometric coefficients can be integers, real numbers (involving a decimal point)
or fractions (1/2, 2/3 etc.).

The rate constant expression should be valid as a Fortran mathematical expression. Vari-
ables can be used. Those variables should be defined in the {DEFVAR section, or known
to be defined elsewhere. “K(name)” is replaced with the rate constant for reaction or
non-reaction named name. “[name]” is replaced with the concentration of species name.
#VAR directives should be used to give values of variables before they are referred.

A.2.3 The “Non-Reaction” Section

Various processes other than chemical reactions that make concentration changes of species, for
example, gas-liquid interface mass transfer, adsorption/desorption on walls, mass transfer with
flows and so on, are listed in this section. They are expressed as contributions to concentration
changes of species. As an example, assume a process named “procl” expressed as follows,

XL R0~ KTX]) 4 RolXou][X] R+ (4.2)
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It is written in the database term by term as follows.

! non-reac_name specs affecting_specs factor
procla [x] [(X1] ki
proclb [x] [x] -k1*K
procilc [X] [X2a] [X2b] k2
procild (X1 none k3

The process “procl” is decomposed into 4 terms and every term makes a line in the “Non-
reaction” section. The syntax for this section is as follows.

e A non-reaction process line accommodates one of the decomposed terms that, as a whole,
express contribution of a process to concentration change of a species. It consists of 3 fields,
“non-reaction process name”, “dependent species”, “affecting species” and “factor”.

e One or more space(s) delimit the fields until the rate constant field is reached. Spaces are
not significant within the rate constant field. Heading space(s) in this line are ignored.

e The non-reaction process name is a string of a length less than 20 characters, and used for
identification of the process (and the term).

e The dependent and affecting species names are expressed by “[name]”.

e “none” as the affecting species means a Oth-order process, the rate constant of which does
not depend on any concentrations.

e The factor is given by a Fortran mathematical expression. Variables, “K(name)” and
“[name]” syntax are the same as in the “Reaction” section.

A.2.4 The “lodine Atom Number” Section

The number of iodine atoms in a species (molecule) is, by default, recognized by reading a
number following a letter “i” in the species name (e.g. “i2”, “i3.m”). If no number is found
after “i”, the number is set 1. This section exists to give the number that is not found by this
default method. For example, “x(hio2)3” has 3 iodine atoms and the above method is not valid
in this case. A line in this section as follows specifies explicitly the number of iodine atoms in
such a case.

! species_name number_of_i_atoms
[x(hio2)3] 3

A.2.5 Line Length

The 132-character limitation of Fortran free form source is imposed on the reaction database. So,
the length of the significant part of lines in the database should not exceed about 120 characters
to make the generated Fortran source fit in the source format limitation. Comments are erased
at conversion and not subject to this requirement. A very long variable expression can be folded
as a Fortran multiple-line sentence.

#VAR xabc = very * long * 3.14159265358979 * 1./234.56789 * cos(33.123/54.345) &
#VAR & + sin(45.65789%34.1234/1234.4567)/10g(213.87163)/3.1234567 &
#VAR & - expression * is / folded / like / this

When the conversion is done automatically by the Makefile, the line length of the generated
source is checked, and an error message is shown if too long lines are found.
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Table A.2: Species and components names hard-coded in kiche.

Name Species or components

i2g Gaseous Is.

xig Gaseous 1.

hvrig Gaseous HVRI (high volatility organic iodide, namely CH3l
and others).

lvrig Gaseous LVRI (low volatility organic iodide).

i2gout, xigout, Gaseous s, -I, HVRI and LVRI flowed out of the system.

hvrigout, lvrigout

issg Todine adsorbed on gaseous steel wall.

ispg Todine adsorbed on gaseous painted wall.

isp Todine adsorbed on aqueous painted wall.

imsp Todide ion adsorbed on aqueous painted wall.

i2con Todine absorbed in gaseous wall condensate water film.

h_p HT

02g Gaseous Os.

n2g Gaseous Na.

h2g Gaseous Hs.

co2g Gaseous COa.

nh3g Gaseous NHj.

orgpaq Organic solvent remaining in aqueous paint matrix.

A.2.6 Convention for Naming Chemical Species or Components

Though any naming style is possible as long as each name is identifiable, the following convention
is recommended for the naming of chemical species for it is simple and it makes the database
easy to be read.

e Use the molecular forumula with lower case alphabets, numbers, parenthesis “(..)” and
under bar “.”.

e For plus and minus ionic charges, put “_.p” and “.m”, respectively, at the tail, e.g. “h_p”,
“co3_2m”, “i_3m”.

e Put a heading “x” for radical species, e.g. “xoh”, “x02_m”.

e Put a tailing “g” for gaseous species, e.g. “i2g”, “n2g”.
Some examples are: Fe3t = fe3p,e” = em, -IO§_ = xi03_2m , NHJ = nh4 p,B(OH); =
b(oh)3 .

There are some species for which names are presumed and hard-coded in kiche. They are
iodine species, gas components and organic compounds in the paint matrix as listed in Table A.2.
Those names should be used in the database consistently.
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Appendix B Practice of Usage

B.1 System Requirements

Kiche has been developed on Linux workstations with the environment as follows.

e Hardware: Intel CPU later than Pentium 4, Reasonable RAM and HDD capacity to run
the OS with X-Window

Linux distribution: Vine Linux 4.2, Ubuntu 9.04 and 10.04LTS

Perl interpreter: Perl v.5

Shell: Bash 4.1.5

Fortran 95 compiler: Absoft Fortran 9.0 or g95

e Plotter: Gnuplot 4.2

The command line appearances shown below are in this environment. Among the list above,
a Fortran 90/95 compiler and a Perl interpreter suffices the least requirement, and any system
having them are probably able to run the Kiche tool.

B.2 Source Directory Tree

When the archive file for distribution is extracted, the following directory tree appears. It is
recommended to extract an archive in a directory such as $HOME/kiche.

. ——+-—- README.txt Copyright notice etc
| NOTE.txt Note on the development
| VERSION Version

|  mktar Archiving script

|

+-- src Source files

|

+-- bin Execution files and scripts (Add this to your user PATH)

| chem2f95 and chem2tex tools are here.
+-— models Reaction databases
+-- doc Documents

B.3 Compiling

Assume you are in the directory where the archive is extracted. The following command does
the compilation with a reaction database file “xxxx.db”.

$ cd src
$ make MODEL=xxxX
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The execution module is in the “bin” directory and named “kiche.xxxx”. The compilation
process runs by the make command, by default reading “Makefile”. If the option specification
“MODEL=..." is omitted, a default model specified in the Makefile is used. The following does
only the generation of Fortran include files from the reaction database.

$ cd src
$ make model MODEL=xxxx

To clean the object files and module files, or the execution files are done by the following.

$ make clean (to erase object and module files)
$ make binclean (to erase execution files)

The reaction database files to be used should be in “models” directory. As of October 24,
2010, following reaction database files are maintained.

e 10a : The latest database compiled at JAEA, based on water radiolysis set by Elliot
(1994)[20], iodine reaction set based on LIRIC 3.2[11] and others[12, 9] with improvement
for low oxygen concentration conditions at JAEA.

e liric : Nearly the copy of LIRIC 3.2 set[11].

e 10a-lorg: Same as 10a except that the organic reaction set is the same as LIRIC 3.2.

B.4 Running the Code

A brief instruction on the execution of kiche is presented by calling it without command line
options or with “-help” option. The following is the output by that.

$ kiche.org -help
kiche: chemistry of iodine in LWR containment
version=1.2 model=10a
usage: kiche.<model> [options]
options:
-i <file> : input file (default ’in’)
-h <file> : output for iodine inventory history (default ’hi’)
-c <file> : output for species concencrations history (default ’hc’)
-hr <file> : output for rate constants history (default none)
-1r <file> : output for change rate and contributions (list) (default none)
-bd <file> : binary dump data (for restart) (default none)
-rs <file> <step> : restart calc. (get cell and time data from a binary
dump file and start the calculation from there.) (default none)
kiche.<model> -rs <file> shows a list of time and step in the file.

-db : output debug information into file ’debug’
-help : print this message (to stderr) and stop
—-index : print indexes of chemistry model (to stdout) and stop

-ispc <name> : print index for a species and stop

-oisp <name> : print output column index for a species (index+2) and stop
(if no option is given and no default input file is found, this message

is printed and program stops.)

As in the above, The chemistry model information, i.e. species, reactions and non-reaction
processes included, and their indexes, are displayed by the option “-index”.
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$ kiche.xxx -index | less

This displays the index list by a pager “less”. With the “-ispc” option, the index of the specified
species is displayed. The “-oisp” option displays practically “species index+2” that is the column
number in the concentration history output file. These functions are useful for finding the species
indexes for preparation of the input data file, for plotting the history data, and so on. The
followings are examples of execution by those options.

$ kiche.10a -ispc h_p
16
$ kiche.10a -oisp h_p
18

It can be used in the Unix shell script (Bourn shell) or gnuplot script as follows.

(In the shell)

$ echo ‘kiche.10a -oisp h_p°

18

(In gnuplot)

gnuplot> plot "hc" us 1:(-loglO(column(‘kiche.10a -oisp h_p‘))) ti "pH" w 1
. plot is displayed ...

B.5 Preprocessor to Ease Indexes in the Input

Concentrations of some species should be given as initial conditions by input data file for kiche.
If modification of some rate constants are intended, modification factors for those reactions or
non-reaction processes should be given in the input. Appendix C describes about such matters
in detail, and just one point is given here.

The specification of species, reaction or non-reaction processes in the input file is given
by their integer indexes, not the names defined in the reaction database. This is due to the
syntax allowed for the “namelist” function of Fortran. However, this causes an inconvenience in
preparing input files. That is, we need to prepare input files for different reaction models with
different index numbers if the indexes are different, even though the difference is very little. To
make this situation easier, a preprocessor script was prepared. It finds the names of species and
processes in the input file, converts them into integer index numbers and writes an input file
directly readable by kiche code, and runs kiche code with given reaction model (kiche.model).
The name of the script is kiche (without suffix for a specific reaction database). The usage of
the kiche preprocessor is shown by calling it without options or with -h.

$ kiche -h
usage: kiche <model> [command line options]
this is a wrapper to run kiche.xxx with the chosen reaction model.
preprocessing:
replace of species, reaction/non-reaction names with corresponding
numerical indexes is available in
- initial conc. specification (e.g. clconc(i_m) : i_m => ##)
- rate const. modification factors (e.g. fkr(i_21) : i_21 => ##)
- material addition time table (e.g. ttadd(1)%isp = org : org => ##)
* lines headed by ! (preceding blanks are ignored) are not pre-processed.
—---- help message of kiche --——-
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Appendix C Input/Output Data Files

C.1 Input Data Format

C.1.1 The Style

The input data is fed by using the “namelist” function of Fortran. A namelist inputvars is
defined in a subroutine initinput, and an input file appears like below.

I comments
1

&inputvars

The data for the geometry and conditions of the system cell is contained in a derived type

variable “c”. The cell data variable is defined as a local variable “cell” in main.f95, then

passed to initinput as an argument. The elements of the cell data are accessed by “c%xxx”
in the input data. Other variables are defined in vars.f95 or vars_chem.f95.

Samples of input data are shown at the end of this section in Figs. C.1 and C.2, for JAEA
experiment (“Base” case, see Section 4.1) and for RTF Phase-0 Test-2 Stage-2 (“Base” case, see
Section 4.2), respectively.

C.1.2 Input Variables

The units for the data are as follows. Those units are used also inside the code.
e Length, area, volume: dm, dm?, dm?
e Time: s
e Mass: kg
e Force: N
e Energy: J
e Molarities and concentrations: mol, mol/dm?(=M), mol/dm?, mol/dm
e Dose rate: kGy/h

The followings are the list of input variables. Default values are indicated by (default §) or

Control variables Control variables are as follows.

tstart Start time (default Os)
tend End time (default 0s)
maxstep Maximum step number (default 5000000)
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dtmax

dtmin

outdt

outstep

iphgiven

igasrule

ihumid

iwallcond

ioutstep

mdlctrl

epsnewton

epsnegl

epsneg?2

litnewton

ngoodnewton

nmaxnewton

JAEA-Data/Code 2010-034

Upper limit time step (default 60s)

Lower limit time step (default 1e-9s) (The program terminates with
error if matrix inversion fails with it)

Output time step (default 600s)

Output step (It overrides if it is reached before the output time step is
reached.)(default 1000)

Switch for pH handling:

0 pH is calculated (H' conc.),

1 pH is given as input data by ttbl_ph (If time dependent ON/OFF of
pH control is desired, ttbl_phctrl should be set.)

Switch for cover gas composition handling (except volatile iodine that
is dilute):

0 Closed system (Constant mass of gas components),

1 Open system (Constant partial pressure of gas components;
(Volatile iodines are closed in the system if not instructed differently
(see qgflow)) (Initial conditions are given by partial pressures in either
of the settings)

Switch for humidity (partial pressure of water) handling:
0 Relative humidity is given as constant (zp,;, = ps/Psat)s
1 Saturation vapor pressure is assumed (ps = Psat, Thim = 1)

Switch for the wall condensate water film:
0 Condensation mass flux is given (kg/dm?s),
1 Wall temperature is given (K)

Switch for output time step control:

0 Output according only to outdt or ttbl_outdt,

1 outstep is also referred (to prevent silence when time step reduces to
very short, taking long time to reach next output time)

String variable for model control keywords (Multiple keywords can be
set with spaces as a delimiter; Keywords are listed later in “Control
keywords”.)

Newton conversion criteria, relative error tolerance (default le-4)
Newton conversion criteria, neglected small concentration level (default
le-20M)

Newton conversion criteria, a relative criterion to neglect negative
concentrations (default le-4)

Switch for Newton iteration:
0 No iteration (Simplified method, fast but less accurate),
1 With iteration (default)

Number of Newton iteration for convergence that is taken as fast
enough and increase of time step is tried (default 10)

Upper limit number of Newton iteration with which convergence is
quit and retry with reduced time step is decided (default 50)

Control keywords

The model behavior is controlled by setting keywords in a string input

variable mdlctrl. Multiple keywords can be given by delimiting them by speces. Care should
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be taken in conflicts or inconsistency in multiple keywords.

givekmt

kmto2base

nogaqpart

givesorption

nosorption

nopaintdissol

givepaintcp(

givepaintdissol

givewallcond

usexig

useih?2

orggout

isp41rtfset

isp41fulset

kmtxxx(gas-aqueous interface mass transfer velocities) are given from
input as constants and built-in correlation equations are not used. (for
kmto2/n2/h2/co2/nh3/org/i2/xi/hvri/lvri/i2con) (This setting
overrides others, e.g. “isp41...”, “nogaspart” and so on.)

Relative evaluation of gas-aqueous interface mass transfer velocities
based on the value for Og at 25°C is used. The basis value should be
given by kmt0o2. The values for other volatile species are evaluated by
assuming a dependence law for the case of liquid phase resistance
dominant, k¢ ~ (T/u)/V{C; T: temperature (K), u: water viscosity,
V4: molar volume of the volatile species at normal boiling point.

Gas-aqueous partition is prohibited.

Wall adsorption/desorption parameters are given from input as
constant and built-in correlation equations are not used. (for
vadissg, kdeissg, mlimissg; vadispg,kdeispg,mlimispg, mirvispg;
vadisp,kdeisp,mlimisp,mirvisp; vadimsp,kdeimsp,mlimimsp) (This
setting overrides others, e.g. “isp4l...”, “nosorption” and so on.)

Wall adsorption/desorption is prohibited.

Organic compound leaching from the aqueous wall paint is prohibited.
(default: leaching model enabled if aspaq> 0 and tpag> 0)

Initial organic concentration in the aqueous wall paint is given from
input (by c%conc(orgpaq)). (for organic leaching model) (default:
evaluated by a built-in empirical correlation equation)

Rate constant for organic leaching from the aqueous wall paint, kdisorg
(dm/s), and equilibrium constant kkdisorg(=(Jorg|/[orgpaq])eq), are
given from input as constants, and the built-in correlation equations
are not used. (default: evaluated by built-in empirical correlation
equations)

Wall condensate film thickness and flow rate are given from input as
constants and built-in correlation equations are not used. (for ¢%tcon,
c%fcon) (default: evaluated by built-in empirical correlation equations)

Atomic I volatility is considered. (Based on Dickinson[12] model)
(default: not considered)

Hy+I reaction is considered. (Reduction of iodine volatility under the
presence of hydrogen gas (upto 5% at atmospheric pressure and room
temperature) can be simulated. Not confirmed at other conditions.)
(default: not considered)

Flow-out of gaseous organic compound, ORGg, is considered if
qgflow> 0. (default: flow-out is considered only for predifined gases
and volatile iodines)

ISP41 (RTF Phase-0 Test-2) recommended parameter values
(gas-aqueous interface mass transfer, wall adsorption/desorption) are
used.

ISP41 follow-up phase-1 common parameter values for a plant like
condition (gas-aqueous interface mass transfer, wall
adsorption/desorption, wall condensate film) are used.
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isp41fu2phebusrtflset

ISP41 follow-up phase-2 Phebus/RTF1 common parameter values
(gas-aqueous interface mass transfer, wall adsorption/desorption) are
used.

isp41fu2rtfpl0tiset

ISP41 follow-up phase-2 RTF Phase-10 Test-1 common parameter
values (gas-aqueous interface mass transfer, wall
adsorption/desorption) are used.

Time table data Time tables are derived type variables with following elements to specify
data at given points of time.

n :  Number of data (frequency of specification) (<max_ttbl= 500)(default 0)

t() :Array for the times (n elements)

x() :Array for the values (n elements)

ihr : Switch for time units (0: second, 1: hour)(default 0)

typ : Switch for interpolation method (0: linear interpolation between the given

points, 1: step function changing to the values at given points) (default 0
for (ttbl_ph, ttbl_temp,ttbl_tempg,ttbl_press), 1 for (ttbl_phctrl, ttbl_dtmax,
ttbl_outdt, ttbl_dose, ttbl_qgflow))

These elements are accessed in the input data by ttbl xxx%n, ttbl xxx%t(..), tthl_xxx%x(..)
and so on. The following is the time tables provided.

ttbl_ph pH time table (required when iphgiven= 1)

ttbl_phctrl ON/OFF of pH control (referred when iphgiven= 1, x= 0: OFF, x= 1:
ON) (Not giving this means controlling pH always.)

ttbl_dose dose rate (kGy/h) time table, referred if n> 0 (c%dose is referred if
n=0)

ttbl_temp Aqueous temperature (K) time table, referred if n> 0 (c%temp is
referred if n= 0)

ttbl_tempg Gas temperature (K) time table, referred if n> 0 (c%tempg is referred
if n=0)

ttbl_press Pressure (Pa) time table, referred if n> 0 (c%ptot is referred if n= 0)
(At present not implemented)

ttbl_dtmax dtmax time table, referred if n> 0 (dtmax is referred if n= 0)

ttbl_outdt outdt time table, referred if n> 0 (outdt is referred if n= 0)

ttbl_ggflow qgflow time table, referred if n> 0 (qgflow is referred if n= 0)

Material addition time table data A time table input variable is specially provided for
addition of materials into the system with time. It is a derived type variable with following
elements.
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Index of the species added

Number of data (frequency of specification) (<max_ttbl= 500)(default 0)
Array for the times (n elements)

Array for the values of addition amount or rate depending on typ (n elements)

Switch for time units (0: second, 1: hour) (default 0) (applied also for the
addition rate, e.g. M/h for ihr=1)

0: Amount (concentration of the species added) increment at specified time, 1:
Rate (concentration increase rate) given at specified time and kept constant
till the next point

Multiple number of material addition time tables can be used.

nttadd

ttadd(1:nttadd)

Number of material addition time tables used (< maxttadd= 10)

Time table data for addition of materials at specified points of time;
the elements of each table should be specified.

Cell attributes

A cell data variable is defined for the input of cell attributes.

Cell attributes (default 0 for all elements)

It is a derived type variable with the following elements.

dose
temp, tempg
xhm

ptot

psat

pst

pgas

vg, vaq
aint

assg, aspg
aspaq
agepaq

ufg,ufaq

wlsg,wlpg

Dose rate (kGy/h)

Aqueous and gas temperatures (K)

Relative humidity(-) (= pst/Psat)

Total pressure (Pa)

Saturation vapor pressure of water at temperature tempg (Pa)
Partial pressure of water vapor (Pa)

Partial pressure of non-condensible gases (sum of partial pressures of
gas elements) (Pa)

Gas and aqueous phase volumes (dm?)

Gas-aqueous interface area (dm?)

Gaseous steel and paint wall areas (dm?) (for adsorption)
Aqueous paint wall area (dm?) (for adsorption)

Age of aqueous paint age (day) (for evaluation of remaining organic
solvents in the paint)

Flow velocities along gaseous and aqueous walls (dm/s) (for evaluation
of adsorption)

Lengths of gaseous steel and painted walls (dm) (for evaluation of
adsorption)
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wlpaq :  Length of aqueous painted wall (dm) (for evaluation of adsorption)
(The effect of uf*, wl* is described in vadfluid_g/aq in misccorr.f95. A
larger uf* or smaller wl* makes larger adsorption velocities. For the
real scale, uf*= 1, wl*= 20 likely to be conservative (modest
adsorption). Unless a control keyword “givesorption” is specified, wl*,
uf* should be specified for walls of non-zero area.)

tpg :  Gaseous paint thickness (dm) (for evaluation of adsorption)

tpaq :  Aqueous paint thickness (dm) (for evaluation of adsorption and
organic compound leaching)

vspg, vspaq : Gaseous, aqueous paint volume (dm?) [input not taken]

acon . Surface area of the wall condensate water film (dm?)

hcon :  Hight of the wall condensate water film (vertical length) (dm)

tcon : Average thickness of the wall condensate water film (dm)

fcon : Flow rate of the wall condensate water film (flow into the pool)
(dm?/s)

veon : Volume of the wall condensate water film (dm?) [input not taken]

ucon :  Average down-flow velocity of the wall condensate water film (dm/s)
[input not taken]

mcon :  Condensation mass flux onto the wall condensate water film (kg/s-dm?)

tweon : Wall temperature under the wall condensate water film (K)

conc() . Concentration of species (mol/dm?, mol/dm? or mol)

gas : A variable for the cover gas composition (see below)

typ : Cell type:
0: Normal, 1: No gas phase (vg<epsvol), 2 :No aqueous phase
(vag<epsvol)

The element for the gas composition, “gas”, is a derived type variable and has the following
elements.

po2, pn2, ph2, pco2, : Partial pressures (Pa) of Oy, No, Hy, COy, NH3 and others
pnh3, pother

x02, xn2, xh2, =xco2, : Molar fractions of Og, N9, Hy, CO9, NH3 and others
xnh3, xother

These gas elements are accessed by c%gas%po2, c%gas%xhn3 and so on.

Chemistry model variables The variables to control the chemistry model or used for it are
as follows.

fkr() Modification factors for reaction rate constants (default 1.0)

fknr() Modification factors for rate constants of non-reaction processes
(default 1.0)
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Array indexes for them are to be given by integer indexes that can be checked by
“kiche.xxx -index”.

The following variables are by default calculated by built-in correlation equations. They
can be given from the input as constants by setting relevant keywords in the control string
variable md1lctrl.

vadissg I adsorption velocity on to the gaseous steel wall (dm/s)

kdeissg I desorption rate from the gaseous steel wall (1/s)

mlimissg Upper limit adsorption density of Is on the gaseous steel wall
(mol/dm?)

vadispg I, adsorption velocity on to the gaseous painted wall (dm/s)

kdeispg I desorption rate from the gaseous painted wall (1/s)

mlimispg Upper limit adsorption density of Is on the gaseous painted wall
(mol/dm?)

mirvispg Irreversible adsorption capacity of I on the gaseous painted wall
(mol/dm?)

vadisp I adsorption velocity on to the aqueous painted wall (dm/s)

kdeisp I desorption rate from the aqueous painted wall (1/s)

mlimisp Upper limit adsorption density of Iy on the aqueous painted wall
(mol/dm?)

mirvisp Irreversible adsorption capacity of Iy on the aqueous painted wall
(mol/dm?)

vadimsp I~ adsorption velocity on to the aqueous painted wall (dm/s)

kdeimsp I~ desorption rate from the aqueous painted wall (1/s)

mlimimsp Upper limit adsorption density of I~ on the aqueous painter wall
(mol/dm?)

kmti2 I gas-aqueous interface mass transfer velocity (dm/s)

kmthvri HVRI gas-aqueous interface mass transfer velocity (dm/s)

kmtlvri LVRI gas-aqueous interface mass transfer velocity (dm/s)

kmti2con gas-aqueous interface mass transfer velocity of Is on the wall
condensate film surface (dm/s)

kmto2 O2 gas-aqueous interface mass transfer velocity (dm/s)

kmth2 Hs gas-aqueous interface mass transfer velocity (dm/s)

kmtn?2 Ny gas-aqueous interface mass transfer velocity (dm/s)

kmtco2 CO, gas-aqueous interface mass transfer velocity (dm/s)

kmtnh3 NHj3 gas-aqueous interface mass transfer velocity (dm/s)

kmtcl2 Cly gas-aqueous interface mass transfer velocity (dm/s)
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kmtorg Gas-aqueous interface mass transfer velocity of the organic compound,
ORG (dm/s)

kdisorg Rate constant for organics leaching from paints (dm/s)

kkdisorg Equilibrium constant for organics leaching from paints
(=([org]/[orgpaq])eq)

hporgspc Selection switch of the gas-aqueous partition coefficient for the organic

compound (string): “mibk” (default) or “xylene”

* The concentrations of iodine adsorbed on walls (chemical form is unknown) are expressed
by I atom molarity (mol-I/dm?). Thus, care should be taken for the adsorption/desorption
rate constants about the definition of the concentrations of both sides, on the wall and in
the adjacent bulk phase.

Parameters for Oy basis relative evaluation method for gas-aqueous mass transfer veloci-
ties, referred when the keyword “kmto2base” is set in “mdlctrl”

kmt002 Gas-aqueous interface mass transfer velocity for Oq at 298 K (25°C)
(dm/s) as a basis

fkmtiod Modification factor for the gas-aqueous mass transfer velocities for
volatile iodine species (taking effect only on the iodine species)

Gas flow parameters for open systems (sparge/sweep)

qgflow Gas flow rate (dm?3/s) (The flow-in equals the flow-out.) (default 0)

kkbi2 Ratio of Is concentration to the equilibrium value (0-1) inside bubbles
(default 0)

kkbhvri Ratio of HVRI concentration to the equilibrium value (0-1) inside
bubbles (default 0)

kkblvri Ratio of LVRI concentration to the equilibrium value (0-1) inside

bubbles (default 0)

Sparge (bubbling) systems need qgflow and kkbxxx> 0. Sweep (no-bubbling) systems
need qgflow.

C.2 Tips and Examples for Input Preparation
Inputs for derived type variables (structures) and array variables
e Elements of derived type variables: “variable%element= ...”

e Elements of array variables: “variable(range) = ### ### ###”

! Time table data
ttbl_ph¥%n = 3
ttbl_phl%t(1:3) = 0 100 200 ! Range given explicitly
ttbl_ph%x = 10 8.5 6 ! Range can be omitted.
ttbl_ph%ihr = 0
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! Material addition time table data

nttadd = 1 ! Number of ttadd() elements (number of tables)

ttadd(1)%isp = 7 ! Integer index of species are given.

ttadd(1)%n = 3

ttadd(1)%t = 10 20 30

ttadd(1)%x = le-4 le-4 le-4 ! Amount for le-4M increase is added in every 10s.

ttadd (1) %ihr = 0

Giving initial concentrations and modifying rate constants kiche code reads as namelist
inputs the following format. So, an input file directly fed to the code should be written by this
style.

checonc(33) = le-4 ! Concentration of a species
fkr(52) = 0.1 ! Factor 0.1 for a reaction

The integer indexes for species and reaction/non-reaction processes can be checked by the fol-
lowing. (for the detail, see Appendix B)

$ kiche.xxx -index

However, a preprocessor to convert string names of species and processes into integer indexes is
available. The input file written by string names are converted as follows.

$ cat in # displaying the content of a file, "in"

chconc(o2) = 2.67e-5 ! 02 saturation at 25C

cheonc(i_m) = le-4 ! I-

cheonc(org) = 1le-3 ! org

$ cat in.pp # "in.pp" is the file after conversion
checonc(46) = 2.67e-5 ! 02 saturation at 25C

cheonc(33) = le-4 ! I-

checonc(49) = 1e-3 ! org

The detail about the preprocessor is given in Appendix B.

Wall adsorption Models are provided to the followings.

e [y adsorption on to gaseous steel walls
e [5 adsorption on to gaseous painted walls
e I, adsorption on to aqueous painted walls

e [~ adsorption on to aqueous painted walls

They take effects when corresponding wall area, and the paint thickness in the case of adsorp-
tion on to the paint (c%assg, c%aspg, c%aspaq, c%tpg, c%tpaq) are given non-zero values.
The adsorption/desorption velocities, upper limit of the adsorption densities, irreversible ad-
sorption capacities can be evaluated by built-in correlation equations based on the data by
Rosenberg(1969)[39]. The adsorption/desorption parameters can be given as constants by set-
ting a keyword “givesorption” in the string mdlctrl.
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Organic solvent leaching from aqueous paints A built-in model was developed based on
a leaching experiment with an epoxy paint[37] and it also showed consistency with other data by
Ball et al.[38]. The model needs input for aqueous painted wall area, paint thickness and paint
age. The initial organic solvent concentration in the paint matrix that is by default evaluated
by an empirical correlation for remaining xylene depending on the age (not generally reliable),
can be given as a constant from input by setting a keyword “givepaintcp0” in mdlctrl. When
“givepaintdissol” is set in mdlctrl, the solvent leaching rate constant and equilibrium constant,
kdisorg and kkdisorg, are to given from input. When “nopaintdissol” is set in mdlctrl, the
organic solvent leaching is not considered.

Time step control
e Fixed steps: Give dtmax and outdt.

e Steps variable with time: Give time tables for ttbl_dtmax, ttbl_outdt.

These time tables, by default having typ= 1 attribute, keep the value given at a point of time
till the next point. The variable time step is necessary to solve for a long period, starting from
rapidly changing initial phase and slow long term, or a process including rapid changes within
long slow process.

Cover gas composition

e Closed system (mass of components are conserved) : Set igasrule= 0 and give initial partial
pressures of components. The molarities of gas components are calculated at the start and
conserved (with changes by chemical reactions and mass transfer between phases).

e Open system with ventilation (constant cover gas composition) : Set igasrule= 1 and give
initial partial pressures of components. The molarities of gas components are calculated
from the partial pressures at every time step. Mass is not conserved. (Gaseous iodine
species are not treated by this.)

Simulation of experiments with swept system

e Sparge (bubbling) : Give qgflow, kkbi2, kkbhvri, kkblvri: qgflow (volume flow rate of the
gas) from the experimental condition, kkbxxx measured at the specific system, or assume

1.

e Sweep (no-bubbling) : Give qgflow and leave kkb... = 0 (as default). The gas-aqueous
mass transfer velocities for gas components should be adequately given according to the
System.

Condensate water film flowing down along the wall The condensate water film is con-
sidered when the gaseous wall area wet by the condensate, c%acon, and the height of it, ¢%hcon,
are given.

e By default, the water film thickness and flow rate are calculated by built-in correlation
equations with either of the following condition: iwallcond= 0 (given condensation mass
flux, c%mcon (kg/dm?s)) or iwallcond= 1 (given wall temperature, c%twcon (K)) (c%tcon,
c%fcon, c%vcon, c%ucon are calculated.)

e When a keyword “givewallcond” is set in mdlctrl, the built-in model is not used, ¢%tcon
and c¢%fcon are read from the input as constants.
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C.3 Output Data Format

History of iodine inventories (default: hi)

# kiche-1.1 with model=10a
# history of iodine inventory (time=s, inventory=mol-I atom)

# 1:time
0.000000
1.032590
2.044457
3.044457

2:step |
0
363
377
387

3:mitot
2.2500E-04
2.2500E-04
2.2500E-04
2.2500E-04

4:mig
0.0000E+00

9.9740E-13

3.8961E-12
8.7115E-12

5:miaq
2.2500E-04
2.2500E-04
2.2500E-04
2.2500E-04

6:misg ...

0.0000E+00 ...
2.15661E-15 ...
1.6730E-14 ...
5.6863E-14 ...

The variables output in this file is as follows. The unit of the iodine mass is mol-I.

mitot
mig
miaq
misg
misaq
mi2g
mxig
mrig
migout
miZ2gout

mrigout

History of concentrations (default: hc)

Total iodine mass (in the system+flowed out)

Gaseous iodine mass

Aqueous iodine mass

Gaseous wall (including what is dissolved in the wall condensate)

Aqueous wall

Gaseous I

Gaseous atomic iodine (considered by Dickinson et al.(2000)[12])

Gaseous organic iodines

Total gaseous iodine flowed out

Gaseous Iy flowed out

Gaseous organic iodines flowed out

# kiche-1.1 with model=10a
# history of species concentration & gas pressures(time=s, conc.=mol/dm3,

# 1:time
0.000000
1.032590
2.044457
3.044457

The chemical species names are sorted alphabetically. The species included depend on the
reaction set, and so do the column numbers.

History of some cell variables and rate constants (default: none) When the output
by “~hr <file>” is specified, some cell attributes (dose rate, temperatures, gas-aqueous mass
transfer, adsorption and so on) and rate constants of the processes are written in the specified

file.

2:step |
0
363
377
387

3:b(oh)3
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00

# kiche-1.2 with model=10a

4:b(oh)4_m
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
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# history of selected cell vars. & rate constantsas (variable names ...
# 1:time 2:step 3:dose 4:temp 5:tempg 6:vcon 7:tcon 8:fcon 9:hpi2 ...

0.000000 0 0.0000E+00  0.0000E+00  0.0000E+00
1.032590 364 1.3600E+00  2.9800E+02  2.9800E+02
2.044457 378 1.3600E+00 2.9800E+02  2.9800E+02

List of contributing processes to concentration changes of species (default: none)
When the output by “-1r <file>” is specified, a list of concentrations and their change rates,
the processes contributing to the changes, and their contributions are written as follows.

# kiche-1.2 with model=10a
# list of conc. change rate and contributions
# (not shown if conc and dc/dt are both 0)

# step= 0 time=  0.000000
fe_2p : conc. dc/dt= b5.0000E-06 0.0000E+00 <= If conc. is not changing,
fe_3p : conc. dc/dt= 5.0000E-06  0.0000E+00 no processes of contribution
i_m : conc. dc/dt= 9.0000E-06  0.0000E+00 are displayed.
# step= 1508 time= 854.11
cl2 : conc. dc/dt= -1.1454E-49  1.7380E-58
trcl2_4 : 1.7380E-58
cl2g : conc. dc/dt= 2.1336E-55 -1.3794E-59
trcl2_2 : -1.3794E-59
cl_m : conc. dc/dt= 4.8880E-27  0.0000E+00
e_m : conc. dc/dt= 4.2330E-14 7.5788E-12
ge_m : 1.0352E-07 <= Processes contributing to the
e02 : —-2.3080E-17 conc. change of e_m, and
e03 : -1.6153E-17 their contributions
e04 : -1.6378E-15
e05 : -8.6861E-09
e06 : -9.4789E-08
e07 : -2.4490E-13
e08 : -6.2910E-18

In this example, the record headed by “e_m” and following lines in the step=1508 says the
concentration change rate by each process, ge_m, €02, €03, ... are those numbers, and they are
summed up to give the change rate dc/dt = 7.5788 x 107'2 (mol/Ls). This list is output for
every species whose concentration or concentration change rate is not zero.

Restart data (binary dump, default: none) When the output by “-bd <file>” is spec-
ified, step, time, dt, ¢ are written as binary data at every output time step.

Debug output (default: none) When the output by “-db” is specified, information for
debugging is written in a file, “debug”. At present, an echo of the input namelist is written.
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[
! kiche.10a input

[

!simulation of h20 experiment (sweep sys)
'base=20-08: pH=7 buffer, air

! pH 6.97 -> 6.91

' T 24--26 C

! dose 6.6 kGy/h

1

&inputvars

tstart=-1800

tend=9000

ttbl_dtmax’n = 6

ttbl_dtmax%t = -1800 -1790 -800 O 10 1000
ttbl_dtmax’x = le-2 0.5 5. le-2 0.5 5.

ttbl_outdt¥n = 6

ttbl_outdtt = -1800 -1790 -800 O 10 1000
ttbl_outdt¥x = le-1 1 10 le-1 1 10

ttbl_doseln= 3
ttbl_doselt=-1800 0 7200
ttbl_dose’x= 0 6.6 0

iphgiven = 1
ttbl_phctrlyn =
ttbl_phctrlit
ttbl_phctrlyx
ttbl_ph/n = 1
ttbl_ph’%t = -1800
ttbl_ph%x = 6.97
'ttbl_phin = 2
!ttbl_phjt = -1800 7200
'ttbl_phix = 6.97 6.91

|
N

-1800 0
1 0

cltemp = 298.
c/tempg = 298.
chvaq = 0.10
chvg = 0.286
ckaint = 0.567

qgflow = 0.0167 ! gas flowrate (1L/min=0.0167L/s)

chgashpo2 = 0.021e6 ! 02 217

c/gaskpn2 = 0.079e6 ! n2 79Y

chgashpco2= 32 ! co2 3.2e-2 %

c/xhm = 0.80

cheonc(b(oh)3) = 0.1 ! B(OH)3 0.1M buffer
c/heonc(o2) = 2.67e-4 ! 02 saturation at 25C
cheonc(i_m) = le-4 ! I-

c/econc(org) = 1.4e-6 ! orgktn 100ppb TOC

mdlctrl="kmto2base orggout"
kmt0o2=4e-4 ! measured 02 transfer coeff at 25C
/

Figure C.1: Input for simulation of JAEA experiment, “Base” case. (see Section 4.1)
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! input for isp4l-rtf st2

&inputvars

tstart
tend = 1080000
dtmin le-9

outstep = 1000
ttbl_dtmax)ihr
ttbl_dtmax’n
ttbl_dtmaxit
ttbl_dtmax’x
ttbl_outdt¥%ihr
ttbl_outdt¥%n
ttbl_outdtit
ttbl_outdt¥%x

0

O M Il OO Wl

chtyp = 0

c/temp = 298
chtempg = 298
c/dose = 1.36

chvaq = 25
chvg = 315
chaint = 37
chassg = 220
chwlsg = 0.5
chufg = 0.1

chgashpo2
chgasipn2

igasrule
iphgiven

ihumid = 0
c/xhm = 0.5

'ISP41-RTF St2
ttbl_ph%ihr
ttbl_ph%n
ttbl_ph%t

78

! 300h

o

100 1000
10 50

O =

100 1000 10000
10 100 600

= 0.021e6
0.079e6

t(h)-pH data,
1
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0.00 1.50 3.18 6.14 9.14 15.14 19.95 21.73 24.19 24.69 27.11 30.07 33.07

36.07 39.07 42
89.52 95.52 98
122.11 122.61
165.28 168.28
190.75 191.25

.07 44.75 45.21 49.48 49.

.52 104.52 115.99 118.14

123.31 126.28 129.28 132.
170.13 174.04 177.04 180.
194.25 194.76 197.73 217.

94 50.55 53.52 59.52
118.61 119.11 120.11
28 153.28 156.28 159.
04 183.04 186.04 189.
53 220.53 223.53 235.

62.52 71.52
120.61 121.61
28 162.28

04 190.29

53 238.53

241.53 250.53 253.53 262.53 265.53 268.
283.53 288.21
ttbl_phY%x =

53 271.53 274.53 277.53 280.53

10.16 10.27 10.07 10 9.97 9.93 9.95 8.7 8.51 8.46 8.45 8.5 8.53 8.48

8.53 8.5 8.26 7.81 7.8 7.76 7.78 7.76 7.73 7.78 7.75 7.8 7.73 7.8 7.73 7.83
6.69 6.7 6.81 6.82 6.55 6.5 6.62 6.57 6.51 6.5 6.46 6.5 6.48 6.43 6.41

6.51 6.46 5.54 5.49 5.44 5.51 5.4 5.49 5.44 5.44 10.19 10.02 9.95 9.95 9.92
9.95 9.98 10 9.98 9.93 9.95 9.97 9.93 9.98 9.92 9.97 9.95 10 9.97 9.98

9.97 9.95 9.95

checonc(i_m) = 9e-6 ! i_m

c/conc(fe_2p) = le-5 ! fe_2p 1le-5 for both seems to give

cheonc(fe_3p) = 1le-56 ! fe_3p a good agreement.

mdlctrl="isp4lrtfset kmto2base"
kmt0o2=5e-4

/

Figure C.2: Input for RTF Phase-0 Test-2 Stage-2 simulation, “Base” case. (see Section 4.2)
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