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1. INTRODUCTION

The chemistry and transport of iodine in light-water reactor (LWR) con-
tainment are best viewed as a dynamic system in which iodine species
enter from the reactor coolant system and interact with a complex gas
mixture, with transport to and from surfaces and aqueous solutions.
Iodine would enter containment as some combination of cesium iodide
(Csl), hydrogen iodide (HI), elemental iodine atoms (I2), silver iodide
(Agl), and perhaps some organic iodide. The containment atmosphere would
consist of steam, air, hydrogen, some hydrocarbons, aerosol material,
other fission products in various chemical forms, and the iodine species.
The containment atmosphere is in contact with water pools, water films,
surfaces, and, in some cases, with sprays.

The ultimate aim of a description of iodine behavior in severe LWR
accidents is a time-dependent accounting of iodine species released into
containment and to the environment. Factors involved in the behavior of
iodine can be conveniently divided into four general categories:
(1) initial release into containment, (2) interaction of iodine species
in containment not directly involving water pools, (3) interaction of
iodine species in, or with, water pools, and (4) interaction with special
systems such as ice condensers or gas treatment systems.

A review of the state of knowledge of iodine chemistry important to
severe accidents was given in Chapter 5 of NUREG-0772 [1]. This review
identified deficiencies in information and gave the starting point for
the work in this program. While indicating the potential importance of
radiation chemistry to the chemical form of iodine, this review stated
"textbooks hardly acknowledge this subject, and specific information in
the literature is sparse." Additional factors that were cited included
uncertainties in the extent of organic iodine formation and the impor-
tance of pH in determining the chemical form of iodine in water pools.

To fill the large gaps in knowledge and to provide a means for assaying
the iodine source term, this program has proceeded along two paths:



1. Experimental studies of the chemical behavior of iodine under
containment conditions.

2. Development of TRENDS (Transport and Retention of Nuclides in
Dominant Sequences), a computer code for modeling the behavior of
iodine in containment and its release from containment. The main
body of this report consists of a description of TRENDS.

These two parts to the program are complementary in that models within
TRENDS use data that were produced in the experimental program; there-
fore, these models are supported by experimental evidence that was
obtained under conditions expected in severe accidents.

2. DESCRIPTION OF EXPERIMENTAL STUDY

The two main processes that control the fraction of iodine in water pools
that will be in a volatile form are hydrolysis and radiolysis.

A comprehensive series of tests on hydrolysis and radiolysis were carried
out to evaluate (1) release of volatile iodine when water pools or
puddles evaporate to dryness and (2) the effect of impurity silver (from
control rod material) on controlling iodine volatility.

Details of the exparimental results have been reported previously [2—4].
The following conclusions were obtained from this work:

1. Each accident sequence has unique conditions that will determine the
pH values of water pools that form in containment. It is possible
for the pH to vary between approximately 3 and 9.

2. Low pH and ionizing radiation are favorable conditions for formation
of I2 by radiolytic oxidation processes. Molecular iodine will
partition to the gas phase more quickly if gas is bubbled through the
solution [e.g., boiling-water reactor (BWR) suppression pool].

3. Organic iodides, dominated by methyl iodide, will form when I2,
organic material, and radiation are present in an aqueous
environment. The conversion is most efficient when organic gas
mixtures are bubbled beneath the solution surface. They quickly
partition to the gaseous phase.

4. Lightly buffered solutions can be acidified by the nitric acid that
is formed by radiolysis of air, resulting in accelerated production
of I2 as the irradiation dose to a containment pool increases.

5. In order to reduce the extent of iodine release to the environment,
it is important to maintain a high pH within a well-buffered system
in water pools in containment.

6. Secondary sources of iodine release are possible from the decomposi-
tion of I3~, reduction of I03" or I04", and desorption of I2 or organic
iodides from containment surfaces.

7. Iodine volatility can be greatly reduced by the presence of silver
powders or colloids in a solution, even when a pool evaporates to
dryness. Other materials (e.g., copper) may have similar effects ..ind
could be deliberately placed in a containment sump.



3. DESCRIPTION OF TRENDS

3.1 Basis for Code Design

The TRENDS code for calculation of iodine behavior and release in
containment is a system of FORTRAN routines whose objective is the
quantitative determination of fission product transport and retention
characteristics during severe reactor accidents. It represents a best
estimate of nuclide behavior under the hypothetical conditions of various
severe accident sequences. Every attempt has been made to account for
all significant physical processes. Since many physical processes are
modeled in greater detail than in previous studies, the results should
yield considerably more insight into the mechanisms and consequences of
fission product redistribution.

The TRENDS code is designed so that a combination of input data and
internally calculated parameters provide the physical and chemical
environment for a given severe accident sequence. Information concerning
the system thermal hydraulic response and physical behavior of aerosols
is obtained from other codes in the United States Nuclear Regulatory
Commission's source term code package. The environment in water pools,
in terms of pH and radiation dose rates, is calculated within TRENDS.
Thus, TRENDS is able to calculate iodine behavior under changing
conditions during a severe accident.

3.2 Models and Equations

Chemical forms. Five iodine species are explicitly considered, as shown
in the first column of Table 1. The phases in which each form can exist
are also listed. The release of iodine from either the reactor coolant
system (RCS) or fuel rubble can occur in any of the forms listed. Subse-
quent interconversions between different species are modeled as follows:

I2(g) * CH3I (g) , (la)

I-(aq) *> CH3I (aq) , (lb)

I'(aq) <* I2 (aq) , (lc)

I2(aq) « Agl (s) , (Id)

I"(aq) -+ Agl (s) , and (le)

CH3I(aq) - Agl (s) . (If)

In addition to the five iodine species that are tracked throughout the
accident sequence, aqueous iodine with oxidation numbers of -1 to +5 are
considered in the modeling of hydrolysis and radiolysis.

The iodine model follows 20 inventory locations within each containment
volume.

Gas-liquid partitioning. Iodine entering water as iodide (i.e., Csl or
HI) should remain dissolved as long as it is in ionic form. However, the
species I2 and CH3I can evaporate from water into the containment gas
space and from there be convected to other control volumes or even to the
outside environment.



TABLE 1. Iodine Chemical Forms in Containment Following an Accident

Species Phases considered

I2 Gas, aerosol, liquid, surfaces (paint, steel,

concrete), deposited aerosol

CH3I Gas, liquid, surface (paint)

Csl or I" Gas, aerosol, liquid, surfaces, deposited aerosol,
liquid (as I")

HI Gas, aerosol, surface (steel), deposited aerosol

Agl Precipitate

Within the TRENDS code, solubilities are measured in terms of partition
coefficients (Henry's Law constants), defined as the equilibrium ratio

For I2 and CH3I, partition coefficients have been measured and are used
as functions of temperature only [5].*

Because Eq. (2) models only equilibrium, and volatile gases may take time
to diffuse to the surface before evaporation, it is necessary to consider
the transient delaying behavior. Liss and Slater [6] studied the evapo-
ration of various gases from ocean water and have applied the following
model:

1 dNe

A d ^ " he <P Cg - Ci> • <3>

From these data, values of h e for I2 and CH3I can be determined as

he(I2) - 1.84 x 10~
3, he(CH3I) - 3.0 x 1(T

3 . (4)

TRENDS uses Eq. (3) to describe evaporation processes and currently uses
the values from Eq. (4) for coefficients.

Mass transport models. The modeling of the mass transport of vapor
species of iodine in containment is an integral part of the TRENDS code.
The mass transport processes that are being modeled include:

1. Turbulent convection between:

— the bulk atmosphere and pools of water,
— the bulk atmosphere and containment surfaces,

*Data Calculated from FACT, a copyrighted product of Thermfact Ltd/Ltee.,
447 Berwick Ave., Mount-Royal, Quebec, Canada, H3R 1Z8.



— the bulk atmosphere and aerosol surfaces, and
— containment volumes.

2. Diffusiophoresis to:

— containment surfaces and
— aerosol surfaces.

Organic iodide formation. The equation for organic iodide formation by
gas or gas/surface reactions can be expressed as

i - A<cs - <V •
The value of A was taken [7] as 5.1 x 10~3, and C* was related to the
gaseous I2 concentration, Cj , by the relation

C* - 1.89 x 10"2 Cj 0 8 mg/m3 , (6)

based on tests involving irradiated fuel.

TRENDS also includes a model for the radiation-induced conversion of
iodide ion, I" (aqueous), into methyl iodide, CH3I.

Silver iodide formation. If sufficient quantities of silver are
available, then I2> I", or CH3I could react with it to form Agl. The
reactions are essentially irreversible, and the resulting Agl forms a
solid precipitate that immobilizes the iodine completely. As in the
initial description of radiolysis of I" to form more volatile species,
the TRENDS code uses empirical, rather than detailed reaction, models.

The conversion of I" and CH3I into silver iodide is catalyzed by water
radiolysis products; hence, no reaction occurs without radiation. The
rate of formation of silver iodide by this mechanism is modeled by

d[AgI] - a ^ " 1 Din Ro . (7)
dt

In practice, TRENDS uses Eq. (7) if there is more silver than iodine in
the water pool and if the total dose exceeds 0.8 mrad.

The reaction of silver and I2 to form Agl is not affected by radiation
and is modeled by the first-order irreversible reaction

Ha] • (8)

The rate constant taken from the IMPAIR code is k - 8.36 x 10"6 s"1. ihis
is applied in TRENDS whenever the silver raolarity exceeds ten times the
iodine molarity.

4. APPLICATION TO SEVERE ACCIDENT ANALYSIS

Operation of TRENDS was tested by running calculations of TMLB' (station
blackout) sequences. In these calculations, in order to enable



evaluation of all models, it was assumed that iodine entered containment
as either Csl or HI. Figure 1 gives an example of the type of output
that was obtained. This shows iodine inventories that were obtained
through- out a TMLB' sequence when it was assumed that the entire core
inventory of iodine entered containment as HI. In this sequence, there
was time for rate controlled processes to become effective before
containment failure. Figure 1 shows that (I2 + CH3I) aqueous, I2

deposited on surfaces, and Agl have increased to their maximum values by
the time of containment failure (-75 min into the sequence). The overall
effect of the rate processes is to decrease the airborne iodine by
aerosol settling, deposition onto surfaces, and conversion into Agl or
(I2 + CH3I) aqueous. This results in lowering the overall release of
iodine. Clearly, the extent of iodine release and the distribution of
iodine in containment will depend on the specific sequence and on the
knowledge or assumption of the amount and the chemical form(s) of iodine
that enter containment.

ORNL DWG 88-936
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FIGURE 1. Surry TMLB'e pH (HI) case containment.
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5. CONTINUING DEVELOPMENT OF TRENDS

The accident sequence mentioned in Sect. 4 that was calculated with
TRENDS was run with iodine volatility data that were experimentally
measured for the specific sequences. This approach is valid and it
permitted testing of the models in TRENDS, but it severely limits the



application of TRENDS for use by other investigators. To overcome this,
we are in the process of making TRENDS portable so that it may be used by
others. The three additions necessary for portability are (1) internal
calculation of pH, (2) calculation of radiation dose rates, and
(3) internal calculation of volatility effects — hydrolysis and radioly-
sis.

5.1 Calculation of pH

Experimental tests have shown that solution pH is a major factor in
determining the extent of I2 and organic iodide in solution.

2 In a
severe accident, the materials that will determine pH will be chemical
additives, fission products, core-concrete aerosols, boric acid, carbon
dioxide, and nitric acid produced by radiation. All of these factors are
being included in a computer routine for use in TRENDS. This routine
uses a variation of the well-known SOLGASMIX program to calculate
chemical equilibrium in water pools. The initial calculations with
borates and phosphates show good agreement between calculated and
experimental values.

5.2 Calculation of Hydrolysis/Radiolysis

In pure water, I2 hydrolyzes to form I" and I03", and can be described by
the overall reaction

3I2 + 3H2O = 51" + I03" + 6H
+ . (9)

However, this form is inadequate to fit all data, or to describe the
detailed processes that occur in reactor accidents, where radiation and
chemical impurities will be present.

If all oxidation states are included in the reaction sequence, the
simplest pattern of reaction steps would involve the following premises:

1. only oxidation state changes of ±1 occur, and

2. no species can be oxidized by another species with a lower oxidation
state.

The overall forward reaction of iodine hydrolysis [cf. Eq. (9)] results
in a "spreading out" of the occupied oxidation states, beginning at zero
and moving to the extremes -1 and +5. Thus, the reaction substeps should
also reflect this pattern. The resulting reactions for the forward
process are those involving like species, as modeled by the following
irreversible reaction steps:

I2 + H20 -> V + HIO + H+ , (10a)

2HI0 -+ 1/2I2 + 10 + H20 , (10b)

210 + H20 -+ HOI + H102 , (10c)

2HI02 - 10 + I02 + H20 , and (lOd)

2I02 + H20 -» HI02 + HIO3 . (10e)



The substeps for the overall reverse reaction (also known as the Dushmann
reaction) also utilize the two assumptions stated above. This basic
process involves oxidation of I" and reduction of HIO3 and other interme-
diates to form I2. Because I" is the strongest possible reducing agent,
and because it is generally present in greater abundance than other
iodine species, the individual reaction steps use only I" in the stepwise
reduction of species in each oxidation state from HIO3 to I2:

H+ + I" + HIO3 -* 1/2I2 + I0 2 + H20 ,

H+ + I" + I0 2 -» 1/2I2 + HIO2 ,

H+ + I" + HIO2 -• 1/2I2 + 10 + H20 ,

H+ + I" + 10 -» 1/2I2 + HIO , and

(10f)

(10g)

<10h)

H+ HIO H20

Recent experiments in this program have yielded over 130 data points at
temperatures of 298 K, 323 K, and 363 K and pH values 2.8 to 9.0.
Optimal choices for rate constants and activation energies have been
obtained by fitting the solutions for Eqs. (10a)—(lOj) to these data
using a complicated optimization procedure. Results are shown below in
Table 2.

..ABLE 2. Calculated Rate Constants

Reaction

1
2
3
4
5

6
7
8
9
10

Rate constants
at 298

1.06
3.47
8.93
1.04
1.10

3.27
1.06
7.39
5.36
3.97

X
X
X
X
X

X
X
X
X
X

K

108

10B

10*
105

105

105

106

105

105

1011

rain"1 (gmol/L)'1 hydrolysis

min (gmol/L) "Dushmann reaction"

5.3 Calculation of Radiation Dose Rates and Radiolysis Effects

The reaction of iodine species with water radiolysis products makes it
necessary to calculate water pool radiation dose rates to evaluate the
formation of volatile I2 and organic iodides. The problem is to
calculate radiation dose to a water pool due to suspended or dissolved
fission products. In any such pool, some fraction of the radiation
energy will be absorbed by the pool, while some will escape and be
absorbed elsewhere. For a given source energy, it has been observed that
there is a linear relationship between fraction absorbed and surface area
to volume ratio. Thus, the energy fraction absorbed can be expressed as



energy fraction absorbed - a + b (S/V) . (11)

Values for the constants have been calculated as

a - 1.062 - 0.051 JE and b - 0.0355 - 0.0216 /I .

Therefore, calculation of the dose rate is a matter of summing the con-
tributions from each radionuclide to obtain the total energy absorption
by the water pool.

From a practical standpoint, radiation effects are the most important
factors in determining iodine volatility in a severe accident. The
chemical reactions resulting from radiolysis may convert nonvolatile
iodine forms, such as I", into volatile chemical forms (at low pH), or,
conversely, volatile I2 could be converted into nonvolatile forms (at
high P H ) .

The interaction of radiation with aqueous solutions leads principally to
the dissociation of water molecules into primary radiolysis products,
such as the radicals, H*, OH*, and the hydrated electron, eaq~.
Secondary radiolysis products, including molecular species such as H202

and 02, then form by reaction between the reactive radical species. The
radicals establish standing concentrations of about 10"7 M. due to their
short lifetime and can interact with other solutes by oxidizing or
reducing them (e.g., OH- + I" -* I • + OH"). The molecular species are
more durable and can reach millimolar concentrations, thus exceeding the
concentration of the iodine species. The radiation can also interact
directly with organic material to produce reactive fragments such as R*,
or these species might be formed by interaction with water radiolysis
products (e.g., R-H + H* - R- + H 2).

Experimental data on radiation effects obtained in this program are being
used to determine optimized rate constants using the same techniques that
were described in Sect. 5.2 for hydrolysis. Initially, this will be done
by considering the hydrolysis rate expressions and one additional reac-
tion, the oxidation of iodine by hydroxyl radical. Subsequently, other
reactions will be added to this basic set, but only as needed, in order
to avoid a proliferation of unnecessary and uncertain reactions.

The resulting model will provide a description of aqueous iodine vola-
tility behavior using optimized parameters that are based on experimental
values measured under conditions expected during severe accidents.

6. SUMMARY

TRENDS has been designed as a detailed mechanistic code to calculate
iodine behavior in containment. However, it is easy to use so that it
may be inserted into codes such as MELCOR or CONTAIN. The work remaining
on TRENDS before it can be released for general use includes (1) inser-
tion of a routine to calculate pH, (2) insertion of a hydrolysis rate
model, (3) optimization of rate constants for an iodine radiolysis rate
model, and (4) some improvements in modeling of mass transport of gaseous
iodine.



NOMENCLATURE

Symbol Quantity SI Unit

(Aq) aqueous

(s) solid

g gas

C concentration

C* equilibrium concentration

D dose rate

D cumulative dose

E source energy MeV

Ro silver to iodine mass ratio

S/V surface to volume ratio m"1

a, (}, X, a, b, k constants
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