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ABSTRACT

The results of the exploratory containment iodine chemistry calculations
related to the first Phebus-FP test (benchmark exercise for explaining the
reasons for code inconsistencies and realistic calculation for test
preparation) are reported. Calculations have been performed by
CEA/IPSN/DRS/SEMAR-Cadarache (France), CIEMAT-Madrid (Spain), GRS-K61n and
SIEMENS/KWU, Erlangen (Germany), AEA-Harwell (UK), Ontario Hydro-Toronto,
University of Toronto and AECL-Whiteshell (Canada).

The code benchmark results show that mechanistic codes (INSPECT and LIRIC)
are in agreement for molecular iodine concentration in the gaseous phase,
whereas empirical codes (IODE and IMPAIR) are in disagreement because they
model differently HOI disproportionation and use different radiolytic
constant values (iodide/iodate radiolysis). Furthermore, the molecular iodine
concentrations in the gaseous phase are 10 to 100 times higher at acid pH
(pH - 5) than at neutral pH (pH - 7), and the presence of organic radicals in
water does not change the concentrations of inorganic iodine species.

Concerning the realistic calculation, the iodine mass distribution in the
containment differ from one code to another, but all codes predict that the
iodine concentration in the gaseous phase is high enough to be detected by
foreseen instrumentation (as was verified during the test).

FPT-0 test has been performed in December 1993. Analysis of experimental
results is underway and result interpretation will be available at the
beginning of 1995.
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1. INTRODUCTION

The aim of the international Phebus-FP programme, led by the Institut de
Protection et de Surete Nucleaire/Commissariat a l'Energie Atomique
(IPSN/CEA) and the Commission of the European Communities (CEC), is to
investigate in an in-pile facility, under prototypical LWR severe accident
conditions, the transport and retention of fission products.

The objective of this paper is to present the results of a benchmark exercise
and realistic calculation related to iodine behaviour in the containment of
the first Phebus-FP test (FPT-O) performed at CEA, Cadarache (France). The
benchmark exercise (simplified calculation) is devoted to help explain the
reasons for codes inconsistencies and improve understanding of code results
for Phebus-FP tests. The realistic calculation is devoted for test
preparation (choice of experimental parameters, experimental timescale,
instrumentation, etc...

Calculations were performed by CEA/IPSN/DRS/SEMAR-Cadarache (France); CIEMAT-
Madrid (Spain); GRS-K6ln and SIEMENS/KWU-Erlangen (Germany); AEA-Harwell
(United Kingdom); Ontario Hydro-Toronto, University of Toronto and AECL-
Whiteshell (Canada).

The benchmark exercise is a steady-state run with physical conditions
matching some average of the chemistry phase of FPT-O test.

For the realistic calculation, boundary conditions and thermal-hydraulic
conditions in the containment were extracted from CEA/IPSN/DRS/SEMAR
resultsfl]. It is stressed that the code runners were entirely at liberty to
apply their own judgement on the code input data apart from the boundary
conditions supplied.

For the containment, the main objective of FPT-O is to study the fission
product (especially iodine which is one of the most hazardous fission
products) behaviour under realistic conditions of a reactor accident. A
secondary technological objective is to check out the instrumentation and its
performance.

This paper briefly presents the Phebus-FP Project. Information is then given
about the computer codes used in the present exercise and the input data used
in running the various codes. Finally, the main results are presented in
terms of iodine concentration in the gaseous and aqueous phases, iodine
deposition on the structures and iodine partition coefficient; and
explanations of code result discrepancies are suggested.

2. PRESENTATION OF PHEBUS-FP FPT-O TEST [2]

The first PHEBUS/FP test (FPT-O), performed at Cadarache (France), has been
devoted to studying the phenomenology of a severe accident sequence in which



the fission product flow path involves the primary side of a steam generator
and the reactor containment building.

A bundle of twenty fuel rods plus a control rod (located in the centre of the
Phebus reactor) were heated neutronically in a steam and hydrogen flow, and
the released fission products (vapours/aerosols) were transported through a
circuit to a vessel simulating the containment of a large dry PWR.

The containment vessel is a 10 m3 cylindrical tank fitted with a sump and a
heat exchanger system which heats the wall in order to prevent steam
condensation (Figure 1). A particular feature of the vessel is a condenser
system (three elements) cooled below the saturation temperature to induce
steam condensation. The condenser is required in order to simulate correctly
reactor conditions in Phebus-FP (good scaling of the volume to surface ratio)
for steam condensation, aerosol deposition and iodine-structure interaction.

Each condenser, suspended close to the vessel ceiling, is painted and
includes two parts: a condensing portion and a non-condensing portion. Any
condensate (from the condensing portion) is collected, sampled, and
transferred to the sump. Besides, a collector with a recirculating washing
system is installed close to the base of the containment to ensure that all
settled aerosol is transferred to the sump.

3. REFERENCE TEST PROTOCOL FOR THE CONTAINMENT [2]

The reference test protocol for the containment includes six phases:

- Preparatory Phase (Duration - 1 day)

- Aerosol Release Phase (Duration - 5 hours)

- Aerosol Deposition Phase (Duration - 9 hours)

- Washing Phase (Duration - 1 hour)

- Chemistry Phase (Duration - 3 days)

- Depressurization Phase (Duration - 3 hours)

The chemistry phase was devoted to study iodine chemistry in the sump water
and in the containment atmosphere. The sump temperature was kept constant and
equal to 90°C , while containment wall and condenser temperatures were equal
to 150°C and 130°C. During this phase no steam condensation took place in the
containment.

4. EXPLORATORY CONTAINMENT IODINE CHEMISTRY CALCULATIONS

4.1 Participants

The table below lists the participants in the exploratory containment iodine
chemistry calculations (benchmark exercise and realistic calculation):



Computer Code

IODE/CEA [3]

IODE/CIEMAT [3]

IMPAIR-2 [4]

INSPECT [5]

LIRIC [6]

Code Runner

С Hueber

J.J. Rodriguez-Maroto

F.J. Ewig

F. Funke

H.E. Sims

S. Dickinson' '

J.B. Edward

G.J. Evans

J.C. Wren

Organisation

CEA/IPSN/DRS/SEMAR, Cadarache (France)

CIEMAT, Madrid (Spain)

GRS, Köln (Germany)

SIEMENS/KWU, Erlangen (Germany)

AEA, Herwell (UK)

AEA, Cadarache (France)

OH, Toronto (Canada)

University of Toronto (Canada)

AECL, Whiteshell (Canada)

(*) AEA Technology

CEA/IPSN/DRS/SEMAR

CIEMAT

GRS

SIEMENS/KWU

AEA

OH

AECL

Attache at CEA, Cadarache.

Commissariat à l'Energie Atomique/Institut de Protection et de

Sûreté Nucléaire/Département de Recherches en Sécurité/Service

d'Etudes et de Modélisation d'Accidents de Réacteurs.

Centro de Investigaciones Energeticas Medioarabientales y

Tecnologicas

Gesellschaft für Anlagen und Reaktorsicherheit.

SIEMENS/KraftWerkUnion.

Atomic Energy Authority, Technology.

Ontario Hydro.

Atomic Energy of Canada Limited.

4.2 Computer Codes Used

The aim of computer codes is to model iodine chemical behaviour in the
containment building under severe reactor accidents:
- Behaviour of iodine species in the aqueous and gas phases. In particular,

the formation of volatile iodine compounds (molecular iodine and organic
iodides) is treated by modelling reactions of iodine species in water,
reactions involving hydrocarbon species, and reactions in which the
reactive intermediates produced by radiation reacted with the iodine
species.

- Interaction of iodine species with structure surfaces (immersed or not,
painted or not).

- Flux of iodine between the sump water and the gas atmosphere.

These changes in the chemical or physical form of iodine occur relatively
slowly, so the evolution of the system is modelled on a kinetic basis.

There are essentially two different philosophies for the modelling: the
mechanistic approach used by INSPECT and LIRIC and the empirical approach
used in the IODE and IMPAIR codes. The mechanistic models describe the
chemistry in terms of the individual reactions which are involved, using
kinetic data taken from fundamental studies. In the empirical models, these
reactions are grouped together into a much smaller number of processes with
empirically-determined overall rate constants. Some parts of the modelling
are very similar in the two types of codes, for example the thermal iodine
reactions and the 12 surface interactions. The difference between the two
approaches is greatest in the modelling of the radiochemistry of iodine.
INSPECT and LIRIC include about 50 reactions to model the production and
interaction of radicals and other species from the irradiation of water, and
about a further 70 reactions modelling the interactions of these with the
iodine species. In contrast, IODE and IMPAIR model these reactions as just
two processes. Validation of the two types of model carry different problems;



mechanistic models should be valid under all conditions, but this will only
be the case if all the important reactions have been included in the model
and the mechanisms used are correct. Empirical models need to be correlated
with experimental results over a range of conditions and may not be reliable
outside this range.

4.3 Presentation of Calculations

4.3.1 Benchmark Exercise

Within the framework of the iodine code benchmark exercise, eight
calculations (cases 0 to 6) were performed by the participants:
- by using different assumptions about the iodine chemical form dissolved in

the water;
- by activating or not the modelling of hydrolysis, radiolysis or adsorption;
- by including or not initial organic radicals in the sump water;
- by varying the sump water pH.

The table below gives details about these calculations.

Cases
Parameters

Iodine chemical species dissolved in water

Hydrolysis

Radiolysis

Organic radicals in water

Adsorption

pH (at 90*C)

0

J2

X

7

1

I"

X

X

7

1A

J2

X

X

7

2

I"

X

X

X

7

3

I"

X

X

X

7

4

I"

X

X

X

X

7

5

I'

X

X

X

X

6

6

I"

X

X

X

X

5

N.B. : Cases 0 and 1A were defined, a posteriori, for the purpose of assessing the impact of radiolysis on

iodine chemistry modelling: identical conditions without radiolysis (case 0) and with radiolysis

(case 1A).

4.3.2 Realistic Calculation

Participants have performed a realistic calculation in which they were
entirely at liberty to apply their own judgement for input data and
assumptions, apart from the boundary conditions supplied.

4.4 Input Data Used

The following input data for the benchmark exercise and the realistic
calculation were given to the participants:
a) Geometric data.
b) Thermal-hydraulic and aerosol behaviour data (deduced from JERICHO and

AEROSOLS/B2 code results).
c) Dose rate in the sump water.
d) Chemical data (sump water pH, iodine deposition velocities on structures,



5. RESULTS

5.1 Benchmark Exercise

The detailed results of the benchmark exercise are reported in detail
elsewhere [7]. The reasons for the main discrepancies between the code
predictions are discussed in the following sections.

5.1.1 Thermal Iodine Reactions

The Case 0 calculation, in which the initial species was I2 and no radiation
was included, significant differences were observed between the code
predictions. This perhaps surprising since this part of the chemistry is
modelled in a similar way in all the codes. The differences were mostly
attributed to variations in the modelling of the disproportionation of HOI.

The hydrolysis of molecular iodine to iodide and iodate is modelled in two
stages; the hydrolysis proper:

I2 + H20 ^ I- + HOI + H+ (1)

followed by the disproportionation of HOI:

3H0I ^ 10,- + 21- + 3H+ (2)
K

Reaction (2) has been found experimentally to be second order in HOI.

The kinetic data used in the models are taken from different sources, and one
result of this is that the value of kx in IODE [8], [9] is about 1000 times
higher than in IMPAIR [10].IODE therefore predicted much lower final
concentrations of I2 and I2g. It should be noted that, following a detailed
study based on new experimental data [11], the value of the activation energy
used in IODE has been changed, bringing the rate closer to that used in the
other codes.

LIRIC and INSPECT model the disproportionation as a two-stage process:

2H0I ^ I02- + I- + 2H+ (3)

followed by

HOI + I02- ^ I03- + I- + H+ (4) in INSPECT, or
HOI + HI02 ±̂ I03- + I- + 2H+ (4) in LIRIC.

However, these are two important differences between the models:
a) An additional fast reaction is included in LIRIC

HOI + HI02 + I- — 2H0I + 10- (5)

which is effectively the reverse of reaction (3). The very high rate
constant used for reaction (5) results in the intermediate conversion of
all the I02- formed in reaction (3) back to HOI.

b) The second step of the HOI disproportionation reaction (4) is much faster
in INSPECT that in LIRIC. It can be shown that a high value for the rate
constant of reaction (4) is required to give agreement with the
experimental rate law.



5.1.2 Radiolvsis

By comparison of case 0 results (without radiolysis) with case 1A results
(with radiolysis), the IODE empirical code shows that the molecular iodine
concentration in the gaseous phase increases when radiolysis is actived,
whereas the mechanistic codes (INSPECT and LIRIC) predict lower molecular
iodine concentration in the gaseous phase.

The differences between the empirical and mechanistic codes in predicting the
net effect of radiolysis on I2 production can be attributed to differences in
the modelling of the factors which affect the radiolytic reaction rates (pH,
dose rate, 02 concentration, etc.). The fact that INSPECT and LIRIC predict a
reduction in the amount of 12 formed in the presence of radiation, whereas
IODE and IMPAIR predict an increase, should not be interpreted as evidence of
a single, fundamental difference between the two types of code.

It should be noted that both Cases 0 and 1A took I2 as the initial species, in
the more representative case where the iodine is initially present as I-, all
the codes predict little or no I2 formation in the absence of radiation. The
effect of radiolysis is thus to increase the amount of I2 formation predicted
in all cases.

5.1.3 Organic Radicals in Water

a) The presence of organic radicals in water does not change the
concentrations of inorganic iodine species (comparison of case 1 and
case 2 results).

b) The codes give results of the same order of magnitude (factor 5) for R-I
gas concentrations.

N.B.: INSPECT does not model the organic species.

5.1.4 I2 Partition and Surface Interactions

a) By comparison of case 2 and case 3 results (without and with iodine-paint
interaction), case 3 results show strong decrease of molecular iodine
concentration in the gaseous phase (two orders of magnitude), except for
IODE/CIEMAT. This results from the fact that the rate of surface reaction
is considerably higher than the liquid-gas mass transfer rate. In the
IODE/CIEMAT calculations, this strong decrease is not observed because
molecular iodine-ozone reaction in the gaseous phase is modelled in this
code.Indeed, in IODE/CIEMAT, [I2)g is low because molecular iodine
released from sump water reacts immediately with radiolytically formed
ozone. So, [I2] is mainly linked to this reaction rate, and less to the
iodine-surface interaction rate.

In the absence of surface interactions, the I2 partition coefficient
(I2(aq)/I2(g)) is close to its equilibrium value of 10 in all the
calculations except IODE/CIEMAT. When reactions between I2 and surfaces
are included, the I2 partition coefficient increased to about 1120. This
results from the kinetics used to model the processes.

Case 4 results show that the I2 partition coefficient is identical for all
codes (about 1200), except IODE/CIEMAT in which this ratio is equal to
671, because it models the chemical reaction in the gas phase between
molecular iodine and radiolytically formed ozone.



The fact that all the codes give the same I2 partition coefficient is a
direct result of the kineticy used by all the codes in modelling the
processes:

k£ kd
I2(aq) Zl I2(g) > I2(dep)

K
where, kf: rate constant from liquid to gas, kr: rate constant from gas to
liquid, kd: deposition rate.

The system is at an approximately steady-state; so, d[I2](g)/dt = 0 and
d[I2](aq)/dt=: 0.

d[I2],/dt - (Vl/Vg) kf[I2](aq) - (kd+kr)[I2]g - 0

Where, VI: liquid volume, Vg: gas volume.

Finally, [I2](aq)/[I2]R - (kd+kr)/kf Vg/Vl

From the given input data, [I2](aq)/[I2] - 1106. The fact that the actual
partition coefficients are slightly higher probably results from the fact
that the I2.concentrations are not completely constant.

b) Molecular iodine deposition on paints is twice as high in the gaseous
phase as in the aqueous phase. The deposition surface area in the gas
phase is higher than in the liquid, but the area/volume ratio (which
determines the reaction rate) is lower. The deposition in the gas phase is
higher because the higher deposition velocity outweighs the effect of the
lower area/volume ratio.

By comparison of case 2 and case 4 results (without and with iodine-paint
interaction), case 4 results show small variations of R-I gas
concentrations, because I2 is the only species involved in surface
reactions.

5.1.5 pH Variation (Cases 4, 5 and 6 -Figures 2 to 4)

Three calculations were performed under identical conditions except pH value
(Case 4 with pH - 7, Case 5 with pH - 6, and Case 6 with pH - 5).

a) The mechanistic codes results (INSPECT and LIRIC) show considerable
agreement, whereas the empirical codes results (IODE and IMPAIR) are in
disagreement, because they model differently HOI disproportionation and
use different constant values for iodide/iodate radiolytic decomposition.

b) All the codes results show that the molecular iodine concentrations in the
gaseous phase are 10 to 100 times higher at acid pH (pH - 5) than at
neutral pH (pH - 7).

c) Code result discrepancies concerning the molecular iodine concentration in
the gaseous phase are acceptable at pH - 5 (factor 5) but important at
pH - 7 (factor 100). This is explained by the fact that I2 radiolytic
formation and I2 hydrolysis reaction are pH dependent.

d) By changing pH value from 7 to 5, the increase of iodine deposition on dry
paint by codes is consistent with the increase of the molecular iodine
concentration in the gaseous phase



5.2 Realistic Calculation (Case 7)

Table I gives, at t - 3 days:
- iodine species concentrations in the gaseous and aqueous phases, expressed

in Mol/litre;
- iodine mass distribution in the containment (water, gas, paints and

stainless steels), expressed in % of iodine inventory;
- iodine partition coefficient.

Figure 5 shows the evolution versus time of the concentration of the
molecular iodine in the gas phase.

a) Iodine mass distribution at t - 3 days show that (Table I):
- 68% or more of iodine inventory are located in the sump water;
- 1 to 28% are trapped by paint (dry, wet and immersed);
- 0.1 to 4% are trapped by stainless steel (dry and immersed);
- less than 0.2% is located in the gaseous phase.

b) Molecular iodine concentrations in the gaseous phase varying between 10"11

and 10"13 Mol/litre are high enough to be detected by foreseen
instrumentation.

c) All codes predict that I" (iodide ion) is the main iodine species in the
aqueous phase

d) The spread in the gas phase I2 concentrations is considerably larger in
case 7 than for case 6 (a factor of 30 cp a factor of 5). This may be
explained by the main differences between the input conditions lie for
cases 6 and 7 e.g. lower total I concentration, lower dose rates and
overall dose, different surface areas, etc. ... in case 7.
At these low iodine concentrations, the concentrations of oxides of
nitrogen, ozone, 0, natural CH3I, dust, etc... all become significant and
the models are no longer realistic in that they ignore these effects. The
important point is that the fraction of the iodine in the gaseous phase is
so low that the absolute levels predicted by the codes may be different,
but these differences are not meaningful.

6. CONCLUSIONS

Exploratory containment iodine chemistry calculations related to the first
Phebus-FP test have been performed (benchmark exercise and realistic
calculation) for test preparation: choice of experimental parameters,
instrumentation, experimental timescale, etc. ...

6.1 Benchmark Exercise

Various calculations were performed with/without radiolysis, with/without
iodine-paint interaction, with/without organic radicals in water, and at
different pH values.
- Mechanistic codes (INSPECT and LIRIC) show considerable agreement for

molecular iodine concentration in the gaseous phase, whereas empirical
codes (IODE and IMPAIR) are in disagreement because they model differently
HOI disproportionation and use different radiolytic constant values
(iodide/iodate radiolytic decomposition).

- Code result discrepancies about molecular iodine in the gaseous phase are
acceptable at pH - 5 (factor 5) but important at pH - 7 (factor 100).



Although there is a difference between codes at pH-7 (factor 100), the
concentrations are 10"12 M and 10'1* M and these concentrations represent a
very small fraction of the released iodine (10'2-10'*% of iodine inventory)
and are surely of very small significance.

- Molecular iodine concentrations in the gaseous phase are 10 to 100 times
higher at acid pH (pH - 5) than at neutral pH (pH - 7); this is explained
by the fact that I2 radiolytic formation and I2 hydrolysis reaction are pH
dependent.

- The amount of molecular iodine in the gaseous phase is independent of the
existence of organic radicals in the aqueous phase.

6.2 Realistic Calculation

For the realistic calculation, iodine mass distributions in the containment
(water, gas, paints and stainless steels) differ from one code to another,
but all predict that iodine concentration in the gaseous phase is high enough
to be detected by foreseen instrumentation.

Main uncertainties in the realistic calculation are linked to the following:
- iodide/iodate radiolysis rate;
- organic iodide formation rate;
- mass transfer coefficient at the liquid-gas interface;
- iodine deposition velocity on the structures (limited by the mass transfer

between the bulk gas/bulk liquid and the structures?).

This leads to an uncertainty of one or two orders of magnitude in the value
of the volatile iodine species concentration in the gaseous phase.

6 . 3 Future Work

It is planned, for the beginning of 1995, to interpret the FTP-0 experimental
results (test performed in December 1993). Furthermore, it is foreseen to
compare changes in the I2 (aq) concentrations for the different codes, because
the major differences between code results arise in the modelling of the
aqueous reactions (i.e. the production of I2 (aq)). Consequently, it would be
possible to explain more satisfactory differences between code results, in
particular about organic iodide concentration in the gaseous and aqueous
phases, iodate ion concentration in the aqueous phase and iodine trapping by
paints and stainless steels.
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TABLE I

Case 7 - FPT-0 Test.

Realistic calculation,

t - 3 days.

- pH - 5.

- No CH
3
 in water.

- Paint-iodine interaction.

- Steel-iodine interaction.

- "Init. Cone." - 1.4 10'
6
 Mol/1 (Csl).

Iodine deposition velocity on dry/wet paint (gas phase) " 3.4 10 m/s

PARAMETER

I
2
 gas (Mol/1)

R-I gas (Mol/1)

I
2
 water <Mol/l)

R-I water (Mol/1)

HOI water (Mol/1)

I" water (Mol/1)

IO
3
" water (Mol/1)

Iodine gas (Z)

Iodine water (Z)

Iodine dry paint in gas phase (Z)

Iodine wet paint in gas phase (Z)

Iodine dry steel in gas phase (Z)

Iodine sump paint (Z)

Iodine sump steel (Z)

H - [I] water /[I] gas

I
2
 partition - tI

2
)water

/[I
2>gas

R-I partition - tR-I]
w a t e r

/[R-I]
g a g

IODE/CEA

3.11

2.03

8.71

2.70

2.33

1.00

1.36

0.14

79.59

4.74

10.38

3.21

1.93

0.004

4.3

280

1.3

10"
1 2

ю-
11

ICf
1 0

1 0 - "

lu"
9

10-
6

lu"
7

10*

IODE/CIEMAT

1.31

-

4.20

-

8.19

1.37

3.96

0.001

98.48

0.20

0.40

0.13

0.75

0.002

5.4

3206

-

10"
1 3

10"
1 0

10"
1 0

10"
6

10"
8

10
e

IHSPECT'*'

5.08

-

6.62

-

2.41

1.32

1.66

0.006

96.0

0.72

1.58

0.49

1.24

0.003

1.3

1303

-

10"
1 3

10"
1 0

lO"
8

ID"
6

10"
11

10
6

LIRIC

3.93

-

5.13

-

3.19

1.17

5.13

0.04

67.90

5.78

12.65

3.92

9.94

0.02

1.6

1305

-

10-
1 2

IQ"
9

ID"
8

ID"
6

10"
1 3

10
5

(*) CH
3
 not modelled in INSPECT.
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