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a b s t r a c t

In case of a hypothetical severe accident in a nuclear LWR (light water reactor), the high radiation fields
reached in the reactor containment building due to the release of fission products from the reactor core
could induce air radiolysis. The air radiolysis products could, in turn, oxidise gaseous molecular iodine
into aerosol–borne iodine–oxygen–nitrogen compounds. Thereby, this reaction involves a change of iodine
speciation and a decrease of iodine volatility in the reactor containment atmosphere. Kinetic data were
produced within the PARIS project on the air radiolysis products formation and destruction, and on their
reaction with molecular iodine, with the objective of developing and validating existing kinetic models.

The current paper includes the non-iodine tests of the PARIS project whose objective was to determine
the rates of formation and destruction of air radiolysis products in the presence of both structural con-
tainment surfaces (decontamination coating (“paint”) and stainless steel), aerosol particles such as silver
rich particles (issued from the control rods) in boundary conditions representative for LWR or PHEBUS
facility containments.

It is found that the air radiolysis products concentration increases with dose and tend to approach satura-
tion levels at doses higher than about 1 kGy. This behaviour is more evident in oxygen/steam atmospheres,
producing ozone, than in air/30% (v/v) steam atmospheres, the latter favouring the model-predicted on-
going production of nitrogen dioxide even at very high doses. No significant effect of temperature, dose
rate and hydrogen addition (4%, v/v) was observed. Furthermore, the inserted surfaces do not exhibit sig-
nificant effects on the air radiolysis concentrations. However, these “non-noticeable influence” could be
due to a masking of small effects by the appreciable scattering of the experimental air radiolysis product
concentrations.

The PARIS results are then analysed using two different kinetic models, an empirical and a mechanistic

one. The kinetic constants within an empirical model including formation and destruction of air radiolysis
products, derived from PARIS results, are in reasonable agreement with those determined previously for
lower steam fractions.

From the mechanistic model IODAIR-IRSN, it is concluded that ozone is the predominant air radiolysis
product at low doses in air/steam atmospheres. At doses higher than 1 kGy, nitrogen dioxide becomes
increasingly important, both due to an increase in its concentration and due to a simultaneous decrease

in ozone concentration.
. Introduction

In case of a hypothetical severe accident in a nuclear light water
eactor (LWR), a large amount of radioactive fission product iodine
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ay be released from the reactor core into the reactor contain-
ent, from where it represents a major radiological hazard to the

nvironment. Knowledge of the behaviour of the iodine in such

onditions is therefore necessary to study the impact of iodine
itigation measures to prevent or minimise iodine release to the

nvironment.
The iodine inventory in the containment atmosphere depends

n numerous physico-chemical processes such as deposition at and
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esuspension from surfaces, reactions in sumps and in containment
tmosphere, and iodine exchange between sump and atmosphere.
urthermore, iodine speciation and thus iodine volatility is influ-
nced by these processes.

An important chemical process in the atmosphere is, due to the
igh radiation field, the radiolytical oxidation of gaseous molecu-

ar iodine forming iodine oxides (IOx). This means that a volatile
aseous iodine species is converted into an aerosol–borne iodine
pecies, which means that the gas–borne iodine depletion rate by
eposition could be changed. Previous experiments revealed that
he destruction of molecular iodine (I2) can be explained as a reac-
ion of I2 with air radiolysis products (ARP) (Funke et al., 1999). ARP
ozone included) and many further shorter-lived products (radicals
uch as N◦, e−, O◦, OH◦, etc.) from the radiolysis of the air/steam
ontainment atmosphere, are formed and destroyed in the high
adiation field. An empirical model was derived (Funke et al., 1999),
ntegrating earlier Canadian work on the reaction between I2 and
zone (O3) (Vikis and MacFarlane, 1985). The resulting model pre-
icts a very fast conversion of I2 into IOx in containment conditions,
nd that iodine gas phase speciation is dominated by iodine oxides
ather than I2. However, the underlying database was built only
t comparatively high I2 concentrations, and the effect of sur-
aces for iodine deposition and for ARP destruction were ignored
n the experiments. Consequently, implementation of this empiri-
al model on radiolytic oxidation into severe accident iodine codes
ould have been premature. The development of mechanistic mod-

ls on radiolytic iodine oxidation (Narayanan, 2000; Dickinson and
ims, 2000; Aubert, 2002) also suffers from a lack of experimental
ata.

The Program on Air Radiolysis and Iodine adsorption on Sur-
aces (PARIS) was therefore initiated in 2002 by IRSN (Institut de
adioprotection et de Surêté Nucléaire), as part of the research
rograms performed by this Institute to improve severe accident
odelling and evaluation of subsequent fission product release

nto the environment. This program was furthermore performed
n collaboration with AREVA NP (formerly Framatome ANP) with
he objective of measuring:

the rate and amount of ARP production and destruction,
rate and extent of radiolytic oxidation of molecular iodine into
iodine oxides,
the effect of the containment structural surfaces, namely decon-
tamination coating (“paint”) and stainless steel, on radiolytic
oxidation of I2,
the effect of silver, representing silver-containing aerosol parti-
cles, on radiolytic oxidation of I2.

Important new features of the PARIS project (as compared to
he previous work) were: (1) more realistic low iodine concen-
rations, (2) surface to volume ratios of paint, steel and silver
urface area to containment volume ratio representative of LWR
r PHEBUS (Clément et al., 2003; Girault et al., 2006) facility
ontainments, (3) higher steam fractions and (4) representative
ose rates. The PARIS database was intended to provide data
o develop and validate empirical models, and finally to derive

simplified model for ASTEC (Accident Source Term Evaluation
ode) (Van Dorsselaere, 2005) and other severe accident iodine
odes.

The PARIS database includes about 400 tests, about half of them
ithout iodine. These tests whose objective was to measure the
inetics of air radiolysis products formation and destruction in
he presence of surfaces, will be presented in the current paper,
ogether with the interpretation of results. The test series involving
odine will be presented and interpreted in the forthcoming second
art of this paper.
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. Experimental

The objectives of the experiments were to determine the kinet-
cs of ARP formation and destruction kinetics and to quantify the
ffect of surfaces (stainless steel AISI 316 L, RIPOLIN paints and
etallic silver) on air radiolysis product concentrations within

oundary conditions (atmospheric composition, temperature, dose
ate, areas of surfaces) representative to LWR containments and
HEBUS facility containments.

The general experimental procedure was to establish the desired
omposition of gases in 1-L glass flasks, optionally to add surface
oupons, to irradiate the glass flasks at given dose rates until the
esired doses were reached, and to subsequently determine the
nal air radiolysis products concentrations by an off-line method.

.1. Filling of irradiation flasks

For cleaning, the glass flasks (Duran® borosilicate glass) were
ashed with acetone and water and heated up to 500 ◦C at least for
h in order to remove all potential organic impurities.

The volume of the glass flasks is 1.12E−3 m3, and the inner
urface area is 6.8E−2 m2. Thus, the surface area/volume ratio is
0.7 m−1.

In own previous experiments it was observed that injected
zone is not significantly destroyed by Duran glass surface (only
5% decrease during 3 days contact time at 20 ◦C). More stable ARP
s e.g. NO2 or N2O should show an even higher stability towards
lass.

The experimental apparatus for filling the flasks is shown in
ig. 1. The glass flasks were heated up to the temperature of
he subsequent irradiation and evacuated. Optionally, 4% (v/v)
ydrogen could be added. Pressure equilibration with the ambi-
nt pressure was then obtained by introducing mixtures of air/30%
v/v) steam or oxygen/30% (v/v) steam mixtures. The air/steam or
xygen/steam mixtures were obtained by passing air or oxygen
hrough a thermostated water bath (Milli-Q quality). Synthetic air
<0.1 ppm hydrocarbon (CnHm, NOx) and <0.5 ppm H2O) or oxy-
en (purity > 99.999%; <0.2 ppm hydrocarbon (CnHm), <3 ppm H2O
nd <0.2 ppm CnHm and CO2) were provided by Linde or Air Liq-
ide. When investigating the effect of surface samples, they were

ntroduced in the “batch” reactor before evacuating and filling with
ases.

.2. Irradiations

Irradiations were performed at the Co-60 source of the Tech-
ische Universität München at Garching (Heusinger and Gruhn,
970). Typically, dose rates of 0.3 and 1 kGy/h were applied at tem-
eratures of 80 or 130 ◦C. Doses between 0.05 and 100 kGy were
chieved. Heating was performed by immersion into heating baths.
he temperature of the bath was kept constant throughout the irra-
iation with a heating plate regulated to provide a constant for
emperature with a variation of less than ±5 ◦C. After the irradia-
ion, any coupons were recovered prior to the analyses of the air
adiolysis products.

.3. Experimental determination of ARP concentrations

The so-called KI method, originally developed to measure ozone

O3) concentrations (VDI, 1978), was chosen to determine ARP con-
entrations (Langrock and Funke, 2005). It consists of washing the
hole content of a flask with an aqueous KI (potassium iodide)

olution of about 5 ml with 20 g KI/L, pH 6.8, phosphate-buffered.
uring this procedure, ARP such as O3 oxidise aqueous iodide into
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ig. 1. Filling of glass flasks before irradiation in PARIS tests. Up to six glass flas
umidifier/I2-dosing, (5) thermostat, (6) heated tube, (7) hot-air cabinet, and (8) irr

ri-iodide (I3−) according to:

3 + 2KI + H2O ⇒ I2 + O2 + 2KOH

2 + I− ⇔ I3−

The I3− concentration is sensitively measured by UV/vis at
50 nm, the detection limit for ARP in the gas phase is about
× 10−9 mol/L.

The KI method can be used due to the strong oxidation poten-
ial of ozone in aqueous solutions (E0(O3/O2) = 2.076 V in acidic
aH+ = 1) and E0(O3/O2) = 1.24 V in basic (aOH− = 1)) solutions to
onvert iodide into molecular iodine (E0(I−/I2) = −0.536 V) (Lide
nd Frederikse, 1995/1996). It should be noted that in principle also
ther wet procedures could be used for measuring ozone and other
RP, but the KI method was chosen due to its lower detection limit.

It is important to keep in mind that the iodide solution is used
nly as an indicator for ozone. No statement about the oxidation
otential of ozone against I2 in the gas phase is concluded from
hese measurements in aqueous phase. The reaction of ozone and
ther ARP with gaseous I2 was investigated in the second part of the
ARIS project to be published in a separate article. In the aqueous
hase, reactions of ozone and other air radiolysis products with
he I2 intermediately formed are unlikely due to the huge excess of
odide over I2.

Other relatively stable air radiolysis products besides O3 should,
n theory, oxidise KI, based upon comparison of oxidation poten-
ials of I−/I2 with those of O3/O2, NO/N2O (E0 = 1.591 V (aH+ = 1),
0 = 0.76 V (aOH− = 1)), NO2/NO (E0(N2O4/NO) = 1.035 V)), N2O/N2
E0 = 1.766 V), and HNO3/HNO2 (E0 = 0.934 V). However, it was
ound in separate tests that the KI method is not sensitive to N2O
nd HNO3, but sensitive to NO2. In a separate test, two glass flasks
ere filled with synthetic air and steam at 80 ◦C. One flask was

dditionally filled with 5.1E−6 mol/L NO2, the second flask with
.8E−6 mol/L N2O. After 1 h and in the absence of radiation, KI
olution was injected into the flasks and the resulting “ozone”
oncentration was measured. In the NO2 flask an “ozone” concen-

ration of 9.5E−7 mol/L was found, whereas in the N2O flasks only
.9E−9 mol/L “ozone” was found, which is near the detection limit.
urthermore, the later on discussed mechanistic air radiolysis code
ODAIR-IRSN shows that NO is clearly less important than NO2 in
he conditions of the PARIS tests.

i
(
t
a
f

filled in one step. (1) Charcoal filter, (2) vacuum pump, (3) heat exchanger, (4)
on flask.

.4. Surface samples

O3 is known to be destroyed at metallic surfaces by oxidising
he surface (Thomas et al., 1997; Zakharov et al., 2001). The same
s expected to hold for many other ARP. This effect has an impor-
ant impact on severe accident iodine chemistry, because less ARP
re then available for the radiolytic oxidation of molecular iodine
n the containment atmosphere. In the PARIS tests simulating the
ppropriate boundary conditions, involving iodine, the decrease of
olecular iodine should be affected by the presence of surfaces

estroying the ARP. Radiolytic oxidation of I2 should be slowed
own with increasing surface area to volume ratios. Of course, I2 is
lso reduced in parallel due to deposition at these surfaces.

The surface types and surface areas studied in the PARIS program
stainless steel, epoxy paint and silver) were therefore defined to
e representative of LWR and PHEBUS facility containments. The
eometric characteristics of the experimental surface samples are
hown in Table 1.

The chemical composition of stainless steel coupons (AISI 316 L)
s indicated in Table 2. They contain 2 wt% Mo which should provide
reater protection against pitting and thus also should weaken their
orrosion by halogens, and in particular iodine.

The epoxy paint coupons mostly contain a polymer (an alcohol
olyamine in our case) and a hardener (consisting of an epoxy liq-
id from a bisphenol (60%) plus a cycloaliphatic polyamine (30%)).
igments (such as SiO2 and TiO2) are also contained in the paint.

Silver was provided by Johnson Matthey (purity > 99.9%) in the
orm of foils. Before experiments, the silver surface was washed
ith water and acetone and then heated for cleaning. It had a shiny

ppearance, thus guaranteeing the absence of any important oxide
ayer on the surface stemming, e.g. from storage at ambient condi-
ions.

.5. Quality of data

A total of 215 irradiation tests were performed in the PARIS
roject on ARP production and destruction, blind tests and repeat-
ng test included. As was often observed in previous irradiated work
e.g. Funke et al., 1999), scattering of data was also observed in
he PARIS tests. Partly, averaging of ARP concentrations measured
t equal doses and with the same boundary conditions was per-
ormed. Nevertheless, the below discussed ARP concentrations still
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Table 1
Geometric dimensions of the different coupons

Substrate

Stainless steel Epoxy paint Silver

Length (cm) × width (cm) × height (cm) 0.8 × 0.8 × 0.5 1.3 × 1.0 × 0.5 0.9 × 0.9 × 0.5 14.9 × 0.75 × 0.025
Surface area (cm2) 2.88 4.9 3.4 23.1
Objective S/V (cm−1) LWR/PHEBUS FP 0.003 0.005 0.0035 0.02 (LWR)
Ratio surface coupon/glass surface 0.004

V is the gaseous volume, S is the coupon surface area. LWR means approximate values for

Table 2
Chemical composition of the 316-L stainless steel coupons

Element Weight fraction (%)

Ni 10.5–13
Cr 16–18
Fe Balance
C <0.03
Mn <2
S 0.03
Si 0.75–1
P
C
M
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how pronounced scatterings, providing an insight into the uncer-
ainties associated to the individual data points in these plots.

. Models description

Two different model approaches were used in order to analyse
he experimental results, a mechanistic model allowing to study
etailed reaction mechanisms (IODAIR-IRSN) (Aubert, 2002), and
n empirical model suitable for inclusion into severe accident con-
ainment codes.

.1. Mechanistic model

The mechanistic model IODAIR as developed by IRSN (Aubert,
002) represents a recent improvement of earlier Canadian model
evelopment (Narayanan, 2000). It is mainly based on data from
ass spectroscopy and electron impact studies (Willis et al., 1970;
illis and Boyd, 1976). Excitation and ionisation mechanisms for

he production of primary air radiolysis products as well as their
nteraction kinetics are taken into account. Around 200 chemical
eactions are included by coupled differential equations to treat
he reaction kinetics.

The production rate of the primary species “i” during irradiation
s given by

dXi

dt
= Gi

dD

dt

1
N

× 100 (1)

Xi represents the concentration of species i (mol/L). Gi repre-
ents the number of molecules i produced (in case of positive G) per
00 eV or destroyed per 100 eV (in case of negative G) absorbed by
he irradiated medium (1G corresponds to 1.0364 × 10−7 mol J−1).
he Gi values corresponding to the formation of primary prod-
cts from radiolysis of pure oxygen, nitrogen, hydrogen and water,
espectively, are shown in Fig. 2 (Willis et al., 1970; Willis and Boyd,
976; Armstrong and Willis, 1976; Aubert, 2002). D is the dose

eV L−1) and N is Avogadro’s number (mol−1).

The primary species can react with each other and with the
nitial molecules through several reactions producing secondary
pecies that may or may not take part in further reactions. Moist
ir, which represents a complex medium during irradiation, leads s
0.007 0.005 0.034

a typical LWR containment.

o effective G values that depend on both the irradiation condi-
ions (mainly the radiation energy) and the O2, N2 and H2O mass
ractions.

.2. Empirical model

The empirical kinetic model simply treats two processes, the
ormation and the destruction of air radiolysis products (Funke et
l., 1999):

d[ARP]
dt

= k1D − k3 [ARP] D (2)

ith

[ARP]: concentration of ARP (mol/L),
k1: rate constant of ARP formation by air radiolysis
(mol L−1 s−1 (kGy/h)−1),
k3: rate constant of ARP decomposition during irradiation
(s−1 (kGy/h)−1),
D: dose rate (kGy/h−1).

The model is based upon previous irradiation tests performed in
ir and air/steam mixtures between 20 and 130 ◦C and dose rates of
bout 1.5–2 kGy/h (Funke et al., 1999). It is worthwhile to note that
he same analytical procedure (KI method) as in the PARIS tests was
pplied to determine the ARP concentrations. However, the steam
ractions were generally lower than in the PARIS tests.

This empirical model treats the ARP production as a zero-order
rocess whereas ARP destruction follows a first-order kinetics law.
onsequently, decomposition of ARP is accelerated during build up
f ARP concentration, and an equilibrium concentration is achieved
t sufficiently high doses, where k1 = k3 [ARP]. Values of rate con-
tants taken from Funke et al. (1999) are given in Table 4.

As described above, surfaces lead to the depletion of ARP con-
entration. As this depletion requires in a first step the deposition
f the ARP at the surface, it is reasonable to tentatively add a
seudo-first-order kinetic disappearance term, as often used in
evere accident iodine surface models (Funke et al., 1996; Wren
t al., 1999), to Eq. (2):

d[ARP]
dt

= k1D − k3 [ARP] D − kD
S

V
[ARP] (3)

ith

S: surface area of the coupon introduced in the vessel (m2),
V: volume of the vessel (m3),
k : ARP destruction constant due to the impact of the surface
D
(m.s−1).

The rate constant kD generally depends on temperature and on
urface type (paint, steel, silver).
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Fig. 2. G value (1.0364 × 107 mol J−1) of the primary produc

. ARP formation and destruction in the absence of surface
oupons

.1. Analyses with the empirical model

The rate constants of the empirical model were fitted in this
ork without taking into account previous values for the rate con-

tants k1 and k3 and their respective activation energies as given in
unke et al. (1999). Instead, optimisations of k1 and k3 were real-
zed with the use of the FACSIMILE software (FACSIMILE, 2008). The
est agreement between the experimental and calculated values is
btained at the minimum of the standard deviation.

The empirical model was applied in this work using initial ARP
oncentrations of 10−9 mol/L according to natural ozone concentra-
ions in ambient air as measured by the KI method in unirradiated
ests.

.1.1. Base case: 80 ◦C, air/steam/hydrogen
Experimental data obtained in an air/steam/H2 atmosphere

t 80 ◦C are arbitrarily defined as a base case. Fig. 3 shows the
volution of measured ARP concentrations as function of the
ose. Despite the noticeable scatter of the experimental ARP
oncentrations (factors 5–10), an increase of the ARP concen-
ration with the dose is clearly evidenced. According to the
mpirical model, the rate constant for the ARP production is
1 = 4.8 × 10−11 mol L−1 s−1 (kGy/h)−1, and the rate constant for ARP
estruction is k3 = 2.4 × 10−5 s−1 (kGy/h)−1. ARP formation is pre-
ominant at low doses (D < 1 kGy), whereas ARP destruction gains

n importance for doses greater than 10 kGy. The model formally
eads to a plateau in the ARP concentration at high doses of about
0–40 kGy. However, this is neither supported by nor in conflict
ith the experimental data. It should be noted that only two data
oints were measured at very high doses (near 100 kGy), and this

learly reduces the accuracy of the fitted k3 value. The model is
bviously not in conflict with the data, but the determination of
n ARP destruction rate from these data alone remains uncertain,
ven there is no proof of the establishment of an equilibrium ARP
oncentration.

a
t
u
o

able 3
ate constants of ARP formation and destruction from analyses of PARIS data for various a

ARP formation constant, k1 (×1011 (mol L−1 s−1 (kGy/h)−1)

80 ◦C 130 ◦C

2/steam 1.2 2.7
ir/steam 2.4 2.6
ir/steam/H2 4.8 2.1
ig. 3. ARP concentrations as function of the dose at 80 ◦C in an air/30% (v/v)
team/4% (v/v) H2 atmosphere and optimised empirical model.

.1.2. Parameter effects
The impact of various parameters such as dose rate, temperature

nd atmospheric composition, on the rates of ARP formation and
estruction was studied by fitting individual values of k1 and k3
nder the respective boundary conditions.

The dose rate was varied experimentally between about 0.3 and
bout 1 kGy/h. As expected from the previous project (Funke et al.,
999), ARP concentrations are a function of dose as the product of
ose rate and irradiation time. At least within this limited range of
ose rates, it is allowed to consider the dose rate just as a parameter
o calculate the dose.

Table 3 summarizes the optimized rate constants of ARP for-
ation and destruction using the empirical model in the various

tmospheres and the two temperatures.
There is no consistent trend regarding the values for k1
nd k3 with temperature. Instead, considering the experimen-
al uncertainties and the associated anticipated model parameter
ncertainties, the rate constants k1 and k3 are independent
f temperature in all three different atmospheric mixtures. In

tmospheres at 80 ◦C and at 130 ◦C

ARP destruction constant, k3 (×104 s−1 (kGy/h)−1)

80 ◦C 130 ◦C

1.0 1.6
1.0 0.6
0.2 0.1
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Table 4
Rate constants of ARP formation and destruction in an air/steam mixture for various
temperatures from previous project (Funke et al., 1999)

Temperature (◦C) k1 (×1011 mol L−1 s−1 (kGy/h)−1) k3 (×104 s−1 (kGy/h)−1)

20 7.0 ± 1.0 0.3 ± 0.1

t
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80 5.4 ± 0.7 2.4 ± 0.4
130 4.4 ± 0.6 7.6 ± 1.4

he case of ARP destruction, this temperature independency is
ot consistent with previous data from Funke et al. (1999) as
hown in Table 4, where k3 increases with temperature. However,
he above-mentioned data scattering and the associated uncer-
ainty of the k3 determination could hide such a temperature
ffect.

Hydrogen, according to Table 3 data at 80 ◦C, seems at first sight
o exhibit an increasing effect on ARP formation and a decreasing
ffect on ARP destruction. However, such an effect is not supported
y the 130 ◦C results. Moreover, any effect suggested by the 80 ◦C
ata could be due to the uncertainties of the experimental data.

t is also noted that the PARIS data in air/steam/hydrogen lead
o an ARP formation rate constant which is fully consistent with
he equivalent rate constant from previous data in hydrogen-free
ir/steam atmosphere (Table 4). In this latter case, no conclusion
rom limited ARP destruction rate differences as function of hydro-
en presence should be drawn because of the above-mentioned
eneral uncertainty of k3 determination in the PARIS database.
o conclude, no significant effect of a 4% (v/v) hydrogen com-
onent in the air/steam mixture is deduced. There might be a
mall effect, but this cannot be quantified using the available
atabase.

Replacing the air by pure oxygen offers the possibility to exper-
mentally exclude nitrogen compounds from the reaction mixture,
nd to study formation and destruction of ozone alone, without the
O2 component.

In oxygen/steam atmospheres the ozone concentration reaches
aturation at doses greater than about 1 kGy at 130 ◦C as shown
n Fig. 4. Analogous to the above discussed of ARP equilibrium
oncentration, this is explained by equilibrium between formation
nd destruction of ozone. From the determined kinetics rate con-
tants and taking into account their associated uncertainties, no
lear effect of removing nitrogen from the reaction system on ARP

ormation/destruction can be deduced. However, comparing the
aturation levels in Figs. 3 and 4, the modelled ARP equilibrium
oncentration in oxygen/steam is higher by a factor of 10 as com-
ared to the steam/air condition. Nevertheless, this difference could

ig. 4. Evolution of O3 concentration versus dose at 130 ◦C in an oxygen/30% (v/v)
team atmosphere, comparison of data and empirical model.
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ig. 5. Experimental ARP concentrations and calculated concentrations of O3, NO2

nd their sum from IODAIR-IRSN at 80 ◦C in air/steam atmosphere.

lso be explained to be the result of experimental uncertainties in
3 determinations.

.2. Study with IODAIR-IRSN model

In contrast to the empirical model, the mechanistic IODAIR-IRSN
odel allows to analyse the evolution of the individual ARP. As

oted earlier, only ozone and nitrogen dioxide are supposed to be
etected experimentally by the KI method, but not HNO3 or N2O.
herefore, the following IODAIR results only deal with O3 and NO2.

The starting O3 concentration in the IODAIR calculations was
lways of 10−9 mol/L, consistent with the analyses using the empir-
cal model.

.2.1. Base case: 80 ◦C, air/steam
Fig. 5 shows the evolution of O3 and NO2 concentrations, and of

heir sum at 80 ◦C in an air/steam (30% v/v) mixture as calculated by
ODAIR and compares these with the experimental data. A relatively
ood agreement between the ARP concentration measured by the
I method and the sum of calculated O3 and NO2 concentrations

s observed. There appears to be a slight underestimation of the
xperimental ARP concentrations for doses lower than 1 kGy which
s not explained yet. Moreover, the model suggests that O3 is the
redominant ARP species only at doses lower than 1 kGy, and that
O2 is the predominant air radiolysis product above 1 kGy.

The analogous analysis of the experimental data in air/steam at
30 ◦C confirms the trends of the above 80 ◦C results (Fig. 6).

.2.2. Influence of the hydrogen
Fig. 7 shows that the model results at 80 ◦C in air/steam/

ydrogen mixture are generally in good agreement with the exper-
mental data.

Considering only the experimental results in Figs. 5 and 7, no
lear experimental influence of hydrogen on ARP concentrations
ould be concluded. However, the IODAIR-IRSN results themselves
redict that:

addition of hydrogen decreases the O3 concentration over the
whole range of studied doses.

at intermediate doses 0.1 kGy < D < 1 kGy, NO2 is increased by
about one order of magnitude in presence of hydrogen,
at higher doses, similar NO2 concentrations are reached in both
atmospheres, with and without hydrogen.
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stant in Eq. (3), which was also implemented into the mechanistic
ig. 6. Experimental ARP concentrations and calculated concentrations of O3, NO2

nd their sum from IODAIR-IRSN at 130 ◦C in air/steam atmosphere.

Therefore, hydrogen seems to strengthen NO2 formation at the
xpense of O3, especially at medium and high doses. Consequently,
ccording to IODAIR results in Fig. 7, NO2 is dominant over O3
lready at doses above 0.1 kGy.

.2.3. Results in oxygen/steam atmosphere (influence of nitrogen
emoval)

Fig. 8 shows experimental and calculated ozone concentrations
n oxygen/steam mixtures at 80 and 130 ◦C. At about 10 kGy, the O3
oncentration reaches a saturation level, similar to the prediction of
he empirical model. The calculated equilibrium O3 concentrations
re also similar to those of the empirical model.

Thus, the mechanistic model confirms in some way the empir-
cal model concerning equilibrium between O3 formation and O3
estruction, as long as no nitrogen is included in the atmosphere. In
ir/steam atmosphere including nitrogen, the additional and long-
erm NO2 formation even at very high doses effectively retards the
stablishment of equilibrium between ARP formation and destruc-
ion.

.2.4. Influence of the temperature

No influence of temperature on the ARP concentration was

oncluded from PARIS data at 80 and at 130 ◦C in air/steam,
ir/steam/hydrogen and oxygen/steam atmospheres. At least for
he air/steam atmosphere, this seems to be in conflict with pre-

ig. 7. Experimental ARP concentrations and calculated concentrations of O3, NO2

nd their sum from IODAIR-IRSN at 80 ◦C in air/steam/hydrogen atmosphere.
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ig. 8. Experimental ozone concentrations and ozone concentrations calculated
ith IODAIR-IRSN at 80 and 130 ◦C in an oxygen/steam atmosphere.

ious data (Funke et al., 1999). However, as stated already earlier,
he data scattering could have masked such a temperature effect in
he PARIS tests.

IODAIR-IRSN calculations in oxygen/steam atmosphere predict
hat the stability of ozone is decreasing with increasing tempera-
ure (Fig. 8). This would be consistent with previous data in air and
ir/steam from Funke et al. (1999), but the few scattering PARIS data
re not suitable to confirm such a temperature dependency. There-
ore, PARIS data are not expected to confirm or improve current
pproaches for the temperature dependencies.

. ARP formation and destruction in the presence of
urface coupons

Ozone is destroyed upon contact with various surfaces (Thomas
t al., 1997; Zakharov et al., 2001). In order to study the destruction
f ozone and ARP in general at surfaces, various surface coupons
stainless steel, epoxy paint and silver) were introduced into the
rradiated test flasks for irradiation. Both, the empirical and the

echanistic model were used to optimise the destruction rate con-
ODAIR-IRSN code. The effect of silver on ozone concentrations in
xygen/steam atmosphere at 80 ◦C is shown in Fig. 9, where exper-
mental ozone concentrations are lowered by roughly one order of

agnitude in the presence of silver. Fig. 9 also displays the results

ig. 9. Experimental ozone concentrations and ozone concentrations calculated
ith the empirical model in oxygen/30% (v/v) steam atmosphere at 80 ◦C with or
ithout silver coupon (22 cm2).
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Table 5
Effect of surfaces on ARP or ozone build-up

Temperature (◦C) Nature of the coupon Effect on ARP or ozone build-up
O2/steam atmosphere

Effect on ARP or ozone build-up
air/steam atmosphere

80
Stainless steel (3 cm2) Not conclusive Not conclusive
Painted stainless steel (4 cm2) Not conclusive Not conclusive
Silver (22 cm2) 1E−3 m/s Not conclusive

Not conclusive Not conclusive
Not conclusive Not conclusive
Not conclusive Not conclusive
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130
Stainless steel (3 cm2)
Painted stainless steel (4 cm2)
Silver (22 cm2)

f the empirical model, applied by varying ozone destruction rates.
he optimum ozone destruction rate kD in this particular bound-
ry condition is close to 1E−3 m/s. A more accurate determination
f this rate constant is not possible, given the large scattering of
ata and the small set of data. Fig. 10 provides the same data as in
ig. 9, but this time compared to calculations with the mechanistic
ODAIR model. The same conclusion on the ozone destruction rate
lose to 1E−3 m/s is drawn, which means that the derived effect of
urfaces on the ozone concentration is not depending on the type
f the calculation model.

In contrast to the above 80 ◦C data, an effect of silver on ozone
oncentration at 130 ◦C in oxygen/steam is not identified. The same
onclusions are drawn from analyses of data obtained in air/steam
nd air/steam/hydrogen atmospheres at both temperatures, 80 and
30 ◦C, and for both, stainless steel and epoxy paint (Table 5). Fig. 11
rovides a typical result. Generally, scattering of data and too few
ata points do not allow to identify any significant surface effects
n ozone or ARP concentrations. All this favours the conclusion that
ven the above effect of silver at 80 ◦C in oxygen/steam could be an
rtefact.

For stainless steel and paints, these rather unexpected results
ould not be explained by too low surface-to-volume ratios as they
re representative of typical LWR and PHEBUS FP containments.

However, if the glass surface would be really involved in ARP
estruction, the effect of adding a small surface area of paint or
tainless steel would be probably masked by the effect of the much
arger surface area of the vessel walls.

For silver, it will be present as an aerosol in the containment
tmosphere or finely deposited onto surfaces. Thus, in LWR reac-

ors, the ratio of surface to volume could be higher or lower than
sed in the PARIS tests, depending on the aerosols size and specific
urface. Obviously, modelling such an effect would require more
recise silver/ARP data.

ig. 10. Experimental ozone concentrations and ozone concentrations calculated
ith IODAIR-IRSN in oxygen/30% (v/v) steam atmosphere at 80 ◦C with or without

ilver coupon (22 cm2).
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ig. 11. Experimental ozone concentrations in oxygen/30% (v/v) steam atmosphere
t 130 ◦C with or without stainless steel coupon (3 cm2).

. Conclusions

The PARIS project enlarges the experimental database on air
adiolysis product formation and destruction in severe accident
ontainment atmospheres with the performance of 215 tests on
he production and destruction of air radiolysis products. From
hese tests, it was concluded that air radiolysis product concen-
rations increase with dose and that other quantities such as
emperature, hydrogen up to 4% (v/v) and surfaces at representa-
ive surface/volume ratios do not show significant influences. It can,
owever, not be excluded that small effects could be hidden behind
he appreciable scattering of data.

The increase of the air radiolysis product concentration with
ose and the apparent approaching of a saturation level at least
or oxygen/steam atmospheres support a simple empirical model,
onsisting of a zero-order production and a first-order destruction
f air radiolysis products. Associated rate constants are derived
rom the PARIS data for all three atmosphere types, and these
re roughly consistent with previous data on air radiolysis prod-
ct build-up in irradiated tests in lower steam concentration
egimes.

On the other side, high-dose data could also be interpreted as
howing continuous increasing of air radiolysis product concen-
rations. Only in pure oxygen atmosphere, air radiolysis product
learly approaches a saturation level at doses higher than 1 kGy. In
he frame of the mechanistic IODAIR-IRSN model on air radiolysis
roduct formation, these findings are interpreted based upon the
odel prediction, that different spectra of air radiolysis products

re produced in the different atmospheric compositions. From the
echanistic model, in air/steam atmospheres, ozone is a dominant
pecies only at low doses, with a maximum at about 1 kGy. Contrar-
ly, nitrogen dioxide becomes the dominant species at higher doses
nd does not achieve a saturation level within the studied experi-
ental dose range of about 100 kGy. In oxygen atmosphere, ozone
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s the dominant air radiolysis product and reaches a saturation
evel. The experimental determination of air radiolysis products is
robably sensitive to the sum of both, ozone and nitrogen dioxide.
onsequently, the experimental detection should find the satura-
ion level in oxygen atmosphere, but not in air/steam atmospheres,
s observed.

IODAIR-IRSN mechanistic code models well the ARP concen-
ration that makes it suitable for the modelling of the ARP
oncentration in presence of radiation in conditions close to those
f the PARIS project. Nevertheless, a simplified model is desirable
or use in severe accident codes where reaction between air radiol-
sis products and gaseous iodine leads to radiolytic oxidation and
ormation of iodine oxides, i.e. I–O and I–O–N compounds with
ifferent stoichiometries. The empirical model, consisting of one
roduction reaction and one destruction reaction for air radiol-
sis products, is in general able to describe the data. However,
alues of rate constants by fitting the model to PARIS data vary
ver large ranges when comparing with derived rate constants
rom a previous project (Funke et al., 1999). The analyses of the
ARIS data allow to extend the existing models to much broader
anges of boundary conditions rather than providing new rate
onstants.

No noticeable effect of containment surfaces (typical of LWR
nd PHEBUS FP: epoxy paint, stainless steel, silver) is observed in
he PARIS data. However, due to the strong scattering of data, no
efinitive conclusions on model rate constants of ARP or ozone
estruction at surfaces can be formulated from the PARIS database.

It would be desirable in future experiments on air radiolysis
roduct formation and destruction to measure ARP speciation, and
o refine the concentration measurements. Higher doses should
lso be used to check where saturation levels in air/steam atmo-
pheres are achieved. Even though primary, unstable air radiolysis
roducts are known, also the unambiguous identification and quan-
itative determination of stable air radiolysis products to prove the
alidity of models describing the formation of ARP is required. As
ypical ARP concentrations are relatively low, very sensitive meth-
ds with low detection limits have to be used. Optical methods
e.g. Raman spectroscopy, flash photolysis) could provide useful
nformation for the identification of ARP. For the support of those

ethods it could be useful to cool down an irradiated gas phase
apidly by thermal shock to freeze the composition of the gas phase
r to liquefy the gas phase. Chromatographic techniques or mass-
pectrometric techniques could also be suitable methods for the

etermination of chemically more stable compounds (e.g. N2O,
O2/N2O4). Such new data could also serve as a basis to simplify

he mechanistic model.
The influence of silver aerosols on ARP formation and destruc-

ion was studied with a silver coupon in a first step. This should be

W

Z
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eveloped in a second step with aerosols in order to highlight the
ncertainties that remain in this field of study.
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