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ABSTRACT 

Iodine oxides aerosols (IOx) are fine aerosol particles that are formed in a reactor containment in case 

of severe accident. Their stability was studied under irradiation in representative conditions of the 

containment. Under the influence of the temperature, humidity and irradiation they are found to be 

unstable. Their decomposition kinetics and stability are studied in EPICUR facility thanks to the 

STEM, STEM2 and MIRE projects. An IOx decomposition model is set up in ASTEC-SOPHAEROS 

code (version 3.1). It considers the influence of the humidity, the temperature, and dose rate. Its 

application to the PHEBUS FPT-0/1/2/3 tests lead to (1) an improved modeling and understanding of 

the inorganic iodine volatility in the FPT-3 containment all along the transient and to (2) an improved 

modeling after the washing when the gaseous temperature increases (FPT-0 and FPT-1) and (3) before 

the washing when the humidity decreases (FPT-2) as long as a relevant molar gaseous iodine fraction 

coming (xI2_RCS) from the reactor coolant system (RCS) is set up for FPT-0/1/2. A sensitivity analysis 

indicates that values of xI2_RCS up to ≈ 30% would be needed to improve the modeling of iodine 

volatility before the washing for FPT-0/2. A fraction of 10% would be more appropriate for FPT-1. A 

complementary approach is on-going to quantify the influence of the uncertainties of each chemical 

model developed in ASTEC-SOPHAEROS code within the objective to identify which chemical 

phenomena are the most influent on iodine volatility in the PHEBUS containment. 
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Introduction  

In case of severe accident, iodine is one of the main fission products (FP) contributing to the public 

thyroid dose. It has long been studied, mostly since Chernobyl and Fukushima accidents through 

national and international R&D programs within the objective to better evaluate gaseous iodine 

releases in the environment and protect the population. Gaseous inorganic iodine (I2 and HOI) and 

organic iodides (RI compounds - R representing organic compounds like CnHm) are two main gaseous 

contributors to the dose. Inorganic iodine (I2) can come from the reactor coolant system but can also 

be formed by several well-established containment phenomena: radiolytic oxidation of iodide ions in 

the sump [1,2,3,4], desorption from paint [5,6,7], radiolytic decomposition of iodine soluble aerosols 

like CsI or CdI2 [8,9]. Organic iodides are formed in the containment by the iodine-paint interaction in 

the sump and in the gaseous phase [5,6,7], the radiolytic reaction of I2 and volatile organic compounds 

(R)-H [10,11,12,13] and should not come from the RCS [14]. Gaseous HOI is difficult to detect and 

quantify and has sometimes been qualified as the iodine ghost species. Nevertheless, it should be 

possible to quantify its amount even though the technology developed by Keller in the 1970’s 

[15,16,17] to selectively trap HOI from I2 and RI has not been retained later for the PHEBUS FP 

project [18,19,20,21] and subsequent iodine R&D projects (ISTP, BIP/BIP-2/BIP-3, THAI/THAI-

2/THAI-3, STEM, STEM2, THEMIS, ESTER). HOI might come from the circuit and might also be 

formed in the containment.  

Inorganic iodine (mostly I2) and organic iodides formation and decomposition were studied for several 

decades. It has been highlighted that, under irradiation or photolysis, I2 and CH3I are decomposed, 

leading to the formation of fine aerosols particle of iodine oxides (IOx) [22,23,24,25,26] with an 

average diameter < 1 µm [27,28,29]. HOI might also decompose into IOx aerosols under irradiation as 

this process exists under photolysis [30]. The interpretation of the PARIS [24] and PHEBUS data [31] 

has identified that IOx aerosols should not be stable and should decompose back into inorganic and/or 

organic iodides which has been confirmed recently [32]. Therefore, a broader approach was 

undertaken to complete the knowledge on IOx decomposition rate under irradiation and develop an 

adequate model for ASTEC-SOPHAEROS (version 3.1) severe accident code [33,34,35] thanks to the 

STEM, STEM2 and MIRE projects [36]. Then, this IOx decomposition model was added to the 

modeling and interpretation of PHEBUS FPT-0/1/2/3 tests. A comparison of the iodine volatility in 

the containment of PHEBUS-FPT tests has been performed to highlight the contribution of this new 

model to the iodine volatility. 
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1 Description of the experiments and the test conditions 

The IOx aerosol decomposition tests were performed in EPICUR irradiator facility whose description 

has been detailed in previous papers [5,9,32]. The same preparation procedure of the coupon (quartz, 

epoxy paint and sand) has been employed to be irradiated in EPICUR facility and check IOx 

decomposition rate. IOx aerosols formation is achieved at room temperature by the reaction between 

O3 and gaseous I2 prior to the irradiation. Several dry and hydrated species can be formed: I2O4, I2O5, 

I4O9 (dry IOx) and: I2O4.H2O, I2O5.H2O, I4O9.H2O, I2O5.HIO3 (or HI3O8) or HIO3 [32] (hydrated 

species). The main speciation depends on the temperature and humidity according to the following 

mechanisms (Eq. 1 to 11) [9,37,38,39,40,41,42,43,44]: 

Hydration mechanisms leading to the formation of HIO3 species: 
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Conversion mechanisms due to the effect of the temperature: 
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All tests operating conditions and characteristics are recapped in Table 1 and Table 2. Each test is 

performed in three phases: (1) a pre-irradiation phase (no irradiation) of some hours (1h to 20h), (2) 

the irradiation phase (25h to 45h) and then the post-irradiation phase (5h to 21h, no irradiation). 
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During the test, IOx aerosols are decomposed into volatile iodine species that are transferred to a 

selective trapping device (Maypack) that discriminates iodine aerosol, inorganic and organic iodine 

(Fig. 1). The kinetics formation of these gaseous species can thus be monitored on-line [8,9,32] and 

employed to develop a kinetics model for IOx aerosols decomposition under irradiation. 

In EPICUR tests (Table 1), the gaseous dose rate (Dg) is close to 1 Gy.s-1 whereas the temperature is 

either 80°C, either 120°C. The relative humidity (RH) has been varied (0%, 50%, 60% and 80%). It 

has also been checked the influence of a low content of oxygen (3% v/v), the presence of 

incondensable gases such as CO and H2 that could be present in the containment atmosphere during a 

severe accident. The iodine concentration on the coupon is within the order of magnitude of 10-3 

mol.m-2, except for AER13 (IOx deposited on Epoxy paint) for which a lower concentration has been 

checked (≈10-5 mol.m-2) and SF3/4 for which an IOx mass was deposited on sand [9]. 

For modeling purposes, the raw experimental data have to be corrected to consider the missing 

activity balance, the knit-mesh efficiency and the activity recovered on the walls of the vessel and 

loop according to the procedure detailed in [5]. The uncertainties on these corrected on-line data on 

the Maypack are estimated at 35% for inorganic iodine and 30% for organic iodides. 

2 Results and discussion 

Compared to our previous papers dealing with the study of IOx behaviour in EPICUR [9,32], 

additional tests were performed (IOx-2, IOx-3, Gas-IOx1, Gas-IOx2 and Gas-IOx3, Table 1) in order 

to check the influence the gaseous containment composition: 

- In some reactor containment, an inert atmosphere leads to a very low dioxygen content. The 

influence of a low O2 content (3% v/v) on IOx aerosols decomposition was thus studied (IOx-3 

test). 

- Carbon monoxide (CO) can be formed in significant quantities in the containment by molten 

corium-concrete interaction. As CO has been reported to be oxidized by I2O5 [45,46,47] and 

leads to the formation of I2 (I2O5 + 5CO => I2 + 5CO2), its influence on IOx aerosols 

decomposition has also been check (Gas-IOx1 test).  
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- Dihydrogen (H2) is formed by the fuel rods degradation in significant amount and end up in 

the reactor containment. I2O5 has also been reported to react with H2 [48]. Dihydrogen 

influence on IOx aerosols stability has thus been checked (Gas-IOx-2 test).  

- Finally, dry conditions were also investigated (Gas-IOx3 to complete SF3 test [9]) as well as a 

high content of steam (RH = 80% for IOx-2) to be more representative of short-term 

containment conditions for which a high humidity is expected. 

The influence of these parameters is discussed in the following sections. The final on-line 

measurements of volatilized inorganic iodine (I2) and organic iodide (RI) and fractions are also 

presented in Table 3. Then, section 3 presents a modeling approach that has led to develop an IOx 

decomposition model that considers the influence of various parameters (temperature, humidity, 

irradiation). 

2.1 Effect of the influence of the relative humidity 

Gas-IOx3 and SF3 tests were performed without humidity. Both tests highlight a very low release 

from IOx decomposition, which suggests a higher IOx stability in dry conditions. The online 

inorganic and organic data are not shown in this paper as the raw data were found to be under the 

detection limit of the facility and the corrected global volatilization (estimated from the difference 

between the gamma counting of the coupon before/after the irradiation in Table 3) highlights a 

significant uncertainty. As a consequence, Gas-IOx3 and SF3 data were not used to set up the model. 

2.2 Effect of the gaseous atmosphere composition 

The effect of a low O2 content (3% v/v, IOx-3), CO (1% v/v, Gas-IOx1) and H2 (1% v/v, Gas-IOx2) 

are shown on Fig. 2 and Fig. 3 and are compared to the reference test AER7 at 80°C (and its 

reproducibility test AER10 whose data are scattered because they were close to the detection limit of 

the gamma-spectrometer). One difference that can be highlighted is a later start of the release of 

inorganic iodine in Gas-IOx1 and Gas-IOx2 after the beginning of the irradiation (≈ 10 hours).  

During the irradiation, it can be concluded that there is no significant effect of a low dioxygen content, 

considering a late start of the irradiation in IOx-3 (5h instead of 1h for AER7). The irradiation for 

Gas-IOx1 and Gas-IOx2 tests starts 10h after the beginning of the test. It can be seen that for IOx3 
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test, as for SF4 (IOx deposited on sand, Fig. 11) and Gas-IOx1/Gas-IOx2 (CO and H2 influence, Fig. 

3) tests, the inorganic release starts about 10 h after the beginning of the irradiation whereas it starts 

immediately for the other tests. It has been proposed that this delay could be to the hydration process 

of dry IOx that could take some hours [9,38,49] but it is not consistent with AER7 and AER10 

(reproducibility or AER7). It is thus possible that sand, CO and H2 might play a role on this delay that 

has still to be understood and/or that an unexpected retention of gaseous inorganic iodine on the loop 

occurred at the beginning of the tests.  

A second difference that is observed is the behaviour of the inorganic release after the end of the 

irradiation. Whereas its kinetics is increased for AER7, its slope is not modified for IOx-3 (Low O2) 

and the release is stopped for Gas-IOx1 (CO) and Gas-IOx2 (H2). The chemical mechanisms leading 

to the existence (or the absence) of a faster post-irradiation inorganic release than during the 

irradiation are not identified yet. It could be from the conversion of stable IOx initial species (like 

I2O5, HIO3) into intermediate reservoir species like IONO2 or OIONO2 whose formation and influence 

has been identified in the atmosphere [50,51,52].  

2.3 Effect of the temperature  

As described in our previous paper [32], among all the parameters that were checked, the temperature 

has the most important effect on IOx decomposition as the most important releases are observed at 

120°C (AER8, IOx1 and SF4, Table 3 and Fig. 4). They are supposed to come from the conversion of 

initial IOx (I2O4 and I2O9) into I2O5 that leads to the formation of I2. Another possibility is the 

formation of HIO3 that could also decompose into I2 even though no chemical mechanism has been 

identified yet. 

The most striking effect is observed as soon as the irradiation is stopped, whatever the temperature 

and mostly at 120°C (IOx2, AER7, AER10 and AER8 on Fig. 2 and Fig. 4): a significant increase of 

the inorganic release kinetics is observed after the irradiation whereas almost no release is observed 

before the irradiation starts. One explanation could be that a modification of the IOx aerosols 

speciation on the coupon occurred during the irradiation, leading to the formation of an instable IOx 

specie that would be quickly decomposed as soon as the irradiation is stopped. 
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2.4 Effect of the deposition of IOx aerosols on Epoxy painted surface 

AER9 and AER13 were performed with IOx deposited on an Epoxy paint surface. The AER9 release 

is higher than for the reference test AER7 [32] which indicates a different release process. As 

mentioned in [32], IOx aerosols could have had a chemical interaction with the Epoxy paint that does 

not exist in case of a quartz coupon (AER7). Another possibility is that IOx did not have time to be 

produced in significant amount when I2 was introduced with O3 in the IOx manufacturing vessel, so 

that gaseous I2 could have been adsorbed on the Epoxy paint [5,6, 53,63,64,65] instead of reacting 

with ozone. Finally, even though IOx aerosols were inert and deposited on the Epoxy paint, as soon as 

I2 is produced from their decomposition, it can be adsorbed on the Epoxy paint instead of being 

transferred to the Maypack. For AER9 and AER13 tests, the observed release on the Maypack is 

similar to the release observed for iodine-paint interaction studied in previous papers [5,32] which 

suggests an I2-paint interaction (before I2 reacts with O3 and/or after IOx decomposition). As these 

two tests lead to very different on-line results than the quartz coupons, they will not be considered in 

the modeling approach in next section as they would deserve a more complete dataset to be considered 

in a reliable manner.  

2.5 Formation of volatile organic iodides  

In all tests, small amount of organic iodides (RI) was recovered on the charcoal filter of the Maypack 

(< 5%). As discussed before [5,54], they might come from the radiolytic reaction between organic 

pollutions and gaseous inorganic iodine that has been considered and modelled in a preliminary 

manner [14]. Another possibility is that volatile organic compounds (R-H) might react with deposited 

IOx aerosols. However, there is no indication in the literature that this reaction could exist. Therefore, 

it was not considered in this approach.  

3 Modeling of the experimental data 

The experimental data were modelled with a phenomenological approach in ASTEC-SOPHAEROS 

severe accident code (version 3.1). The following reaction was considered to model the inorganic 

iodine gaseous release from the decomposition of deposited IOx aerosols: 

2 5_ 2( )
deck

x gI O I⎯⎯→    With x = gas, aero or deposited 
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As observed in the experimental results, a combined thermal and radiolytic decomposition is 

expected. The following general gaseous I2 formation rate has thus been defined (Eq. 12 and 13):  

 
   

2

2 5 2 5, ,
. ( . ).

g

dec th ggas aero gas aero

d I
k I O k k D I O

dt
= = +    (Eq. 12) 

 
   

2

2 5 2 5. . ( . ). .
g wall wall

dec th wdeposited deposited
g g

d I S S
k I O k k D I O

dt V V
= = +   (Eq. 13) 

With:  

kdec : global IOx decomposition rate (s-1) 

kth : thermal IOx decomposition rate (s-1) 

kγ : radiolytic IOx decomposition rate (Gy-1) 

Dg : gaseous dose rate (Gy.s-1) 

Dw : gaseous dose rate close to the wall on which IOx are deposited (Gy.s-1) 

[I2O5]gas,aero : gaseous or aerosol IOx volumic concentration (mol.m-3) 

[I2O5]deposited : deposited IOx surface concentration (mol.m-2) 

Swall : wall surface (m²) on which IOx are deposited 

Vg : gaseous volume (m3) 

Organic iodides (RI) are assumed to be formed by a gaseous reaction between organic pollutions and 

gaseous I2 [54]. 
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The main parameters that were considered to develop and optimize the IOx decomposition model are 

the dose rate, the temperature and the humidity as observed in the previous section (experimental 

data). It was not considered the effect of gases such as CO and H2 or a low content of O2 as the result 

of previous section did not show a significant effect of these gases on the releases on the Maypack. 

Even though the post-irradiation for these tests (Gas-IOx, Gas-IOx2 and IOx3) releases are not as 

important as for AER7, this approach should be conservative for the release of I2_gas as the model will 

consider a post-irradiation release in the case of a reactor calculation. 

3.1 Optimization of the IOx decomposition model 

3.1.1 Before the irradiation: temperature effect 

IOx1 test was used to optimize the thermal decomposition of IOx (kth) before being exposed to 

irradiation. As the test starts at 120°C and the temperature is then decreased to 80°C, the influence of 

the temperature could be quantified. It leads to the following IOx thermal decomposition rate (whose 

parameters were optimized for 80 < T < 120°C and assumed to be valid out of this range):  

1 1
.( )

10 1298
01 01 01

1

( ) (298 ). (298 ) 3.10

93 .

aE

R T
th

a

k k T k K e k K s

E kJ mol

− −
− −

−

= = =

= +
 (Eq. 14) 

Fig. 5 shows the agreement between the experiment and the model. 

3.1.2 During the irradiation: radiolytic decomposition rate 

Tests performed at 80°C are expected to decompose IOx in a little amount as observed in IOx1 test. 

Even though kth could have been ignored to model the radiolytic decomposition rate at 80°C, it has 

been considered to better evaluate the radiolytic decomposition rate kγ in Eq (12). AER7, AER10 and 

IOx2 data were used to optimise kγ and have led to an estimation of kγ = 1.10-6 Gy-1 (Fig. 6, Fig. 7 and 

Fig. 8). We assume that this decomposition rate is not dependant on the dose rate and the thermal-

hydraulics conditions. It can also be observed that, added to the thermal effect, this radiolytic rate 

models in a satisfying manner the inorganic releases of AER8 at 120°C (Fig. 9) during the irradiation. 
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3.1.3 Post-irradiation IOx thermal decomposition: temperature and humidity effect 

The post-irradiation optimization of kth (for Dg = 0 Gy.s-1 on Fig. 10, circles and squares) shows a 

significant effect of the relative humidity at 80°C and 120°C as the optimized rates differ by more 

than one order of magnitude whereas the RH is increased from 50% to 80% (80°C) and from 50% to 

60% (120°C). 

In order to consider this post-irradiation effect, and more generally speaking, a decreasing dose rate 

effect down to possibly 0 Gy.s-1, kth has been completed in order to consider the influence of the 

relative humidity between 50% and 80% as observed on Fig. 10. In these situations, kth is expressed as 

follow: 

01 02
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80 30
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01 03
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( ) ( )
50% : ( ). ( )
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0% 80% : .( )

( ) ( )
80% : (

. 6

). (

( .15)

( 1 )

( .1)
1.03

7

th g w

RH

th

th g w

k T k T
For RH k k D k T

k
For RH k k

k

k T k T
For RH

q

k k D k

Eq

E

T Eq

−
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−
−  = = +

 

With: 

- k50: thermal IOx decomposition rate if RH ≤ 50% (s-1) 

- k80: thermal IOx decomposition rate if RH ≥ 80% (s-1) 

- k01(T): thermal IOx decomposition rate (s-1) (same as section 3.1.1) 

- k02(T): correction made to the thermal IOx decomposition rate k01(T) for RH < 50% 

(k02(298K) = 1.20.10-7 s-1 and Ea = +55 kJ.mol-1) 



11 

 

- k03(T): correction made to the thermal IOx decomposition rate k01(T) for RH > 80% 

(k03(298K) = 9.65.10-4 s-1 and Ea = -128 kJ.mol-1) 

- Dg,w : gaseous dose rate (Dg) or gaseous dose rate close to the wall (Dw) on which IOx are 

deposited (Gy.s-1) 

The full lines on Fig. 10 indicate the evolution of kth for RH = 50, 60, 70 and 80% as a function of the 

decreasing dose rate from 1.03 Gy.s-1 to 0. The comparison of the modeling of the post-irradiation 

experimental data is shown from Fig. 6 to Fig. 12. A rather good agreement is reached for all tests. 

The most important discrepancies are observed for IOx2 (Fig. 8) and IOx3 (Fig. 12) but should be 

conservative for I2_gas as they lead to a more important IOx decomposition. 

 

3.2 Extension of the thermal decomposition model to other conditions 

The effect of the relative humidity could not be checked for the following situations:  

- Dg,w increases (if  
,

0
g wdD

dt
  in the modeling) 

- Dg,w > 1.03 Gy.s-1 and Dg,w decreases (if  
,

0
g wdD

dt
   in the modeling). 

For modeling scenarii for which these cases are encountered, we assumed that kth = k01(T) 

(determined in section 3.1.1). In these situations, the effect of the relative humidity is thus not 

considered. 

3.3 Formation of organic iodides (RI) 

A preliminary RI radiolytic formation model has been developed and used to model RI formation. For 

all tests, RI formation is reproduced in a satisfactory manner for all tests (Fig. 6 to Fig. 12), even 

though some discrepancies remain. It needs to be completed thanks to the on-going OECD-ESTER 
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project. On Fig. 5 (IOx-1 thermal test), it is found some RI on the Maypack whereas there is no 

irradiation. This amount could be due to (1) a RI thermal formation and/or (2) a lack of efficiency of 

the Knitmesh filters located upstream of the charcoal filters (Fig. 1). In fact, the second filter stage 

(KM) was originally designed to trap I2 (molecular iodine) and was set up with this objective. 

However, other forms of inorganic iodine might exist, like HOI and HI, for which the Knit-Mesh 

(KM) might not be as effective as it is for I2 as it was not designed for other molecules than I2. That is 

why that some inorganic iodine amounts could eventually be present on the charcoal filter, even 

though no activity is found on the last stage of the KM. Therefore, some residual quantities of 

inorganic iodine might also be found on the charcoal filter for all tests and might overestimate RI 

formation due to the irradiation. 
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4 Application of the IOx decomposition model to PHEBUS-FPT tests - Consequences for 

the understanding of volatile iodine behaviour in the containment  

The phenomenology of the PHEBUS FP tests is recapped on Fig. 13. After injection of the FP into the 

containment that was insulated from the RCS (for t < 20.000 sec), the aerosols phase took place 

during which aerosols settle down and were drawn onto the horizontal and vertical surfaces (t < 

50.000 sec). Later on, the chemistry phase started during which the elliptic floor was washed in order 

to transfer the deposited aerosols into the sump. However, the washing has not been efficient for FPT-

2 (23%, Table 4) and only in a partial manner for FPT-0 (60%) whereas the mass deposited on the 

floor is the main contributor to the iodine mass in the containment. Complementary containment 

schematic views are available on Fig. 14 and in previous papers [31,55]. The inventories and main 

parameters needed for the calculations are recapped in Table 4. The thermal-hydraulics conditions 

were taken into the final PHEBUS FP reports [18,19,20,21] whereas the containment dose rate has 

been estimated in previous work [55,56]. For all tests, the initial gaseous average dose rate peak is < 2 

Gy.s-1. Then it decreases down to a minimum of ≈ 0.3 Gy.s-1 at the end of the tests (≈ 4 days). In a 

first approach, the IOx decomposition model was added to the iodine reactions list used to model 

iodine volatility in PHEBUS FPT-3 containment as the molar fraction of gaseous inorganic iodine 

coming from the reactor coolant system (xI2_RCS) was quantified accurately (≈ 95%) whereas iodine 

aerosol contribution was ≈ 5% [21]. Even though the sump chemistry has been considered in the 

calculations, it will not be discussed in this paper as it has not been observed any releases to the 

gaseous phase all along the PHEBUS FPT tests (and assumed to be due to the high Ag/I sump ratio 

for FPT-0/1, the alkaline FPT-2 sump and the high xI2_RCS for FPT-3 leading iodine to be significantly 

adsorbed/deposited on the gaseous paint/steel surfaces leading to a low iodine mass in the sump). 

4.1 Modeling of inorganic iodine volatility in PHEBUS-FPT-3 containment with ASTEC-

SOPHAEROS V3.1 

On Fig. 17 (left) is shown the inorganic iodine (I2) volatility without/with considering the IOx 

decomposition model for FPT-3. Whereas it is underestimated by about one order of magnitude over 

almost the entire transient without considering it, IOx decomposition model addition leads to a 

significant improved modeling all over the test. On the right part of Fig. 17 is also shown the gaseous 

contribution of the IOx (before nucleation into IOx aerosols). They could represent the main gaseous 

iodine specie quite quickly during the transient. However, there is neither indication nor experimental 

evidence that IOx aerosols could be trapped in the Maypack (Fig. 1) as the Maypack technology was 
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designed before IOx existence and formation was known. Before nucleation, their gaseous speciation 

is diverse (IO, OIO, I2O, I2O2…) and evolves with the thermal and humidity conditions. If they have 

been trapped in the second stage of the Maypack with I2 (which is likely as silver is used as the main 

trapping agent), the sum of I2 and gaseous IOx has to be compared to the experimental data. If not, 

they could be trapped on the charcoal filter and contribute the RI counting (which is not considered as 

a likely possibility as we expect them to have been trapped on the inorganic stage of the Maypack). 

Another possibility is that, as the temperature design of this kind of Maypack is usually 130°C < T < 

150°C, even if IOxgas/aerosols are trapped on the first aerosol stage, there is a high probability that they 

decompose into gaseous I2 due to the temperature according to the mechanisms shown in section 1 

(Eq. (5) to Eq. (10)). For the analysis of the results in the forthcoming sections, the inorganic 

experimental data (Iinorg_exp) will be compared to the modelled I2_gas (justification in the discussion 

section 4.3). 

4.2 Influence of the gaseous iodine entering the containment from the RCS for FPT-0/1/2 

In a second step, this model was added to the modeling of FPT-0/1/2 (Fig. 19). One important initial 

parameter for the calculation is the molar fraction of gaseous I2 entering the containment from the 

RCS (xI2_RCS). The experimental data tend to show a low xI2_RCS (< 4%) [18,19,20,55,57]. However, 

they are some significant uncertainties on this data for these three tests for two main reasons:  

- The estimation of xI2_RCS is based on a total sampling time in the containment that represents less 

than half (< 4000 sec) of the total degradation time (≈ 8000 sec) during which the FP entered into the 

containment. Therefore, some I2 amount might have been missed and xI2_RCS could have been 

underestimated in a significant manner. 

- Moreover, as the Maypack is designed to trap aerosols on the first stage (Fig. 1), there is a 

possibility that gaseous inorganic iodine (supposed to be trapped downstream, on the second stage) 

has been adsorbed on the surfaces developed by deposited aerosols (containing silver that could trap 

gaseous I2) on the first stage (illustrated on Fig. 1), as observed in THAI2 data for silver aerosols 

[58,59]. Therefore, the activity detected on the aerosols stage could have been overestimated, leading 

to a significant underestimation of xI2_RCS for the early measurements in the transient. This assumption 

is supported by the total aerosol mass that entered into the containment (Table 4) and the comparison 

of an estimation of the maximum suspended aerosols surface (Fig. 18): it is one order of magnitude 

higher for FPT-0/1 (and three times higher for FPT-2) than for FPT-3 for which xI2_RCS was found to 
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be ≈ 95% of the containment inventory (which indicates that the inorganic iodine adsorption on the 

aerosols surface deposited on the first FPT-3 trapping stage was insignificant). Therefore, for FPT-

0/1/2, xI2_RCS could have been higher than the Maypack measurements. As a result, a sensitivity 

analysis was made on xI2_RCS for FPT-0/1/2. The values that were investigated are 2% - 10% - 30% 

without/with the consideration of the IOx decomposition model. 

Fig. 19 shows the influence of the IOx decomposition model on inorganic iodine volatility for 2% < 

xI2_RCS < 30% for FPT-0/1/2. On the left part of the figures, no IOx decomposition is considered. It is 

observed that the inorganic iodine is significantly underestimated for (1) FPT-0 all along the test, (2) 

for the post - (efficient) washing phase of FPT-1 and (3) the pre–(non-efficient) washing phase of 

FPT-2. For these three FPT-0/1/2 calculations, there is no significant effect of xI2_RCS on I2_gas 

volatility all along the transients. Moreover, it has been identified that, when the agreement is good, it 

is due to another reaction that mostly drives iodine volatility: decomposition of deposited iodine 

multicomponent aerosols (Iaer, whose mass represents the main iodine containment mass contribution, 

Table 4) into I2_gas. 

As soon as the IOx decomposition model is activated (Fig. 19, right), the agreement is rather good, 

especially for the FPT-0/1 post-washing phase (> 31h and > 70h respectively) and the FPT-2 pre-

washing phase (< 45h). The reasons for this improved agreement are: 

- for FPT-0/1, the increase of the gaseous temperature after the washing (Fig. 16) accelerates 

IOx decomposition rate (Eq. 15 and Fig. 10 for which Dg_FPT-0/1 < 1.03 Gy.s-1) which 

improves the agreement with the experimental data. 

- for FPT-2, the decrease of the humidity from 65% to 50% from the beginning of the test 

until the washing (< 45h) (Fig. 15) leads to an increase of the IOx decomposition rate (Eq. 

16 and Fig. 10 for which Dg_FPT-2 < 1.03 Gy.s-1) that also improves the agreement with the 

experimental data. 

These tendencies tend to suggest that xI2_RCS ≈ 30% for FPT-0/2 could be possible and more 

compatible with the short and long-term data than the experimental estimation (< 4%), whereas 2% ≤ 

xI2_RCS ≤ 10% would be expected for FPT-1. 
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4.3 Discussion about gaseous IOx behaviour and contribution to the Maypack 

Fig. 17 tends to indicate that IOx_gas could have contributed to the inorganic iodine contribution on the 

Maypack. It is not known if IOx_gas (before they nucleate into IOx aerosols) (1) would be present in 

significant amount in the gaseous phase, (2) on which stage of the Maypack they would be trapped in 

case they are formed and (3) if they would be stable if trapped on the first aerosol stage Maypack as it 

is expected that the temperature design of the Maypack (130°C < < 150°C) would lead to their 

decomposition into gaseous inorganic iodine. It could be that, for the PHEBUS FPT-0/1/2 tests for 

which the total aerosol mass (composed of FP and structure material like Ag, In, Cd…) in the 

containment was important, IOx_gas could nucleate in a faster manner than for FPT-3 (especially in the 

short and mid-term). In fact, as the total aerosols suspended surface in the gaseous phase is expected 

to be more important for FPT-0/1/2 than for FPT-3, IOx nucleation would be favoured for these three 

tests. To support this assumption, Fig. 18 estimates the total estimated aerosol surface suspended in 

the containment for FPT-1 and FPT-3 versus the AMMD, assuming that the whole aerosol mass is 

suspended (before settling) and that aerosols all have the same density (Saer = 6.maer/(ρaer.AMMD)). 

The whole aerosol surface is one order of magnitude higher for FPT-1 than for FPT-3 for each 

AMMD. Even though we consider AMMD = 1 µm for FPT-3 and AMMD = 4 µm fpr FPT-1, there is 

still a factor of 3 between the aerosol surface estimation. 

As a consequence, IOx_gas nucleation is expected to have been more important for FPT-0/1/2 than for 

FPT-3, especially during the aerosol phase and before the floor washing. As a result, the inorganic 

iodine counting on the FPT-3 Maypack could have also included IOx_gas whereas it is less likely for 

FPT-0/1/2. Therefore, depending on the aerosols amount entering into the containment and the surface 

developed by these suspended aerosols and as I2_gas can be adsorbed on this suspended surface, the 

quantification of xI2_RCS entering the containment (and I2_gas quantification) could be significantly 

underestimated in the short term. 

5 Consequences for the understanding of the influence of xI2_RCS on iodine Source Term 

(ST) 

The development of this IOx aerosols decomposition model leads to possibly questioning the 

historical xI2_RCS value (5% of the containment inventory as a conservative assumption [60,61,62]) in 

a significant manner. Considering a revised xI2_RCS up to 30% would significantly question this 

historical approach and lead to revising the consequences for the Source Term (ST) estimation. 
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Nevertheless, even though a very high xI2_RCS is considered (like xI2_RCS = 95% for FPT-3), there are 

several identified phenomena whose effect is to quickly lead to a significant decrease of I2_gas as 

observed on Fig. 17 for PHEBUS FPT-3 (decrease of I2_gas by two orders of magnitude in ≈ 10 hours): 

- The adsorption of I2_gas on the surface developed by the suspended aerosols (estimated to 

several hundreds to thousands of m² in the short term) that is expected to significantly 

contribute to I2_gas depletion  

- The adsorption of I2_gas by the Epoxy paint has been shown to be an important 

phenomenon contributing to I2_gas depletion [63,64,65,66]. 

- I2_gas can also be decreased by its gaseous transfer into the sump. In case of spray system 

activation, its transfer would be facilitated [67,68,69]. 

- I2_gas will be converted into IOx aerosols [24,27,70,71]. As they are soluble compounds, in 

case the spray system is activated, it should lead to an efficient transfer of suspended and 

deposited IOx aerosols into the sump.  

Therefore, even though a high xI2_RCS is reached (like FPT-3) in case of severe accident, adsorption of 

I2 on surfaces (aerosols, paints and eventually steel and concrete), radiochemistry (leading to soluble 

IOx aerosols formation) and transfer mechanisms to the sump (by diffusiophoresis, convection and 

spray system) and should lead to deplete I2_gas by several orders of magnitude in some hours, as 

observed in FPT-3 [21]. Therefore, even though xI2_RCS is a parameter of prior importance in the short 

term for the ST evaluation in case of containment leakage, as soon as the containment chemistry will 

starts, xI2_RCS should be a parameter whose influence on iodine volatility and ST evaluation should 

decrease in the long run (assuming that the releases from the core and RCS to the containment have 

been stopped). 

6 Conclusions and perspectives 

Iodine oxides aerosols decomposition has been studied under different conditions in EPICUR facility. 

The influence of temperature, dose rate and humidity has been studied, leading to the development of 

a phenomenological model in ASTEC-SOPHAEROS severe accident code. The application of this 
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model to the iodine volatility in PHEBUS FP tests leads to an improved modeling of the inorganic 

iodine volatility all over the transients which indicates that IOx decomposition is an important 

phenomenon that contributes to iodine volatility in a significant manner, depending on the thermal-

hydraulic conditions (temperature and humidity) and the dose rate. 

A sensitivity analysis on xI2_RCS has led to consider that higher xI2_RCS could have been possible in 

PHEBUS FPT-0/1/2 tests. Nevertheless, even though xI2_RCS is very influent on iodine volatility in the 

short term, its long-term influence fades away as the containment chemistry start and takes on as soon 

as iodine reaches the containment. Therefore, the effect of mid- and long-term containment chemistry 

is to balance a possible high initial xI2_RCS. A more complete analysis has been performed and 

published recently [72] in order to identify (1) how long does it takes to balance a high xI2_RCS and (2) 

which kinetics parameters and which chemical reactions are the most influential on gaseous iodine 

volatility and evolution in PHEBUS FPT tests, considering the model uncertainties and their 

propagation all along the PHEBUS FPT calculations.  
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Table 1: Experimental conditions of the IOx aerosol decomposition tests of STEM, STEM2 and MIRE projects 

Project Test name 
Substrate 

composition 

Initial Iodine 

concentration on the 

coupon (mol(I).m-2) 

Average dose 

rate (Gy.s-1) 

Pressure 

(absolute bar) 
Temperature (°C) 

R.H. during 

irradiation (%) 

Gaseous flow (air 

+ steam) in the 

vessel (L.min-1) 

Studied parameter 

STEM 

AER7 

Quartz 

(2.4 ± 0.1).10-3 1.03 ± 0.10 1.65 ± 0.10 
80 ± 3 

50 ± 3 

0.26 ± 0.01 Reference test 

AER10 (1.8 ± 0.1).10-3 0.86 ± 0.09 1.61 ± 0.10 0.26 ± 0.01 Reproducibility test 

AER8 (3.7 ± 0.2).10-3 0.92 ± 0.09 3.43 ± 0.20 120 ± 3 0.25 ± 0.01 Temperature 

AER9 
Epoxy paint 

(3.2 ± 0.1).10-3 0.94 ± 0.09 1.65 ± 0.10 
80 ± 3 

0.25 ± 0.01 Substrate 

/ AER13 (4.5 ± 0.2).10-5 0.39 ± 0.04 1.66 ± 0.10 0.25 ± 0.01 Surface 

concentration 

STEM2 

IOx-1 

Quartz 

(1.9 ± 0.1).10-3 0 3.49 ± 0.20 and 

then 1.67 ± 0.10 

120 ± 3 and then                 

80 ± 3 

50 ± 3 0.25 ± 0.01 Thermal 

decomposition 

IOx-2 (3.0 ± 0.2).10-3 0.75 ± 0.08 1.62 ± 0.10 

80 ± 3 

80 ± 3 0.26 ± 0.01 Humidity 

IOx-3 (2.8 ± 0.2).10-3 0.58 ± 0.06 1.60 ± 0.10 

50 ± 3 

0.25 ± 0.01 Low O2 (3% v/v) 

Gas-IOx1 (5.6 ± 0.3).10-3 0.67 ± 0.07 1.66 ± 0.10 0.29 ± 0.01 CO effect (1% v/v) 

Gas-IOx2 (1.5 ± 0.2).10-3 0.53 ± 0.05 1.60 ± 0.10 0.26 ± 0.01 H2 effect (1% v/v) 

Gas-IOx3 (1.4 ± 0.2).10-3 0.53 ± 0.05 1.58 ± 0.10 0 0.26 ± 0.01 Dry condition 

MIRE 

SF3 

Sand filter 

Deposited mass:        

m=1.1 ± 0.1 mg 

0.67 ± 0.13 

3.50 ± 0.10 120 ± 3 

0 0.34 ± 0.01 Dry condition 

 
SF4 Deposited mass: 

m=0.98±0.09 mg 

0.61 ± 0.12 60 ± 4 0.35 ± 0.01 Humidity 
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Table 2: Duration of the three phases of the IOx aerosols decomposition tests of STEM, STEM2 and MIRE projects 

Test name 

Duration of the  

pre-irradiation phase 

(hours) 

(no irradiation) 

Duration of the  

irradiation phase  

(hours) 

Duration of the  

post-irradiation phase 

(hours) 

(no irradiation) 

AER7 1h (dry air) 30h (RH = 50 %) 4h (RH = 48 %) 

AER10 1h (dry air) + 9h (RH = 50%) 30h (RH = 50 %) 10h (RH = 50 %) + 1h (dry air) 

AER8 1h (dry air) + 8.5h (RH = 50%) 30h (RH = 50 %) 4h (RH = 50 %) + 1h (dry air) 

AER9 1h (dry air)  30h (RH = 50 %) 4h (RH = 50 %) + 1h (dry air) 

AER13 1h (dry air)  45h (RH = 50%) 5h (RH = 50%) + 1h (dry air) 

IOx-1 20h (RH = 50%) No irradiation 20h (RH = 50%) + 1h (dry air) 

IOx-2 1h (dry air) + 9h (RH = 80%) 30h (RH = 80%) 9h (RH = 80%) + 1h (dry air) 

IOx-3 1h (N2+low O2)+4h (RH=80%,low O2 3% v/v) 30h (RH = 50%, low O2) 5h (RH = 50%) + 10h (N2 + low O2 v/v) 

Gas-IOx1 1h (CO 1%v/v + dry air) + 9h (RH = 80%) 30h (CO 1%v/v, RH=50%) 9h (CO 1%v/v + RH=80%)+1h (dry air)  

Gas-IOx2 1h (H2 1%v/v + dry air) + 9h (RH = 80%) 30h (H2 1%v/v, RH=50%) 9h (H2 1%v/v + RH=80%)+1h (dry air)  

Gas-IOx3 10h (dry air) 30h (RH = 0%) 10h (dry air)  

SF3 3h (dry air) 25h (dry air) 8h (dry air) 

SF4 2h (RH = 60%) 38h (RH = 60%) 6h (RH = 60%) + 1h (dry air) 



21 

 

Table 3: Final corrected on-line measurements of the IOx aerosols decomposition tests (%) 

Test name 
Substrate 

composition 

Studied  

parameter 

Activity 

Balance 

(%) 

Global  

volatilization 

(%) 

Final 

corrected on-

line RI 

(%) 

Final 

corrected on-

line I2 

(%) 

AER7 

Quartz 

Reference test 98.0 ± 1.0 14.3 ± 0.2 1.1 ± 0.3 13.1 ± 4.6 

AER10 
Reproducibility 

test 
97.8 ± 0.9 13.0 ± 0.9 0.4 ± 0.1 12.5 ± 4.4 

AER8 Temperature 101.3 ± 4.2 59.3 ± 1.6 2.4 ± 0.7 58.1 ± 20.3 

AER9 

Epoxy paint 

Substrate 97.2 ± 1.5 58.4 ± 0.7 1.4 ± 0.4 57.1 ± 20.0 

AER13 
Surface 

concentration 
97.4 ± 3.3 12.9 ± 0.8 2.2 ± 0.7 10.6 ± 3.7 

IOx-1 

Quartz 

Thermal 

decomposition 
94.5 ± 0.5 27.0 ± 0.3 1.5 ± 0.5 24.5 ± 8.6 

IOx-2 R.H 98.8 ± 3.7 7.5 ± 0.7 0.7 ± 0.2 6.8 ± 2.4 

IOx-3 Low O2 (3% v/v) 103.1 ± 4.3 3.4 ± 0.2 1.2 ± 0.4 5.3 ± 1.9 

Gas-IOx1 CO effect 99.7 ± 5.8 12.0 ± 5.7 0.5 ± 0.2 11.5 ± 4.0 

Gas-IOx2 H2 effect 103.6 ± 6.9 11.2 ± 6.8 0.7 ± 0.2 14.0 ± 4.9 

Gas-IOx3 Dry condition 97.0 ± 3.7 5.5 ± 3.7 0.1 ± 0.03 5.5 ± 1.9 

SF3 

Sand filter 

Dry condition 100.0 ± 2.0 1.8 ± 2.3 0.5 ± 0.2 1.8 ± 0.6 

SF4 Humidity 99.4 ± 1.2 35.0 ± 0.5 0.5 ± 0.2 33.8 ± 11.8 

 



22 

 

Aerosols

trapping

Inorganic

Iodine (I2)

trapping

Organic

Iodides (RI)

trapping

Inlet OutletKM CA

 

Fig. 1: schematic view of a Maypack (130°C < T < 150°C): the first stage traps aerosols, the second 

stage (Knitmesh, KM) traps inorganic iodine and the third stage (charcoal, CA) traps organic iodine (and 

small remaining inorganic iodine amount that have not been trapped on the KM)
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IOx2 - 80% RH

AER7 - 50% RH

AER10 - 50% RH


IOx3 - 50% RH

 

Fig. 2: Corrected inorganic release on the knit-mesh filter of the Maypack for AER7/AER10/IOx2/IOx3 

tests - Decomposition of IOx aerosols deposited on a quartz coupon under irradiation at 80°C 
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AER7

GasIOx1
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Fig. 3: Corrected inorganic release on the knit-mesh filter of the Maypack (left) for 

AER7/GasIOx1/GasIOx2 tests - Decomposition of IOx aerosols deposited on a quartz coupon under 

irradiation at 80°C
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IOx1

120°C => 80°C

AER8 - 50% RH

SF4 - 60% RH

  

Fig. 4: Corrected inorganic release on the knit-mesh filter of the Maypack (left) for AER8/IOx1/SF4 

tests at 120°C (and 80°C for the second part of IOx1 which is a test without irradiation) 
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Thermal IOx decomposition

50% RH

120°C 80°C

Thermal IOx decomposition

 

Fig. 5: Comparison of inorganic (diamond) and organic (triangle) releases on the knit-mesh filter (left) 

and the remaining deposited IOx amount on the coupon for IOx1 with the ASTEC modelling 
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80°C - 50% RH

80°C - 50% RH

 

 

Fig. 6: Comparison of inorganic (diamond) and organic (triangle) releases on the knit-mesh filter (left) 

and the remaining deposited IOx amount on the coupon for AER7 with the ASTEC modelling  
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80°C - 50% RH

 

80°C - 50% RH

 

Fig. 7: Comparison of inorganic (diamond) and organic (triangle) releases on the knit-mesh filter (left) 

and the remaining deposited IOx amount on the coupon for AER10 with the ASTEC modelling 
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80°C - 80% RH



80°C - 80% RH



 

Fig. 8: Comparison of inorganic (diamond) and organic (triangle) releases on the knit-mesh filter (left) 

and the remaining deposited IOx amount on the coupon for IOx2 with the ASTEC modelling  
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120°C - 50% RH

120°C - 50% RH





 

Fig. 9: Comparison of inorganic (diamond) and organic (triangle) releases on the knit-mesh filter (left) 

and the remaining deposited IOx amount on the coupon for AER8 with the ASTEC modelling 
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Fig. 10: Optimized (squares and circles) and extrapolated corrected IOx thermal decomposition rate (kth, 

s-1) at 80°C and 120°C (Dg = 0 addresses only post-irradiation situations on this figure) 
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120°C - 60% RH

120°C - 60% RH

 

 

Fig. 11: Comparison of inorganic (diamond) and organic (triangle) releases on the knit-mesh filter (left) 

and the remaining deposited IOx amount on the coupon for SF4 with the ASTEC modelling
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80°C - 50% RH

Low O2 Low O2

 

 

Fig. 12: Comparison of inorganic (diamond) and organic (triangle) releases on the knit-mesh filter (left) 

and the remaining deposited IOx amount on the coupon for IOx3 with the ASTEC modelling 
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Fig. 13: Chronology of the PHEBUS FPT tests for the containment 
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Fig. 14: schematic view of the PHEBUS containment 



36 

 

Table 4: Iodine inventory in the containment of PHEBUS FPT-0/1/2/3 [18,19,20,21] 

 FPT-0 FPT-1 FPT-2 FPT-3 

Core inventory (mg) 36 1120 1570 1190 

Iodine released from the 

core to the containment (%) 
63.8 63.8 56.4 34.1 

Containment inventory 

(aerosol + gaseous) (mg) 
23 715 885 406 

Total containment aerosol 

mass (g) (without 

considering the oxygen atom 

contribution) 

119.0 130.7 45.0 13.6 

Iodine aerosol mass 

deposited on the elliptic 

floor at the end of the 

aerosol phase (≈ 10 hours) 

(mg) 

12 (± 21%) 490 (± 36%) 595 (± 30%) 4 (± 17%) 

Washing time (sec) 111218 250200 175680 183660  

Washing duration (min) 15 21 20 13 

Iodine mass (aerosols) 

washed into the sump by the 

washing (mg) 

7 (± 30%) 

(insoluble) 

450 (± 36%) 

(insoluble) 

115 (± 20%)    

(46% soluble and 

54% insoluble) 

4 

Iodine washing efficiency 

(%) 
69 92 

23 (a pump issue led to 

a low washing 

flowrate) 

97 
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Fig. 15: Relative humidity evolution in the PHEBUS containment for FPT-0, FPT-1, FPT-2 and FPT-3 

tests
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Fig. 16: Containment temperature evolution for PHEBUS FPT-0, FPT-1, FPT-2 and FPT-3 tests  
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FPT3
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IOx_gas

FPT3
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With

 

Fig. 17: Comparison of gaseous inorganic evolution without (1)/with (2) considering the IOx 

decomposition model (left) and comparison of the gaseous IOx_gas contribution with I2 (right) for 

PHEBUS FPT-3 test (InorgSEQ/InorgGAS= SEQuential Maypack whose quantification is made from a 

single sampling lasting tens of hundreds of seconds whereas InorgOLM/InorgO = On-Line MayPack 

whose measurement is based on a cumulated sampling activity since the beginning of the release)
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Fig. 18: maximum estimated aerosol surface in the containment versus the AMMD (assuming a density of 1 

g/cm3)
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FPT0 FPT0

FPT1 FPT1

FPT2 FPT2

 

Fig. 19: Gaseous inorganic iodine evolution without considering the IOx decomposition model (left) and 

considering the IOx decomposition model (right) for FPT-0, FPT-1 and FPT-2) – (Curves 1, 2 and 3 

correspond to a xI2_RCS of respectively 2%, 10% and 30%) (InorgS = SEQuential Maypack, InorgO = On-

Line MayPack) 
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