


calculation, shows that volatile iodine contributes less than a 1% to the total iodine leak. This
result can be explained taking into account that most of the iodine that reaches the sump is
trapped forming silver iodine, which is the dominant species formed. The formation of this
species inhibits both the transfer of I, to the atmosphere of the containment and the formation
of organic iodides. In a similar way, the deposition on painted surfaces has the effect of
reducing the amount of volatile iodine in the gas phase available for leakage.
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Fig. 1 Evolution of the concentration of iodine in the sump for the reference case.
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Fig. 2 Evolution of the concentration of iodine in the gas phase for the reference case.
There is, however, a fundamental difference when comparing the aerosol leak (as
predicted by MAAP) and the volatile iodine leak (calculated by IODE): the evolution with
time. The mass of iodine aerosols suspended in the atmosphere of the containment is
deposited on surfaces by several mechanisms (mainly gravitational settling). This deposition
reduces the amount of aerosols available for leakage so that 90% of the release to the

environment takes place before 41000 s. On the contrary, volatile iodine species are produced
after aerosol deposition. The results of the calculation show that gaseous iodine concentration
does not reach an stationary state, and iodine release increases with time.
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Fig. 3 Mass of iodine leaked to the environment.

5.3 Parametric Studies

A series of parametric studies has been performed in order to estimate the effect of the
uncertainty related to the input data of the code IODE. It has been considered that the factors
with more influence in the results are the degree of oxidation of the silver aerosols, the
evolution of the value of the pH along the sequence, the value of the mass transfer rates, the
value of the deposition rates on surfaces and the modelling of silver/iodine interactions. The-
values of the parameters that differ form the reference calculation are shown in table 6.

Table 6.  Values of the parameters used in the sensibility studies.

Reference Degree of oxidation of silver 10 %

s01 Degree of oxidation of silver 3%

s02 Degree of oxidation of silver 1%

s03 Degree of oxidation of silver 0.5%
Reference pH (t5teq) 5.54.5

510 PH (to-to) 8.5-75
Reference Mass transfer constant . 1.1 10% m/s
s21 ' Mass transfer constant 5.510° m/s
s22 Mass transfer constant 5.510% m/s
s23 Mass transfer constant 1.110° m/s
Reference Deposition Rate in gas paints 7.1 10%* m/s
Reference Deposition Rate in liquid paints 4.10° m/s
s31 Deposition Rate in gas paints 7.110° m/s
s32 Deposition Rate in liquid paints 4. 107 m/s
Reference Silver/iodine Reactions considered Ag/T" and Ag/l,
sd41 Silver/iodine Reactions considered —

s42 Silver/iodine Reactions considered Ag/l,

5.4 Results of the Parametric Studies

Table 7 presents a summary of the results obtained for the sensibility calculations. In
all the cases considered, at least 90% of the iodine reaching the containment is trapped in the
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sump. On the contrary, the mass fraction of iodine that is released to the environment presents
variations of 4 orders of magnitude, proving the influence of some parameters.

When considering the results, it has to be kept in mind that the reference case is not
conservatory. As a consequence, the mass of iodine leaked to the environment presents a
strong increase with respect to the reference calculation for some of the cases considered. In
general, it can be observed that the absolute values of the release are relatively small in all
cases, due to the fact that only 3.8% of the bundle inventory of iodine reaches the
containment and that the leak rate is 1% vol/day.

Table 7. TIodine Distribution (in kg.) at 60000 s for the sensitivity studies.

Atmospheric

Case Leaked Sump Atmosphere Deposits Sump Deposits
Reference 1.76E-07 5.614E-01 2.775E-05 9.786E-06 4.100E-06
cls 4 41E-05 5.273E-01 3.092E-02 1.713E-03 9.758E-04
s01 3.37E-07 5.613E-01 5.290E-05 1.791E-05 7.600E-06.
s02 3.46E-06 5.599E-01 1.350E-03 1.096E-04 6.000E-05
s03 6.18E-06 5.581E-01 3.056E-03 1.470E-04 8.000E-05
s10 2.36E-09 5.613E-01 3.694E-07 6.817E-10 2.900E-10
s21 9.99E-08 5.614E-01 1.573E-05 5.531E-06 4.700E-06
s22 4.58E-07 5.613E-01 7.283E-05 2.467E-05 2.200E-06
s23 5.61E-07 5.613E-01 9.02E-05 2.976E-06 1.396E-06
s31 1.88E-07 5.614E-01 2.954E-05 2.005E-06 4.200E-06
s32 1.77E-07 5.614E-01 2.795E-05 9.863E-06 5.000E-07
s41 5.86E-05 5.004E-01 5.222E-02 2.392E-03 1.431E-03
s42 5.86E-05 5.004E-01 5.222E-02 2.392E-03 1.431E-03

* As expected (Dutton, 1995), there is a major influence of the value of the sump pH in
the results. The comparison between the reference case (low pH) case s10 (high pH) shows
that the release decreases in 2 orders of magnitude when pH control is achieved.

A strong variation is also observed when considering different models for Ag/l
interactions, as can be observed in figure 4. The mass of iodine leaked if Ag/I' interaction is
not included in the calculation increases by a factor 300 with respect to the reference case. In
this calculation, where a 10% oxidation of silver was assumed, the ratio of silver oxide that .
enters the sump to total iodine is 10:1. This ratio is smaller during the first hours of the
calculation, because iodide and silver releases occur at different times. In the intermediate
case of a 0.5% of silver oxidation, only 0.3 Kg of silver oxide are available to react with I', so
that the ratio silver oxide/iodine is less that 1. In this case, all the silver oxide reacts with
iodide and the release to the environment is higher that in the reference case by a factor 35. In
general, within the range of 0.5%-3% of silver oxidation, the release of iodine to the
environment is strongly related to the kinetics of the silver/iodide interaction.
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Fig. 4 Mass of iodine leaked to the environment. Effect of the Ag/I modelling.

Todine transfer from the sump to the gas phase is the result of two processes. First, the
production of volatile species in the sump, by means of the hydrolysis and oxidation
reactions. Later, the transfer of these compounds through the liquid-gas interface. The
velocity of the global process can be limited both by the production rate in the sump or by the
interfacial mass-transfer constant. In the reference case, an intermediate situation occurs. As
the leak to the environment is proportional to the mass of gaseous iodine present in the
atmosphere, an increase or decrease in the mass transfer rate has the direct consequence of
increasing or decreasing, respectively, the total iodine leaked, as can be observed in figure 5.
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Fig. 5 Mass of iodine leaked to the environment. Effect of the mass transfer rate.

By comparison, the influence of decreasing the value of the deposition constants is
less significant, as can be observed in table 7.
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6. CONCLUSIONS

The analysis of a TMLB’ sequence shows that the release of volatile iodine species to
the environment contributes in less than a 20% to the release predicted by MAAP in all the
cases studied. MAAP considers that iodine can be found in containment as a Csl aerosol, so
that IODE results have to be added to the leak predicted by MAAP. The overall gaseous
leakage is very sensitive to assumptions made in the chemistry modelling.

The results show, as expected, a significant decrease in the total release of volatile
iodine if pH control of the sump is maintained throughout the sequence. The mass of iodine
released from containment in the case of a high pH is three orders of magnitude smaller than
the aerosol iodine release calculated by MAAP. If pH were to fall to 4.5, the release could
represent a 20% of the iodine aerosol mass. However, the inclusion of the Ag/T" reaction
reduces this contribution. The results are very sensitive to the degree of oxidation of the silver
aerosol reaching the sump, for which no complete databases exist. The mass of gaseous
iodine leaked increases in a factor 300 if silver/iodide interaction is not modelled, and a factor
35 if a 0.5% silver oxidation is assumed, with respect to the reference case, in which a 10%
oxidation was chosen.

Other factors, such as the value of the interfacial sump-atmosphere mass transfer rate,
have less influence in the overall iodine leaked, causing variations of less than one order of
magnitude. Finally, a decrease of the deposition rate constants on painted surfaces does not
have a significant impact in the resuits.

The evolution with time of the release as predicted by MAAP follows the trend of the
aerosol concentration in the atmosphere, with a maximum rate in the first hours of the
accident, when aerosols reach the containment, decreasing later as a consequence of
deposition processes. On the contrary, volatile iodine is produced after deposition has
occurred. With the modelling used, the gas phase iodine concentration does not reach a steady
state, this resulting in iodine being pumped from the sump into the atmosphere for the
duration of the sequence.

The sequence has been studied under the assumption that during the first 48 hours
containment integrity is maintained, there is no intervention of the operators and the electric
power is not recovered. If an accident management measure is to be taken, it should be kept
in mind that the composition of iodine in the atmosphere is predominantly Csl aerosols
during the first hours and gaseous organic iodide in the long term. This is also the case with
respect to the release to the environment. There are various factors, out of the scope of this
study, which could affect the amount and composition of the release, like a late resuspension -
from the primary circuit, the effect of an increase in the leak rate from containment, or the
effect of accident management measures, like containment venting (Powers, 1998). No
quantitative predictions have been calculated in this work, but it can be estimated that if, for
instance, sprays were available only for a limited period during the first hours, the release of
aerosols would be much smaller. As the uptake of organic iodine by sprays is much less
effective than for aerosols or elemental iodine, it is possible that the release of gaseous iodine
would not be significantly affected by spray operation, and it could become the main
contribution to the release.
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ABSTRACT

Selected severe accident sequences from the Probabilistic Safety Assessment (PSA)
study for the Dukovany Nuclear Power Plant (NPP) were analyzed for the iodine source term
to the environment. The Dukovany VVER-440/213 (Czech Republic) is a LWR which is
characterized by a six-loop pressurized primary circuit, a bubble condenser pressure
suppression system, and a containment building comprised of rectangular hermetic rooms. As
the design leak for such a type of containment is relatively high, release of higher amounts of
iodine can be expected even for those postulated accidents where the containment function is
not challenged (no containment failure neither bypass). If the possibility of the formation of
volatile iodine species is taken into account, the concern is whether the iodine release to the
environment will not be substantially higher than the release estimated in the PSA study. The
progression of a severe accident has been analyzed by a fully integrated NPP Dukovany
MELCOR model and the longer term formation of volatile iodine species in containment has
been modeled by the modified version of the IODE code. This paper describes the approach
taken to model the iodine behavior in the accident, presents some results for the iodine source
term, and presents also results of some sensitivity calculations for the most important
parameters from the point of view of the accident management.
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1. INTRODUCTION

At a core melt accident in LWR, the radioiodine is expected to be released from the
RCS to the containment primarily in the form of CsI on aerosol particles. Upon contact with
water in containment, CsI will dissolve in this water to form a non-volatile I" anion. Under
radiation conditions, this non-volatile species can be oxidized to volatile molecular iodine, I,,
and can also further react to various organic iodides, some of them also volatile (Wren, 1996).
All the volatile species will be relatively quickly partitioned to the gas phase. The airborne
iodine can be potentially released to the environment either through containment leaks or
through the failed containment. Thus, in the case when the aerosols are successfully removed
from the containment atmosphere to the sump by the engineered safety systems or by natural
processes, the formation of gaseous iodine species becomes a risk-significant issue. This could
be particularly important at some later phase of an accident because “given sufficient time the
containment atmosphere will naturally cleanse itself from aerosols to an important extent”
(Powers, 1999) which is not the case for gaseous species.

The most important of the recognized accident management measures for mitigating
the gaseous iodine is maintaining the sump water pH high (approximately more than 8). One of
the other possibilities is using chemical additives to spray solution (hydrazine in the Dukovany
NPP for both the spray solution and the bubble condenser water) which can reduce volatile I,
in water to non-volatile I". The analyses presented here are focused on assessing the sensitivity
of the gaseous iodine behavior to the most important containment parameters from the point of
view of the severe accident management, namely sump pH and containment sprays function.
The influence of the painted surfaces in the containment which can serve as a trap for
molecular iodine has also been addressed.

The estimates of the iodine release to the environment at an accident can be obtained
by modeling the iodine behavior with the integral source term codes, such as MELCOR and
MAAP (Dutton, 1996). For Dukovany PSA Level 2 purposes, MELCOR code was used
(Rydl, 1997). The iodine behavior was modeled as if all the iodine was in the form of Csl
throughout the accident (kind of a default in the code). This assumption results in iodine
containment behavior being dictated by aerosol behavior and the iodine release to the
environment is then determined by the release of aerosol particles bearing Csl. For the reasons
given above this approach could lead to some underestimation of the iodine release to the
environment. It is particularly important for those cases where the containment fails late in the
accident or where the release occurs from the intact containment through small leaks
(important for containments with high design leaks such as VVER-440) or filters in which
aerosols can be trapped more easily than volatile iodine species. The latter case was studied in
this work to assess the contribution of the gaseous iodine release to the total iodine release
from the VVER-440/213 containment with particular respect to the gaseous iodine release at
the late phase of the accident (up to 5 days). The progression of an accident has been analyzed
by a fully integrated NPP Dukovany MELCOR model (Dienstbier, 1996) and the longer term
formation of volatile iodine species in containment has been modeled by the modified
multicomparment version of the IODE code (Gauvain, 1996).

The Dukovany VVER-440/213 (Czech Republic) is a LWR which is characterized by a
six-loop pressurized primary circuit, containment building comprised of rectangular hermetic
rooms, and a bubble condenser pressure suppression svstem. Containment sump is located in
steam generator (SG) compartments which house the primary system and which are connected
by a horizontal corridor to the bubble condenser tower The bubble condenser is alarge
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reservoir of water (~1300m*) consisting of 12 floors of shallow water pools designed to
suppress the pressure increase accompanying a LOCA. This water can also be pushed to the
SG compartments either as a result of the rapid pressure increase above the pools (e.g. H;
burns at a severe accident) or on purpose by an operator when there is a need for water during
the accident (e.g. for ECC systems in recirculation).

For the iodine behavior analyses a sequence from the group of the SB-OUT sequences
(steam line break outside containment) was selected because these sequences are the main
contributors to the total Core Damage Frequency in the Dukovany PSA Level 1 study (Patrik,
1998). Accident progression after the core damage (mainly the spray functions and operator
interventions) was modeled to be the likely progression based on the PSA Level 2 analyses
(Bradley, 1998). The selected sequence is not only a representative of the likely sequences but
it is also somewhat typical for the postulated accident progression in VVER-440/213
containment, especially because almost all the condenser water was emptied to the SG
compartments during the accident as a result of hydrogen burns. As there was no ECCS water
loss from the sump, the total water volume in SG compartments was large enough to overflow
to the reactor cavity after RPV failure. It filled up slowly about 2/3 of the total cavity volume.
Thus, in cavity, a lot of gaseous iodine species could be formed which could then escape to the
containment atmosphere. The impact of these processes on the iodine source term has been
studied in this work using the multicompartment features of the IODE code.

Both the likely scenario where the containment sprays were working all the time and
the scenario without sprays have been modeled with MELCOR to have some background for,
assessing the total impact of the sprays on iodine source term (influence of the containment
pressures and temperatures, aerosol wash-out from the atmosphere). Detailed IODE analyses
of the volatile iodine species formation and behavior for various pH profiles have been
performed for the likely scenario (with the sprays on) and the impact of the sprays on gaseous
iodine was assessed by the sensitivity calculations on the relevant spray effects modeled by
IODE.

All the conclusions drawn from the results of our simulations are striving to be, to
some extent, generic. Some of those conclusions are believed to be applicable also to modeling
of the iodine accident behavior in different containment designs (PWR). As for the concrete
numbers characterizing in this work the iodine accident behavior at Dukovany, these cannot be
used directly as a base for the accident management planning at this NPP. The reason is that all
the geometrical input data and a lot of other input data were only a rough approximation to the
real plant data and they were not approved by the plant staff.

2. IODINE VOLATILITY IN VVER-440/213 CONTAINMENT
AND ITS MODELING WITH THE 10DE CODE

The most important processes which determine the iodine volatility are the aqueous
iodine chemistry, mass transfer of the volatile iodine species from the water phase to the
containment atmosphere and the sorption of the iodine species on various surfaces both in the
gas phase and in the water phase. lodine chemistry in gas phase is not so much important
(Weaver, 1996). The homogeneous gas phase reaction of 1, with ozone was neglected based
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on the rationale given in Powers (1999): this process should not be so much important as the
concentration of ozone that would be required to make a significant impact on the airborne
iodine would have to be quite large owing to the slow rate of homogeneous gas phase
reactions.

Volatile species, I and organic iodides, will form in water and then will be rapidly
transferred to the atmosphere according to their respective partition coefficients. Under
radiation conditions, the most important processes in water which will oxidize non-volatile I to
I, and reduce I, back to I are the reactions with water radiolysis products. As these radiolysis
products reach rapidly the steady state concentrations for given conditions (pH, dose rate,
amount and character of some impurities in water, etc.), the iodine species concentrations will
also reach some pseudo-equilibrium rapidly (Ball, 1999). As was shown in ISP-41 exercise, the
IODE code is capable (in the absence of I, sorption on surfaces exposed to the aqueous phase
or other fast aqueous I, depletion reactions) to predict the pseudo-equilibrium concentrations
of aqueous iodine species quite well. Thus, the default IODE radiolytic reaction model
recommended for calculations under reactor conditions (cf. IODE Release 4.0 Reference
Report) was used for modeling the I, formation. On the other hand, it was decided to change
slightly the IODE model of the organic iodide (RI) behavior. The reason was that the results of
our simulations of some ACE RTF tests with the default IODE model of organic iodide
formation were not satisfactory. In the new model, for the average partition coefficient of all
the organic iodides the same value has been used as for the molecular iodine (Wren et al,
1999). For the formation of the organic iodides via reaction I;+RH — RI, a constant sump
water concentration of the organic material (of the order of 10°) was assumed. The average
hydrolysis reaction rate of all the organic iodides (for the hydrolysis reaction
RI — ROH + I') was assumed to be the same as the hydrolysis reaction rate of
iodomethane.

Mass transfer of the volatile iodine species from the sump to the containment
atmosphere at an accident is not likely a rate limiting process which could influence the amount
of gaseous iodine in the atmosphere (obviously the more this would be true for a boiling
sump). Thus, in our simulations with IODE, the mass transfer was modeled to be so fast that
any faster transfer would not increase the iodine volatility. '

The sorption of molecular iodine on the epoxy painted walls of the SG compartments
has also been modeled. In accordance with the recommendation of the IODE code manual, the
irreversible adsorption of I only on surfaces exposed to the gas phase has been assumed. The
value of the adsorption coefficient, kips=107 s, is also based on the recommendation in the
IODE manual.

2.1 Modeling Assumptions

pH evolution

Prediction of the sump pH profile at an accident is very difficult as it can be influenced
by a great variety of materials: pH control additives with basic reaction. organic acids formed
from the dissolved organic compounds, big amounts of CCI aerosols with basic reaction,
boron compounds, primary system additives, atmospheric species such as CO, etc. For the
Dukovany plant where there is no sump pH control it was assumed that the pH evolution looks
like this: During the first 10 hours (beginning at the time when the iodine interactions in watef
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started) the pH changed from initially basic values, pH=8.5, linearly to pH=6 and then slowly
(again linearly) to pH=5 at the end of the sequence. Our estimate is based on quite a simplistic
application of the experimental results® to very complex interactions at a real plant. This
estimate is believed, at least, not to be non-conservative. As for the acidic region, the estimate
for the uncontrolled sump water gave similar pH values (5-6) also for large LOCA at PWR
(Dutton, 1996 and Stephenson 1992). To compare the results for the different pH evolution
scenarios, also the sequence with the constant sump pH=7 was analyzed with the IODE code.

At the Dukovany plant, hydrazine which is added to both the condenser tower water
and to spray solution is used as an additive which may reduce volatile molecular iodine and
which also can increase pH. Both these effects were neglected in the calculations because the
experimental work of Bartonicek et al. (1990) has shown that under severe accident conditions
at Dukovany hydrazine would be relatively quickly oxidized by the atmosphere oxygen and
also it would decompose by radiation.

Containment Sprays

The IODE code is capable of modeling the interaction of the spray droplets with
gaseous iodine as described, for instance, in works of Albert et al. (1987) and Hyder (1990).
However, this phenomenon has not been modeled because all the time when this may be of any
interest the sprays are working in recirculation mode and thus they have the same chemical
composition as the sump water where the gaseous iodine is being generated. For Dukovany,
this is likely to be the case quite often. Thus, generally, this type of gaseous iodine interactions
could be important only for the cases where there is a possibility to alter the spray water
chemistry by adding agents later in the accident (when sprays are in recirculation mode).

On the other hand, other type of the interaction with the gaseous iodine could be
important and this is entraining of the gaseous iodine by the steam massively condensing on the
spray droplets. This also can be modeled by the IODE code and it has proved to have an
impact on iodine volatility in our simulations.

* Important. long term effect on pH can be expected from various organic acids which will be formed under
radiation conditions from the dissolved components of the containment wall paints (Wren et al.. 1999). For the
epoxy paints which cover the SG compartment walls in Dukovany. similar sump pH profile was expected as
that shown in figure 3 of the above mentioned work.
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3. RESULTS

The analyzed SB-OUT sequence, with the sprays working all the time, starts with 5
main steam header rupture (secondary steam line break outside containment) and subsequent
loss of the secondary heat removal. High pressure injection (HPI) is initiated immediately by
the RCS pressure stays very high so the operator starts the feed&bleed procedure by switching
the containment sprays on and opening the PORV. After opening the PORV, the signal for LP]
is created, and the accident would have been stopped if it was not for the common cause
failure of HP and LP ECCS at some later time after automatic switchover to recirculation. The
core melt accident initiated such a way leads to reactor pressure vessel (RPV) failure at low
pressure followed by an expulsion of the molten core to the cavity. Before the vessel failure,
the fission products can escape from the RCS to the containment through the opened PORYV.,
The containment leak is modeled as an equivalent hole in the SG compartments.

Table 1. Timing of the accident events -MELCOR prediction
‘time (hrs) | event .~ - v e .

eu

~0 Main Steam Header (MSH) rupture + loss of feedwater

HPI signal from MSH rupture, reactor scram, RCP trip
1 containment sprays manually started

1h 25min | PORV opened

Lh 26min__| containment overpressure signal: containment isolated, LPI signal

1h 40min | switchover to recirculation

~2 common cause failure of HP and LP ECCS

2h 45min | core uncovery starts

5h 50min | 1500K in core upper region

~7 core support plate failure
8h 30min | RPV failure
~9 CCI starts

MELCOR prediction of the amount of iodine released from the degraded fuel to the RCS
before the vessel failure is approximately 55% of the iodine inventory which looks reasonable.
Almost all of the iodine still remaining in the core debris, when the debris had fallen onto the
concrete cavity basemat, was released quickly after core-concrete interaction (CCI) had
started. Subsequently, a lot of this iodine (~1.5kg) escaped from the dry cavity to the other
containment volumes (including SG compartments) being driven by overpressure from CCI.
The iodine distribution among different volumes in containment after 5 days (as predicted by
MELCOR) is shown in Tab. 2. The total CsI mass in SG compartments is shown in Figure 1.

Table 2. Iodine distribution in containment at the end of MELCOR calculation

TIodine fuel inventory :  5.5kg

volume fraction of the iodine fuel inventory
SG compartments 40%
cavity 25%
RCS 25%
condenser tower shaft, almost all of the rest of todine
condenser tower and neighboring volumes
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Figure 1. Total Csl mass in SG compartments
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As the sprays are working, most of the aerosol mass (including aerosols with Csl) is quickly
removed from the containment atmosphere and is collected in the sump. The cumulative source
of I to the sump and resulting total iodine concentration in the sump water are given in
Figure 2. After the condenser tower water had been emptied in a stepwise manner to the sump
(mostly as a result of hydrogen burns -MELCOR prediction), the amount of water in sump was
so high that it began to owerflow to cavity, filling up slowly about 2/3 of the total cavity
volume. The water overflow to cavity begins at ~20hrs. The iodine (~0.5kg), residing at the
bottom of the cavity at this time, dissolves in water and yields the total aqueous concentration

. which is approximately 4 times higher than the total aqueous iodine concentration in the sump.
- Figure 2. Iodine aqueous concentration in sump
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J The total airborne iodine mass in both the Csl and gaseous forms in containment atmosphere is
shown in Fig. 3. It can be seen that after approximately 30hrs there is more volatile iodine
species in the atmosphere than Csl with the exception of short period at about 60hrs
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corresponding to high release of aerosols from RCS to SG compartments (MELCOR
prediction). The volatile species in the containment atmosphere are, according to modifieq
IODE, mostly organic iodides (cf. Fig. 4). Resulting iodine leak to the environment is shown
in Fig. 5. At about 100hrs the total release of gaseous iodine exceeds that of iodine in CgJ
form. The total release to the environment in Fig. S represents something less than 0.01% of
the iodine fuel mventory

Figures 3 and 4. lodine in SG compartments atmosphere
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Figure 5. Iodine release to the environment
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The effect of the volatile iodine species which were formed in cavity water (rapidly partitioned
to the cavity atmosphere and transferred to the containment atmosphere) on the total gaseous
iodine release from the containment can be estimated from the comparison shown in Fig. 6.
There can be seen that the transfer from cavity to containment atmosphere represents

an amount of gaseous iodine which is much higher than the amount of gaseous iodine
partitioned from the containment sump. However, the integral amount of gaseous iodine
coming from cavity is not higher than that coming from sump because the interactions in cavity

- which could form the volatile species began only after there had been some water

there (~20hrs).
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The influence of a potential mechanism of the gaseous iodine removal from the atmosphere can
also be seen in Fig. 6. It is the effect of the steam condensation on the spray droplets driving
the gaseous iodine forms from the atmosphere eventually to the sump water. The IODE code
predicts that the effect of the steam condensation is one of the dominant effects influencing the
gaseous iodine behavior when there are steam condensing conditions. However, according to
the JODE manual, the experimental data up to date are not sufficient to validate such models
and so the model must be used carefully. Anyway, our understanding is that this effect could
really be important for the removal of the gaseous iodine from the containment atmosphere.

Figure 6. Volatile iodine species flow rates to and from the SG compartments atmosphere
(total amount of iodine in all volatile forms transferred per second)
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3.1 Effects of the sump water pH and the containment sprays

The effect of the sump water pH on the gaseous iodine leak to the environment was
studied by comparing the results for different pH profiles. One profile (pH= 8.5—6—5) is our
best estimate for the sump pH evolution under accident conditions at Dukovany (cf. paragraph
2.1) and the others are profiles with a constant pH. Because the effect of the steam
condensation as calculated by IODE (cf. previous paragraph) is very strong, pH sensitivity
calculations have been performed for both the case with the steam condensation and without it.
In figures 7-12 the results for pH= 8.5—56—3 are compared to the results for the constant
pH=7.
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3.1 Effects of the sump water pH and the containment spi'ays

The effect of the sump water pH on the gaseous iodine leak to the environment was
studied by comparing the results for different pH profiles. One profile (pH= 8.5—>6—35) 1s our
best estimate for the sump pH evolution under accident conditions at Dukovany (cf. paragraph
2.1) and the others are profiles with a constant pH. Because the effect of the steam
condensation as calculated by IODE (cf. previous paragraph) is very strong, pH sensitivity
calculations have been performed for both the case with the steam condensation and without it.
In figures 7-12 the results for pH= 8.5—56—5 are compared to the results for the constant
pH=7.
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Fig. 7and 8. Gaseous iodine concentration in the containment atmosphere
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Fig. 9 and 10. lodine deposition onto gas phase surfaces
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Fig. 11 and 12. Gaseous iodine leak to the environment
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If the sprays are working and the effect of the steam condensation is calculated by IODE then
the impact of the pH changes is less important (cf. figures 11 and 12). Even if the IODE code
highly overestimates the effect of the steam condensation, the cumulative impact of the sprays
on the gaseous iodine release to the environment could be also that high (cf. last paragraph in
this chapter). For sequences without sprays, the differences in the gaseous iodine release for
the two pH profiles are of a factor of 3 (Fig. 12). The same is true about the sequences with
sprays where the absolute iodine leak is much less (Fig. 11). This means that the gaseous
iodine release to the environment could be three times higher for our best-estimate pH profile
of the sump water than for the constant pH=7. If the sump pH was low (pH=5) from the very
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beginning of the sequence the corresponding iodine release would be only slightly higher than
for pH= 8.5—56—5. If it was possible to hold the pH high (~>8.5) for the whole time the total
gaseous iodine release would be much less than that with constant pH=7 (approximately by an
order of magnitude).

The higher is the amount of molecular iodine I, in the containment atmosphere (most of
the time I, represents something less than 10% of the total gaseous iodine in the atmosphere
-cf. figures 7 and 8) the more of it will be irreversibly adsorbed on the epoxy painted walls of
the containment (figures 9 and 10). There is no remarkable steam condensation on the
containment walls neither with the sprays on (according to MELCOR all the steam condenses
on the spray droplets) nor without it. This means that there are no water films on walls and
that the only I, interaction on and with the containment surfaces is the irreversible sorption
process as described in chapter 2.

Figures 13 and 14. Containment pressure and Csl release to the environment
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The net impact of the containment sprays on the total iodine release to the environment
comprises the effect of the removal of the airborne iodine from the atmosphere and the
suppression of the containment pressure. The impact on the particulate matter (aerosols) in the
containment atmosphere can be seen in figures 13 and 14. The total CsI release to the
environment for the sequence with sprays is almost by 2 orders of magnitude lower than for
the sequence without sprays. Mitigation of the aerosol release will be particularly important at
the early phase of an accident. Keeping the low pressure in the containment (or even
underpressure in the intact containment) could have great impact on the iodine source term
also in late accident stages. As for the removal of the gasecus iodine from the atmosphere, our
results obtained with IODE suggest this: If we have sprays to condense the steam in the
containment then the gaseous iodine leak could be much lower than for the case without
condensation even if we neglect the other mitigative effects of the sprays.

4. CONCLUSIONS

Iodine source term to the environment has been calculated for the representative of the
dominant severe accident scenarios at the Dukovany NPP. The important objective of the work
was to assess the contribution of the release of volatile iodine species (I; and organic iodides)
to the total iodine release. For the iodine leak from the intact containment, when containment
sprays are working, it has been found that the release of gaseous iodine is comparable to that
of iodine in Csl form (aerosol release). At the beginning of the accident the total iodine release
was represented almost exclusively by the Csl release then the gaseous iodine release was
slowly increasing and at a very late stage of the accident (~5 days) it even exceeded the Csl
release. The total release for this sequence. however, represents only a very small fraction
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of the iodine fuel inventory (less than 107). The aerosol releases calculated by MELCOR are
likely to be conservative because the retention of the particulate matter in the containment leak
path is neglected. Thus, the ratio of the gaseous iodine release to the Csl release could be even
higher.

The most important mechanism of the volatile iodine species formation were reactions
of dissolved I" with water radiolysis products in the sump water. By these reactions, I can be
oxidized to volatile I, and this can react with organic materials in the sump to form organic
iodides. Both I and organic iodides are relatively rapidly partitioned to the gas phase
according to their respective partition coefficients. The modified version of the IODE code
predicts that at the late stages of an accident the organic iodides are the prevailing volatile
species in the containment atmosphere. However, the model of the organic iodide formation is
maybe too simple and it would need to be looked at. In vicinity of the containment walls,
molecular iodine may interact with the epoxy painted gas phase surfaces and may be
irreversibly retained in the paint. For the assumed value of the adsorption constant, the mass of
the retained I, does not represent a remarkable fraction of the total iodine mass in the
containment. The impact of the retention in the paint on the gaseous iodine leak to the
environment is thus not high.

pH sensitivity calculations have confirmed the well-known fact that the gaseous iodine
release could be substantially mitigated by maintaining the sump water pH high (approximately
more than 8). As for the containment sprays interactions with gaseous iodine, our simulations
do not seem to indicate that the spray droplets could chemically interact with it. The timing of
the severe accident scenarios at Dukovany dictates that most of the time during which the
volatile iodine species are being formed the sprays are working in recirculation mode. The
spray water thus has the same chemical composition as the sump water where the volatile
iodine species are being generated. On the other hand, the IODE code simulations suggest that
the massive steam condensation on the spray droplets can drive substantial amounts of the
gaseous iodine from the containment atmosphere to sump. The steam condensation model in
the code, however, has not been validated yet. Anyway, the sprays will have a great impact on
the total iodine release, especially through the wash—out of the particulate matter (aerosols)
from the containment atmosphere. The sprays are also capable of maintaining a low pressure or
even underpressure in the containment, lowering thus the driving force for the fission products
release to the environment.

In the simulations with the multicompartment IODE code it was found that for a
postulated severe accident at Dukovany high amounts of volatile iodine species can be formed
not only in the sump but also in other volumes neighboring the SG compartments. For
instance, the total amount of the volatile iodine species coming to the containment atmosphere
from cavity could be even higher than that coming from the sump.

Modeling gaseous iodine behavior such a way as presented in this paper brings
numerous problems with it. It was very difficult to keep track of some of the accident
phenomena for the IODE code runs. There is no feedback between IODE and MELCOR and
many things cannot be modeled at all (e.g. interactions of gaseous iodine with aerosols). The
remedy for this would be an integral code capable of modeling the most important gaseous
iodine related phenomena. Some simplitied methods would also be needed for estimations of
the sump pH evolution based on the interactions of all the important materials in the
containment.
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ABSTRACT

In a severe accident at a BWR, a large amount of chlorine might be released from the
synthetic rubbers, used as insulation material of the electrical cables, due to irradiation and
heating. In order to maintain the iodine retention capability the sodium thiosulphate concen-
tration of the filter will be increased. A large amount of chlorine, which could be converted to
HCI in the containment, would reduce the pH of the water pools and wet surfaces. This may
lead to formation of significant amount of molecular as well as organic iodine. Another source
of organic iodine may be reactions between boron carbide in control rods, steam and iodine in
the degrading core. The filter of the containment venting system is capable of effectively ar-
resting iodine in particular and elemental form. For retention of organic iodine, the retention
capability is less effective and uncertain. TVO is planning to enhance the retention of iodine
with a containment pH control system. The pH would be controlled by 50% NaOH solution in
the containment spray from external source that starts after transition to the emergency oper-
ating procedure for severe accidents. Simultaneously the lower drywell is flooded from the
wetwell. The pH control covers thus all water volumes in the containment. The system modi-
fications are planned for the year 1999. '

The Loviisa VVERs have large amounts of borax in the ice of their ice condenser
containments, and therefore the sump water is alkaline in most of the sequences with leakages
into the containment. Furthermore, mixture of hydrazine and potassium hydroxide solution is
added into the containment spray water in order to remove volatile iodine from the contain-
ment atmosphere. After the beginning of a loss-of-coolant-accident, the sump water becomes
basic rather soon due to the borax in the ice condenser ice. The formation of nitric acid in the
radiation field in the containment atmosphere and the hydrochloric acid from cable fires in
some accident sequences are not a threat to the sump pH. In the containment bypass se-
quences, the ice might not be involved in the possible formation of water pools in the leak
path. Thus, the pool pH would probably be acidic, and in case of high aerosol retention in the
water pools the volatile iodine species might be dominating the release. According to the PSA
level 2 for the Loviisa NPP, these sequences contribute only little to the total risk, and the
cases with only little aerosol retention in the water pools are dominating the bypass sequences.
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1. INTRODUCTION
1.1 Olkiluoto BWRs

Teollisuuden Voima Oy owns and operates two ABB Atom BWR plant units at the
west coast of Finland. About 20 years ago, when the Olkiluoto nuclear power plant was taken
into operation, the design of the two units represented the most modem nuclear technology
and fulfilled the safety requirements of that time. Over the years, both nuclear technology and
safety requirements have undergone evolution and development.

Plenty of design modifications have been introduced to Olkiluoto 1 and 2 since the
commissioning in order to keep the plant units technically up-to-date. Provisions for severe
accidents were backfitted in the plant units Olkiluoto 1 and 2 already in the SAM project (Se-
vere Accident Mitigation) which was finished in 1989. The main modification was contain-
ment filtered venting system. The filter was installed by Siemens. The purpose of the filter is
to avoid ground contamination by release of radioactive substances due to a postulated severe

accident.

An extensive modernisation program (MODE) was carried out in Olkiluoto 1 and 2
during the period of 1994 — 1998. The MODE had the following main goals:

- Reviewing safety features and enhancing safety, when feasible,

- improving the production related performance,

- finding factors limiting the plant life time and eliminating them, when feasible, and

- enhancing the expertise of the utility staff and improving productivity.

The MODE consisted about 40 separate subprojects. The safety review was carried out
mainly in the following areas:

- Design basis review

- Severe accidents

- Modemisation Final Safety Analysis Report

- Modemisation Probabilistic Safety Assessment

The work carried out in the MODE project regarding severe accidents is a continuation
to the SAM project. Iodine retention was one of the issues investigated in the MODE project.

In a severe accident, with conservative assumptions a large amount of chlorine could
possibly be released from the synthetic rubbers, used as insulation material of the electrical
cables, due to irradiation and heating. Chlorine in molecular form or hypochlorite would be-
have in the thiosulphate solution of the filter like iodine. The iodine retention capability of the
filter would thus be reduced. In order to maintain the iodine retention capability the sodium
thiosulphate concentration of the filter will be increased.

A large amount of chlorine, which might be converted to HCI, in the containment, will
reduce the pH of the water pools and wet surfaces. The origin of the chlorine is the synthetic
rubbers used as insulation in cables. This might lead to significant amount of molecular as
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well as of organic iodine. Another source of organic iodine may be reactions between boron
carbide in control rods, steam and iodine in the degrading core.

The filter of the containment venting system is capable of arresting iodine ef-

 fectively in particular and elemental form. For retention of organic iodine, the retention capa-

bility is less effective and uncertain. TVO has investigated the possibilities to enhance the re-

tention of iodine by containment pH control system. The system installation is planned for the

year 1999. Iodine chemistry will be one of the research topics in the starting Nordic Nuclear
Safety Research program, subproject SOS-2.3 Severe accidents.

1.2 Loviisa VVERs

Fortum Power and Heat Oy (former Imatran Voima Oy) owns and operates two
VVERSs at Loviisa. The thermal power of the reactors is 1500 MW per unit and the contain-
ments are Westinghouse-type ice condenser containments. The containment is divided into
upper compartment (the main volume of the containment) and lower compartment (the steam
generator room), which are connected with two ice condenser sections with the total amount
of around 835 000 kg of ice. The design absolute pressure of the containment is 1.7 bar, which
is relatively low compared to most of the Western NPPs. '

Despite the low design pressure of the containment, the severe accident management
strategy for the Loviisa NPP does not include filtered containment venting, but the contain-
ment integrity is maintained by avoiding energetic events and ensuring the long-term con-
tainment cooling. The critical safety functions in this approach are (Tuomisto 1996):

- Manual depressurisation of the primary circuit leading to a low pressure sequence,

- successful hydrogen burn mitigation by mixing the containment atmosphere and
removing the hydrogen from the containment in a controlled manner,

- maintaining the reactor pressure vessel integrity by external cooling of the vessel,
and :

- avoiding the containment over-pressurisation with the containment external spray
system.

The mixing of hydrogen is performed by forcing the ice condenser doors open, which
creates a global convective loop flow from the lower compartment through one of the ice con-
densers up to the upper compartment, and further downwards the other ice condenser back to
the lower compartment. During a severe accident, the main part of the low-volatile fission
products, including iodine, are released during or shortly after the hydrogen production, and
therefore the fission products are assumed to be mixed throughout the containment, as well.

At maximum, a containment leakage of 0.2% of the containment gas inventory per day
at the design pressure of 1.7 bar is allowed. If this requirement is fulfilled, only small amounts
of fission products are escaped from the containment. If the air ventilation stack is in opera-
tion and the activity level in the exhaust air increases, the gas flow is switched to the filter line
with four sequential filters: prefilter — HEPA filter — potassium iodide (KI) impregnated active
carbon filter — HEPA filter. The minimum requirement for the particle removal efficiency of
new HEPA filters is 99.97% and the efficiency is expected to increase while ageing. The re-
quirement for the efficiency of active carbon filters in use is at minimum 99% for removal of
methy! iodide (CH3I) and the efficiency of I, removal is thus expected to be at least 99.9%.
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These filters are not designed especially for severe accidents, but when the total amount of
fission products deposited into the filters remains relatively low, they can be expected to
function as designed.

2. CONTAINMENT FILTERED VENTING SYSTEM AND IMPACT OF
CHLORINE IN THE FILTER

During a severe accident at a BWR, a large amount of chlorine (Cl;) and hydrochloric
acid (HCI) might be released by irradiation and heating from the synthetic rubbers used as in-
sulation material of the electrical cables. Most of the released chlorine hydrolyses within the
water pools to hydrochloric and hypochlorous acid (Siemens 1998). The total amount of chlo-
rine in the insulation material is 1400 kg. From that about it is conservatively assumed that
700 kg are released to the containment during a severe accident sequence: 470 kg in lower
drywell (all the cables) and 230 kg in upper drywell (25% of cables in upper drywell).

The containments are equipped with filtered venting system to control containment
pressure and temperature in severe accident. The filters are of Siemens design. The filter con-
tains a 0.2% sodium thiosulphate and 0.5% sodium hydroxide solution. The solution volume
is about 20 m>. The filter of the containment venting system is capable of arresting iodine ef-
fectively in particular and elemental form. For retention of organic iodine the retention capa-
bility is less effective and uncertain.

The chlorine released from the cables into the containment may consist of the com-
pounds HCI, Cl,, HOCI, HCIOs etc. Chlorine can only reach the Siemens filter via the gas
phase. This means that the chlorine can be transported either in small droplets as dissolved Cl;
and the corresponding hydrolysis products as CIO™ and CI” or in gaseous as volatile HCI, Cl,
and HOCL. It is assumed that when venting starts, the droplet concentration is such low that
‘nearly all chlorine is transported in gaseous form.

The concentration of Cl, in the gas phase shortly before the pressure reduction is de-
termined by the overall distribution coefficient of chlorine (ratio of chlorine concentration in
the water and in the gas phase). As the concentration of molecular chlorine in the gas phase is
several orders of magnitude smaller than in the water phase and as molecular chlorine hydro-
lyses in water, the resulting chlorine gas phase concentration is very low. However, with de-
creasing pH value of the water pools in the containment the concentration of molecular chlo-
rine increases.

In the case of hydrochloric and hypochlorous acid the transfer rate via the gas phase is
practically zero because chemically formed salts such as NaCl and NaOCl in the water pools
are non-volatile. Even in acid water pools the concentrations of hydrochioric and hypochlor-
ous acid in the gas phase are very low compared to the Cl, concentration.

It follows that via the gas phase practically only molecular chlorine is released to the
filter. Hypochlorite and hypochlorous acid react in the water pools to form non-volatile salts,
or compounds that are low-volatile compared to Cl,. The chemical behaviour of chlorine in
the gas and the water phase is affected by high radiation field, high temperature (> 100 °C)
and containment pH value. :
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The original sodium thiosulphate concentration in the filter is 0.2% by weight. TVO
will install a containment pH control system. This system would rely on manual operator ac-
tions and diesel engine mounted pumps having a certain failure probability. If the water pools
within the containment are pH controlled the amount of 64 kg of thiosulphate is more than
sufficient for converting and therefore retaining all iodine and chlorine released to the filter.
Volatile chlorine released from the insulation material of the electrical cables is converted in
alkaline solutions to non-volatile chlorine compounds such as NaCl etc. However, it is con-
servatively assumed that 5% of the released Cl, (35 kg or 500 mol) will enter the Siemens fil-
ter. A realistic value will be > 1%. In addition, the release of I, is 0.75 kg. In this case, a
minimum of 35 kg of sodium thiosulphate is needed in the filter.

If the water pools of the containment are not alkalised (no pH control system), the pH
of the containment will decrease to values below 5. At such low values and under irradiation it
has to be assumed that more than 50 % of the released chlorine will be converted in a realistic
timespan to molecular Cl,. With decreasing pH value the conversion to molecular Cl, in-
creases. At least, it has to be assumed conservatively that all chlorine released from the cables
to the containment will be released to the Siemens filter. This means that the filter shall con-
tain 620 kg sodium thiosulphate to fix all molecular chlorine. In addition, it is conservatively
assumed that all iodine from the containment will be released to the filter. That is about 15 kg
of iodine. This means that in addition to the amount of 620 kg, further 32 kg of thiosulphate
has to be dissolved in the filter solution. If the water pools within the containment are not pH
controlled, the amount of thiosulphate needed is thus 700 kg leading to the concentration
3.5% in the filter.

The design basis for increasing sodium thiosulphate concentration in the filter has con-
servatively been selected the failure of the containment pH control system. The thiosulphate
concentration will be increased to 3.5%.

The pH in the Siemens filter decreases due to the reaction of molecular chlorine and
iodine with thiosulphate, which reacts to form HCI or HI. In the case of pH controlled con-
tainment, 36 kg of HCl is formed. If the pH value is not controlled, it is assumed that 720 kg
of HCl is formed. A pH reduction has no significant consequences for the iodine and chlorine
removal capacity because thiosulphate is able to fix these elements in an acid solution.

The solubility of sodium thiosulphate is high. TVO has tested thiosulphate solution of
8.5% by weight for one year in laboratory conditions and no stability problems have been ob-
served (TVO, 1999). TVO has also tested the iodine retention capability of 3.5% thiosulphate
solution with presence of chlorine. According to the results, the iodine is arrested in the solu-

tion.

3. RETENTION OF IODINE IN CONTAINMENT
3.1 Containment pH control

According to NUREG-1465 (1995) at least 95% of iodine entering the containment is
in the form of CsI with the remaining 5% as molecular iodine plus organic iodine compounds
with not less than 1% of each as molecular and organic iodine. Once the iodine enters con-
tainment, however, additional reactions are likely to occur. In an aqueous environment, as €X-
pected for BWRs, iodine is expected to dissolve in water pools or plate out on wet surfaces in
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ionic form as I'. Subsequently, iodine behaviour within containment depends on the time and
pH of the water solutions. Because of the presence of other dissolved fission products, radi-
olysis is expected to occur and lower the pH of the water pools. Without any pH control, the
results indicate that large fractions of the dissolved iodine will be converted to molecular io-
dine and be released to the containment atmosphere. However, if the pH is controlled and
maintained at a value of 7 or greater, very little (less than 1 %) of the dissolved iodine will be
converted to molecular iodine. Organic compounds of iodine, such as methyl iodine, CH;l,
can also be produced over time largely as a result of molecular iodine reactions with organic
materials.

A postulated large amount of chlorine, which could be converted to HCI in the con-
tainment, would reduce the pH of the water pools and wet surfaces. The origin of the chlorine
is the synthetic rubbers used as insulation in cables. This may lead to formation of significant
amount of molecular as well as of organic iodine. Another source of organic iodine may be
reactions between boron carbide in control rods, steam and iodine in the degrading core.
These reactions require further investigation.

Organic iodine is not readily removed by containment sprays or filter systems. In a se-
vere accident, organic iodine would be released to environment through the filtered venting
system. The retention capacity of filter for organic iodine is significantly poorer than for par-
ticulate and molecular iodine.

NUREG-1465 concludes that where the pH is not controlled to values of 7 or greater,
significant fractions of molecular iodine, as well as organic iodine may be expected within
containment.

According to the severe accident management procedures of Olkiluoto 1 and 2, the
lower drywell would be flooded with water from wetwell prior to vessel breach. Containment
is filled with water from external water source with a capacity of 25 kg/s to 100 kg/s. pH con-
trol system would be connected to this containment water filling system.

TVO has been planning to enhance the retention of iodine with a containment pH
control system. The pH would be controlled by 50 % NaOH solution that would be delivered
to the containment when containment spray is supplied from external source during the acci-
dent. The containment spray from external source starts after transition to the emergency op-
erating procedure for severe accidents. Simultaneously lower drywell is flooded from wetwell.
The pH control covers thus all water volumes in the containment. The water treatment plant
already normally uses the 50% NaOH solution.

A new NaOH tank will be installed. Part of the NaOH is reserved for the containment
pH control. The rest would be used in the normal operation. The required NaOH volume is
about 1.1 m® (Siemens, 1997) to neutralise the containment water pools regarding the HCl
generated by pyrolysis and radiolysis of cable materials. The amount of HCI generated is 20
kmol. The initial water mass in containment is 3,180,000 kg. The solution is gravity driven
into the raw water system near fire extinguishing sprinklers, from where the solution is deliv-
ered into the containment during containment water filling.

The total amount of chlorine that is conservatively assumed to be released from the
cables is 700 kg: 470 kg in lower drywell (all the cables) and 230 kg in upper drywell (25% of

cables in upper drywell).

396




The possibilities to deliver NaOH as fast as possible into the containment will be in-
vestigated. Lower drywell will be flooded from wetwell prior to the NaOH supply and the
lower drywell water pool pH should be kept above 7.

Combustion engme pumps may be required to refill the new tank from the existing
large NaOH tanks (20 m )

The maximum capacity of one containment water filling train is about 100 kg/s. With
. the booster pump the capacity is 25 kg/s.

The pH control system will be installed during 1999.

3.2 Organic iodine

VTT Chemical Technology and VTT Energy investigate the possibilities to improve
retention of organic iodine. The filter of the containment venting system is capable of arrest-
ing iodine effectively in particular and elemental form. For retention of organic iodine the re-
tention capability is less effective and uncertain. The purpose is to find means to improve the
existing filter so that they are capable of trapping the organic iodine compounds and of pre-
venting iodine to form organic compounds. Possible means are the oxidation of molecular io-
dine by modifying the chemical composition of the filter or by using catalytic oxidation.

The study will be funded by Nordic Nuclear Safety Research, VIT, STUK and TVO.
The work starts with literature study. Experiments will be performed.

4. TODINE MANAGEMENT AT LOVIISA

The iodine management at the Loviisa NPP is based on avoiding acidic sump water
during the accident in order to prevent effective formation of volatile iodine species.

The ice in the ice condensers contains large amounts of borax (Na;B,0 -10 H,O) with
the total boron concentration of 2000 ppm, which corresponds to the sodium tetraborate
(Na;B40-) concentration of 9.3 g/kg. The water solution of sodium tetraborate is clearly basic
with the pH of over 9 at 25 °C (Kroschwitz 1992). The pH of the solution does not change
significantly over a wide range of concentrations, but the high concentration makes the solu-
tion well buffered. At higher temperatures, the pH of the solution decreases, but still remains
close to 9 (Kotowski 1966). The total amount of ice is at least 835 000 kg, and thus the
amount of sodium tetraborate is approximately 7800 kg or 39 kmol at minimum.

During a severe accident, the ice condenser doors are forced open to create a global
convective loop flow in order to ensure effective hydrogen mixing in the containment. Due to
the strong steam condensation in the ice condensers, aerosols are removed from the flow
through diffusiophoresis. The aerosol removal efficiency depends on several parameters, e.g.
on the flow rate and the amount of ice. Without steam, the particle retention may be very low,
but with steam the retention is tested to be more efficient (Ligotke et al. 1991). Nevertheless,
in the Loviisa containment, the removal in the global loop is estimated to be more efficient
than the removal by gravitational settling in the upper compartment of the containment. As the
ice is alkaline, only a fraction of the iodide from the aerosols is converted to iodine. The ice
removes also volatile iodine from the flow through the ice condenser (Malinowski 1970).
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The containment spray system is equipped with injection from a separate tank con-
taining 5 m’ of 5% hydrazine (N;H,) and 20% potassium hydroxide (KOH) solution. The in-
jection into the spray water is carried out with two pumps with a capacity of 1.6 m*/h each.
These chemicals increase the spray water pH in order to remove volatile iodine from the con-
tainment atmosphere. The total spraying capacity is around 500 kg/s, and when the spray wa-
ter is taken from the emergency core coolant (ECC) tank with boric acid concentration of
12 g/kg, the spray water pH becomes around 7.5.

It is estimated that a large complete cable burn around the pressuriser at Loviisa would
produce 246 kg or 6.7 kmol of hydrochloric acid (HCI). If the burn takes place at very early
stages of the accident, HCI concentration in the sump water may decrease the sump pH drasti-
cally. However, as ice starts to melt the sump pH increases, and the overall effect of HCI be-
comes minor.

Nitric acid (HNO3) is formed in the radiation field in the containment gas phase. As-
suming the G-value of HNO; formation in air to be 2/ 100 eV and the dose rate of 3 Gy/s in
the whole containment atmospheric volume of 57 000 m®, the nitric acid formation rate be-
comes approximately 42 mmol/s or 2.6 g/s. The pH of the sump water starts to decrease sig-
nificantly when the amount of nitric acid exceeds 50 kmol. With the production rate above,
this would appear after 15 days of irradiation or after a total dose of 4 MGy. However, this
dose exceeds the expected total dose during one year after a severe accident, ard therefore the
constant irradiation rate of 3 Gy/s is much too high for a prolonged duration, although it may

represent the radiation level in the early phases of the accident.

Figure 1 shows the calculated sump pH behaviour during a severe accident at the
Loviisa NPP. The time behaviour does not correspond to any specific accident sequence, but
rather represents different phases in the calculations. Five different calculations have been per-
formed with different assumptions on the available emergency core coolant (ECC) water and
chemicals within it. In the calculations, the following assumptions are used:

0...10 min 160 000 kg of primary coolant (9.3 g/kg of boric acid; 3.4 mg/kg of
NH;; 16 mg/kg of KOH) and 160 000 kg of water from accumulators
(12 g/kg of boric acid) is injected into the sump. (In all cases)

1...10 min 246 kg of HCl is released into the sump. (In cases B, C and D)

10min...1 h 900 000 kg of ECC water (12 g/kg of boric acid) is injected into the
sump. (In case C only)

1...15h 900 000 kg of spray water (12 g/kg of boric acid; 75 mg/kg of NHs;
423 mg/kg of KOH) is injected into the sump. (In case D only)

0...10h The ice melts totally with a constant rate. (In all cases)

In addition, in case E a constant irradiation rate of 3 Gy/s in the gas phase (57 000 m®) is ap-
plied. In other cases, a more realistic irradiation profile with time dependency is assumed re-
sulting in the total dose of around 3 MGy during one year. Furthermore, in case of the con-
tainment spray (case D) the hydrazine added to the spray water is assumed to thermally de-
compose to ammonia (NH3) completely. The sump water temperature is assumed to be

100 °C.
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Figure 1 Sump water pH at the Loviisa NPP during a severe accident. The time behaviour does not refer to

any specific accident sequence, but rather represents different phases in the calculations. A - No
water from the ECC tank, no HCL. B - No water from the ECC tank, HCL. C - ECC tank added to
sump water, HCL. D - ECC tank added to sump water with spray chemicals, HCl. E - No water
from the ECC tank, no HCI, high constant radiation level.

According to the calculations, it appears that in the sequences where ice is melted into
the sump, the pH remains rather high. This indicates that an only small amount of iodine is
converted to volatile species. The calculations show very low pH levels of the sump water in
cases B, C and D during the first hour, but this is only a result of the computational arrange-
ment. In reality, the ice melts more rapidly in the early phases of the accident, and when the
main iodine release from the core starts after the core uncovering, approximately half of the
ice has melted. In the calculations shown here, this corresponds to the point at five hours. At
this point, the pH level is clearly above 7, which should prevent major I, formation in the
sump. Even if the gas phase yield of HNO; of 2 /100 eV was slightly underestimated, it
would not change the overall results.

These calculations suggest that the sump water might become acidic after around ten
months (case B and C). However, the most important radionuclide of iodine is '*'I, which has
the half-life of approximately eight days. Therefore, a decay time of three months, for exam-
ple, is long enough to decrease the iodine radioactivity to such a low level where major ra-
diological consequences resulting from iodine can be avoided.

The pH may not be controlled in those severe accident sequences where ice is not
melted into the water pools in the leak path. These sequences include several bypass se-
quences, but according to the Level 2 PSA for the Loviisa 1, the aerosol releases in many of
these sequences are already very large. Therefore, the pH control would not decrease the io-
dine release very much, if at all. The pH control of the water poois in the leak path is expected
to decrease the source term significantly if the leakage has to go through the water pool. How-
ever, these sequences contribute only little to the total risk. Thus, when considering the iodine
control during severe accidents at the Loviisa NPP it is adequate to study only the containment
sequences and the situations presented above.
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Background

The U.S. industry approach to severe accident management is outlined in NEI
Report 91-04, Severe Accident Issue Closure Guidelines! and reported at the final
meeting of the CSNI Senior Experts in Severe Accident Management meeting held
in June 1995.2 The approach taken by U.S. utilities was to establish an appropriate
degree of personnel preparedness to identify degraded core conditions and
containment plant damage states, and then assess and select one or more
mitigative strategies to achieve a stable plant condition. We believe the current
plant design and operating practices are sufficiently robust as to not require the
backfitting of engineered solutions that could mitigate hypothetical, stylized severe
accident conditions.

In such an approach, the developers focused on what is known about severe
accident phenomena, the ruggedness of the fission product barriers, potential
atypical uses of plant systems and components, and mitigation measures. The
knowledge base used to develop severe accident management guidance (SAMG)
implemented at the U.S. plants reflects severe accident phenomenological research
developed through about the early 1990s.

1 See reference 1
2 See reference 2
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Almost all operating plants in the U.S. have completed implementation of SAMGs
in accordance with the instructions in NEI 91-04. The industry expects that the
NRC will declare very soon that the issue is resolved for U.S. plants.

Although the initial implementation phase is completed and the regulatory interest
is resolved, there remains an ongoing obligation under the industry formal position
to identify, assess and incorporate, as appropriate, new severe accident knowledge.
NEI is the focal point for receiving such new information and assuring that it is
appropriately considered by the industry experts, whether they reside at the NSSS
vendors, EPRI, utilities or engineering consulting firms. The research findings
regarding iodine composition and behavior is an example.

Specifically regarding iodine, there appears to be three fundamental insights
derived from past severe accident research:

o Iodine in the primary system and containment exists primarily as compounds of
cesium, silver, or other elements rather than as elemental iodine. Thus iodine is
mainly in the form of particulate (i.e., aerosol) as opposed to a gas.

e The aerosol form of iodine is generally more readily retained in containment
than the gaseous form. Unlike gaseous iodine, removal of particulate iodine
from the containment atmosphere is not sensitive to chemical additives.
Further, maintaining a neutral pH or higher in the containment sump will
prevent iodine, once removed to the sump, from reevolving to the containment
atmosphere.

o Significant retention would be expected in primary system and adjacent piping
(e.g., upper internals, coolant system piping, main steam piping of BWRs, PWR
steam generators) rather than release to containment or the environment for
most severe accident sequences.

The insights noted above are reflected in the severe accident management
strategies and bases first established in the EPRI Technical Bases Document? and
refined in the NSSS Owners Group vendor-specific severe accident management
guidance* (SAMG).

Changes in our understanding of the form and distribution of iodine in the
containment has led the U. S. nuclear industry to revisit the value of the existing
post-TMI-2 post accident sampling system (PASS). This system emerged as one of
many post-TMI operations and systems improvements. Some of these _
improvements, such as symptom-based accident management procedures, have
made the U.S. plants more capable of dealing with abnormal plant events and

3 See references 3 and 4
4 See references 5 through 7
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severe accident scenarios. The PASS system, however, has for years been judged by
many to be a costly, unnecessary system.

Following implementation of the SAMGs, two industry Owner’s Groups are
pursuing regulatory relief from PASS and specifically the elimination of the
radioisotope assessment procedure for evaluation of core damage, and elimination
of in-containment radioisotope measurement for use in emergency planning. The
primary basis for this shift is a better understanding of severe accident progression
and the confidence that SAMGs and in-plant instruments are more effective in
providing timely information on core status and event progression than would
PASS samples. For severe accidents, plate-out and iodine distribution issues
compromise the usefulness of remotely obtained iodine samples. Also, in the early
stages of a core damage accident when the core damage assessment is mot useful,
personnel considerations may limit the ability to obtain and analyze multiple
samples in a timely manner.

Concurrently under NRC staff review are a Westinghouse Owners Group (WOG)-
sponsored topical report entitled Core Damage Assessment Manuals (CDAM), and
an application of the CDAM at the Wolf Creek Nuclear Power Plant. A similar
submittal by the Combustion Engineering Owners Group (CEOG) is expected to
follow successful completion of the WOG effort.

What about information from subsequent research?

When assessing the need for or value of new research information, one must be
careful to ask the question: Would it matter to the design of future plants, to
regulation of current plants, or to the operating staff of current plants utilizing the
SAMGs? In the case of SAMGs (the subject of this paper), based on the objectives
the industry set for its SAMG, is the new information significant from a practical,
operations-oriented or event-response perspective? Or, is the compilation of
increased scientific knowledge, while interesting, really not of much value to a
plant staff attempting to stabilize degraded, severe accident-type conditions?

Aspects of severe accident management that appear to be relevant to this discussion
of what to do with an increased knowledge base regarding iodine composition and
behavior are the following:

e Remaining Uncertainties in SAM—is there enough to be gained by further
research on iodine such that the current elements of SAM would be changed?
Or, is our knowledge base sufficient to have reasonable confidence that the
considerations for diagnostics, strategy assessment, and subsequent
recommended actions are appropriate / adequate and therefore does not support

additional research?

5 See references 8 and 9
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From the perspective of severe accident management, additional analytical
capability on the evolution and distribution of iodine is unnecessary. SAMGs
are developed with sufficient robustness so as to deal with the impact of iodine
releases. To supplement the SAMGs, the CEOG is encouraging its member
utilities to utilize I-131 discriminating capability in their field measurements.
These field measurements would ensure that sufficient information is available
to the emergency response team to make informed decisions with regard to
continued evacuations.

Consequently, the U.S. industry is unaware of uncertainties in SAM which are
so important as to justify further iodine research.

Which SAM Strategies Would Change—what in the SAMG would be
different? Is it likely that plant-specific implementing procedures would be
revised? The U.S. approach has long endorsed the need for instructions that are
less rigid than typical normal or emergency operating procedures, what we refer
to as guidance.

We believe operator actions to control airborne fission products will remain the
same. That is, use the sprays to remove airborne iodine. Sufficient evidence is
available to confirm that spraying is an effective means of removing both
elemental iodine and particulate from the containment atmosphere. Also,
adjustment of the pH of the containment sump to prevent conversion of iodine to
a more volatile state is recognized as an effective means of maintaining low
airborne iodine levels in containment.

Protective Action Recommendations (PARs) will be influenced by the extent of
iodine releases, however, the process for establishing these PARs will remain the
same. If intentional releases are required to regain control of the plant and
bring it to a controlled, stable condition, the form of iodine would not play a role
in the selection of the strategies.

There is little capability to measure iodine except through grab samples. The
U.S. industry view is that considering the inherent time delays for sampling and
analyses, this is only useful after the plant has been stabilized and is not useful
for active accident management.

Organizational Issues—are there insights regarding iodine form and quantity
that require a different tact to be taken by the plant emergency response staff?
Does it require a different expertise, methods and tools for issuing protective
action recommendations than that typically provided in current Emergency

Response Organization?
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The emergency response staff is capable of responding to potential accidents
with a wide spectrum of iodine releases. Thus, knowledge that significant levels
of iodine are being or may be released from the containment is important for
emergency planning considerations. However, this release may be effectively
evaluated based on an assessment of the event progression and fission product
release paths (using the SAMGs) coupled with field surveys including I-131
monitoring.

No new information is considered to be necessary for this task to be successfully
completed. Consequently, we are unaware of how iodine research could affect
these organizational issues.

What are the implications on personnel training—would the insights from
the iodine research require modification in the content and conduct of SAM
training and drills necessary to achieve the desired level of performance?

Existing Emergency Plans are sufficient to deal with small and large levels of
radiation release from containment. Plans will not be improved by increased
knowledge of iodine form, release mechanisms or transport. Uncertainties in
the event are such that field monitoring would likely be needed to confirm
analytically derived expectations.

We would of course be very interested in any required modification to training
since SAM is a knowledge-based activity and training is a very important
element of the overall ability to provide an adequate response. However, we
have not identified where such modifications would be required.

Finite resources need to be applied judiciously—is there enough risk-
reduction benefit from applying this knowledge that warrants the cost of
implementing it? The U.S. industry view is that if one believes that current
plant design and operating practices provide adequate protection of the public
from severe accidents, then providing “additional protection” must be carefully
considered against the anticipated costs and possible detriment to other aspects

of safe plant operation.

Resources should be applied to prevent and mitigate events; not on the tracking
or response to esoteric, low probability scenarios. Since evolution and deposition
of iodine is an after-the-fact issue from the perspective of severe accidents and
the ability to control the event is limited to use of a few components, the risk
reduction benefit of increased knowledge of the ideal iodine transient response
is of far less value than the ability to monitor off-site iodine releases. And, even
the ability to monitor off-site iodine releases is still of lower value than the
ability to avert the accident.




Conclusion

Key conclusions are as follows:

The U.S. industry supports acquiring and maintaining a substantial knowledge
base on subjects as complex and important to safety as fission product iodine
behavior during a severe accident, and notes that a substantial knowledge base
currently exists.

Industry is generally unaware of SAM-related issues in the U.S. which would
require major iodine research programs to resolve.

Because there are limited resources and competing demands for these resources,
additional research should be carefully defined to address necessary safety
improvements and should be subject to some type of peer review from the users
of the research results before it is undertaken.
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ABSTRACT

The effects of pH and irradiation dose and organic paint material on the formation of
volatile iodine species, I, and CH,l, were investigated experimentally in order to understand
the behavior of iodine in containment in a BWR severe accident. The experimental results
were compared with simulation results obtained by iodine chemical model based on IMPAIR.
Experimental results showed the dependence of pH and dose and water temperature on the
formation of volatile iodine species, I, and CH,I. IMPAIR simulation results for experiments
were within one order of difference of experimental results. MAAP, IMPAIR and the water
pool pH calculation code were used to simulate the jodine behavior under BWR severe
accident conditions. The preliminary simulation results showed that the total amount of
volatile jodine species in the wetwell gas space is below the order of 10™ of the initial iodine

inventory at 72 hours after an accident.
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1. INTRODUCTION

In a light water reactor severe accident, accident management for core debris cooling
and heat removal from containment are the top priority in order to mitigate the accident and
prevent a large release of fission product out of containment. Based on the experience of the
TMI-2 accident, a large part of iodine in degraded fuel is thought to be released as Csl, which
is aerosol and involatile and water-soluble. Suspended CsI aerosol will be moved to
suppression pool water by scrubbing at exit of relief valve quenchers and vent pipes and
containment spray using fire pump, considering BWR accident management (See Figure 1).

According to former studies on iodine behavior, it is generally accepted that molecular
iodine, I, , will be formed from radiolytic oxidation of I' in the pool water, and radiolytic
oxidation depends on the pH of the pool water. And, it is accepted that organic iodine, CH,I,
will be formed from I, deposition on epoxy paint surface. I, and CH,I are volatile and could
be easy to release from containment.

In view of accident management, our concerns are rates and dependency of these
volatile iodine species formation. To examine the above concerns, experiments were done by
irradiating CsI solution with/without painted SUS plate. And experimental analyses were
done for these experiments. We also tried iodine behavior analysis under BWR severe
accident conditions. The scheme of our experimental and analytical approach is shown in
Figure 2. In this paper we describe our experiments and experimental analysis and iodine
behavior analysis under BWR severe accident conditions.

Containment Spray

using Fire Pump ombination o
" “Thermal 1 lodine
Csl ‘Hydraulics | | Chemistry
Aerosol Water Injection for — - —
Debris Cooling Fi: | Linke'd E
I -Conditions in
Distribution Containment
FP Aerosol ¢
Scrubbing
Figure1  Schematic Diagram of Accident Figure 2 Scheme of Experimental
Management Related to Jodine Behavior and Analytical Approach to examine
(BWR) iodine behavior under BWR SA

Conditions
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2. EXPERIMENTAL

2.1 Experimental Apparatus and Experimental Conditions

The experimental apparatus is shown in Figure 3. It consisted of two parts: a gamma
irradiation facility and a measurement system. Sample CsI solutions in an irradiation vessel
were irradiated by Co-60. The irradiation vessel was made of stainless steel (SUS) with inner
surface coated with Teflon. An electrical heater was installed in the irradiation vessel to
control solution temperature. A painted SUS plate was installed in some experimental cases.
The concentration of iodine chemical forms sampled from gas phase and liquid phase was
measured by gas chromatograph and ion chromatograph. The pH of solution was measured.

In Table 1 experimental parameters are shown and compared with BWR SA

conditions.

Gamma Irradiation Facility Measurement Systems

Figure 3  Schematic Diagram of the Experimental Apparatus

Table1 The Experimental Parameters

Parameter Value BWR SA Conditions
Dose (kGy) 0,0.3,1.5,15 0~ 1000
Initial Iodine Concentration 10* ~ 107
(mol/l) ( CsD
Volume ratio Gas/solution 2 ~2
Temperature (deg-C) 20 (RT), 90, 120 ~ 130
pH of CsI solution 3and7 Changed alkali to acidic
due to nitric acid
production
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2.2 Experimental Results and Experimental Analysis

Figure 4 shows the effect of irradiation dose on the concentration of I, and CH,l in gas
phase at pH7 and pH3 with RT of water temperature. Figure 5 shows the effect of water
temperature on the concentration of I, and CH,I in gas phase and on the I, deposition amount
on painted plate surface. IMPAIR simulation results for experimental analysis are also plotted
in the same figures.

.

There is a dose dependence, a pH dependence and a water temperature dependence.

Regarding the dose dependence, the concentrations of I, and CH,I in gas phase
increase with the increase of dose up to 2 kGy. But after 2 kGy, the concentrations decrease.
This reason is not clear. However, it is speculated that radiolytic oxidation due to OH radical
| is dominant up to 2 kGy, thereafter the production of H,0, due to radiolysis of water works as
3 a reducer. Further study is necessary to explain this dependency.

Regarding the pH dependence, it can be seen from the experimental results that high
pH leads to lower rate of radiolytic oxidation.

Regarding the water temperature dependence, it can be seen that high temperature
leads to high water solubility of I, and low deposition amount of I, on painted surface. It is
speculated that CH,I concentration increased with the increase of temperature because the
decrease of I, deposition amount on painted surface increased effective reaction area to
produce CH,lL.

IMPAIR simulation results are within one order difference of experimental results.
Thus, IMPAIR could be used for iodine behavior analysis of BWR.

--*.-p}[s --'-. PH7 ] ---.---933 --'--- pH7
1E-08 1E-08
pH3 | ...
o O\ a
§ B0 § 1507
- L) L
h4 (e ) S’
g (s 5
T 108 ,' a g 1608
£ \ E
3 vAf pH7 g
£ 1600 < £ 1608
S S -
&} ° O
¥ g %
= 1E-10 = IE-10
1E01 1E+00 1E+01 1E+02 1E+03 1E+04 1801 1E+00 1E+01 1E+02 1EQ3 1E+04
Radiation Dose (kGY) Radiation Dose (KGY)
I, - CH,l

Figure4  Effect of Radiation Dose on the Concentration of I, and CH,I in Gas Phase
' ' (Water temperature : RT)
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Figure 5 Effect of Water Temperature on the Concentration of I, and CH,I in Gas Phase
and on the I, Deposition Amount on Painted Surface. (pH : 7, Dose: 1.5kGy)

3. ANALYSIS

3.1 Iodine Behavior Analysis in a Typical BWR Severe Accident Sequence

The iodine behavior in a typical BWR primary containment vessel(PCV) during a
severe accident has been evaluated by calculating the pH value in the suppression pool water
and analysing the chemical and physical processes in the drywell and wetwell for the thermal-
hydraulic and fission product conditions provided by the MAAP computer code. The accident
sequence chosen was a low pressure core melt sequence in a BWR-5 1100MWe Mark-1II plant
and the accident management after reactor pressure vessel (RPV) failure was considered.

3.2 Analytical Method

The analytical method of iodine behavior in a BWR PCV is illustrated in Figure 6.
This method consists of five calculation parts and is encoded as a computer system. The parts
are described in the following.

Part 1 : T I-Hydrauli I Fission Products Calculati

MAAP code (FAL 1990) is used for calculating the thermal-hydraulics and fission
products responses during a severe accident. The iodine species is modelled only for CsI in
MAAP. In this method, MAAP outputs such as the thermal-hydraulics conditions in the PCV,
the fission products decay heat distributed in the PCV regions, and Csl and CsOH mass
deposited on suppression pool are used for evaluating the iodine behavior.
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Part 2 : Dose Rates Calculation

The absorbed dose rates are calculated at the water pools in the pedestal, the drywell,
and the wetwell, and at the drywell and wetwell atmospheres for the evaluations of the nitric
acid formation in the water pools and the iodine chemistry in the PCV regions. These dose
rates are computed from the decay heats, fluid volumes, and the absorbed material density in
each region, which are results of the thermal-hydraulics and fission products calculation by
MAAP.

It is assumed that the decay heat by fission products deposited in a water pool is
totally absorbed in the water (Weber, 1991)
Q.

D=

(1)
where D is the dose rate (Gy/s), Q,,. is the decay heat in a pool (W), V is the water volume
(m®), and ? is the water density (kg/m’).

It is assumed that the absorption fraction of the decay heat by the core debris
deposited on the pool bottom, such as the pedestal floor, is 10%.

In the drywell and wetwell atmosphere calculations, assuming that the region is a

sphere with uniform radioactive source, the atmosphere absorption efficiency is given by:
f=1-* )

where ? is the absorption coefficient (1/m), and R is the radius of sphere (m).

Part 3.: Nitric Acid F. ion Calculati

_ The nitric acid formation and transport are considered for the suppression pool pH
calculation. The rate equation of nitric acid in a water pool is given by:
dN,

—=GDV,p,

W, W,
It i=k )
N, -2-75N, | €)

J i

where N is moles of nitric acid in a water pool (mol), G is the g-value of nitric acid formation
(7.048x10"° mol/J) (Beahm, 1992), W, is the inlet water flow (m®/s), and W,, is the outlet
- water flow (ms). Subscript i is the target water pool, j is the donor pool, and  is the acceptor
pool. The moles of nitric acid in the suppression pool is given by integrating three equations -
for water pools in the pedestal, the drywell, and the wetwell.

Part4: S :on Pool pH Calculati

It is assumed that the suppression pool pH is governed by the nitric acid radiolytically
generated and CsOH transported from the primary system. Assuming that all reactions which
determine the pool pH occur rapidly, the pool pH is calculated using the SOLGASMIX-PV
code (Besmann, 1977) which determines the equilibrium state by finding the minimum free

energy.
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purt 5 : Iodine Chemistry and Iodine Species T ,

The analytical models of iodine chemistry and iodine species transport in the PCV are
shown in Figures 7 and 8, respectively. The iodine chemistry model treats I,, CH,1, 105 and T
as iodine species. The CsI deposited on the suppression pool predicted by MAAP is treated as
T in the iodine chemistry calculation. In the wetwell, the iodine species concentrations in
water and gas spaces are calculated by the chemical kinetics model based on the IMPAIR 3
(Giintay, 1992), and the following phenomena are considered: iodine hydrolysis, radiolysis,
and methyl reactions in the suppression pool, iodine oxidation by radiolytically formed ozone
in the gas space, and organic iodide formation from paint wall in both spaces. The mass
transfer of volatile iodine species such as I, and CH;l between water and gas spaces is
calculated by the partition coefficient and the mass transfer constant. In the drywell, iodine
species concentrations in gas space are calculated by considering the same reactions in the
wetwell gas space. The iodine species transport between the drywell and wetwell gas spaces
is evaluated by the gas flows though the vent pipes and the vaccum breakers. At the opening
the suppression pool vents, the scrubbing of aeroscl iodine such as IO, through the pool is
calculated using the decontamination factor of MAAP results. Also, the removal of iodine
species in gas space by the spray is considered by the stagnant film model (Grist, 1982) for
volatile iodine species and using the removal rate calculated by MAAP for aerosol iodine.
The iodine species removed by the drywell spray are carried to the suppression pool with the
spray flow. The rate equations representing these iodine phenomena are solved using the
IMSL IVPRK routine based on the Gear method.

Thermal-Hydraulics gmﬂgﬁ:’?@?&%ﬁ&w Calculate lodine
and Fission Products —p> Chemistry and
Calculation Transport in PCV
" . . A
Decay Heat distribution,
Water and Gas Messes Dose Rates in-S/P
in PCV Reglons, etc. p| Calculate Dose Rate and POV Gas Spaces _»

in PCV Regions

Dose rate in Water Pool
Y

Water Mass and Flow Fat " .
m?rg/ Fbgsions w e Calculate Nitric Acid

— P Production Rate
in Water Pools

lodine Species
Inventories in PCV

‘ HNO3 Production Rate in S/P

Wetw eli Pressure, h 4

S/P Temrperature,

CsOH lnventory in /P Calculate pH pHin &P J
in Suppression Pool

- Figure 6 Schematic Diagram for Evaluating Todine Behavior in a BWR PCV
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3.3 Analytical Result v

The selected sequence is assumed to be initiated by a transient causing closure of main
steam isolation valves (MSIVs) followed by a loss of high pressure injection systems. The
RPV is successfully depressurised by the automatic depressurization system (ADS), but low
pressure injection systems are assumed to be unavailable, resulting in core melt and then RPV
failure under low pressure condition. After RPV failure, the alternative water injection to the
pedestal region and drywell spray adjusting as mitigative countermeasures for severe accident
are assumed to be operated, and after that, the emergency core cooling (ECC) systems and the
residual heat removal (RHR) system are assumed to be successfully recovered.

Results of this sequence predicted by MAAP are shown in Figures 9 through 11.

Figures 9 and 10 show the PCV pressure and the temperature responses for a 72-hour
transient time, respectively. Just after RPV failure, at about one and a half hours, the steam
generation due to rapid quenching of the core debris on the pedestal floor by falling water
remained in the RPV lower plenum causes almost noncondensable gases in the drywell to be
purged to the wetwell gas space, resulting in a PCV pressure rise. The PCV pressure
gradually increases also after the core debris quenching, because the steam generates
continuously due to the core debris cobling by the alternative water injection system to the
pedestal region operated for preventing the core-concrete attack and this steam flows to the
wetwell, causing the suppression pool temperature to rise. When the drywell pressure reaches
0.57 MPa, which is one and a half times the design pressure, at about 10 hours, the alternative
drywell spray system is turned on and the PCV pressure decreases. For the purpose of
accident management, this drywell spray is intermittently operated corresponding to the
drywell pressure level with the intention of minimizing the compression of the wetwell gas
space as the alternative spray system adds the cooling water from the external water source to
the PCV. The PCV pressure and the drywell gas temperature are maintained well below the
failure criteria by these mitigative actions. Once the ECC ‘systems and the RHR system are
recovered at about 28 hours, the core debris is cooled by the ECC injection water and the
PCV atmosphere is cooled by the RHR spray, resulting in an immediate decrease in the PCV
pressure and temperature. Since the suppression pool cooling is available, 2 safe, stable state
is attained.

Figure 11 shows the distribution of CsI mass fraction to the initial inventory in the
PCV. Nearly all of CsI in the fuel matrix is released before RPV failure. Of which, about one-
fourth is convected into the suppression pool through the safety relief valves (SRVs) and the
remainder is initially deposited on the structures of the RPV. At RPV failure, some amount of
the deposited CsI in the RPV revaporizes and enters the drywell and suppression pool. After

the alternative drywell spray initiation, the CsI in the drywell is convected into the




suppression pool with the spray water, causing an increase in the amount of CsI in the

suppression pool.

The suppression pool pH transient predicted in this sequence is shown in Figure 12.
Just after accident initiation, the pH value slightly decreases as the pool temperature rises due
to entering of steam through the SRVs and the dissociation of water accelerates. When the
core melt starts and volatile fission products enter the suppression pool, the pH value
increases because of CsOH entering the pool. After RPV failure, the pH value gfadually
decreases since the nitric acid is produced by the irradiation of suppression pool. The nitric
acid produced in the pedestal water is transported to the suppression pool, and the pool
temperature continues to increase. Once the suppression pool cooling starts at about 28 hours,
the pH value increases due to the decreasing of pool temperature and becomes above 7.0.

The fraction of iodine species in the wetwell and drywell gas spaces to the initial
iodine inventory is shown in Figures 13 and 14, respectively. The Csl result in this figure was
calculated by MAAP. The deposited Csl in the suppression pool predicted by MAAP is
treated as I in the water space for this iodine chemistry calculation. The I in the suppression
pool is converted to I, by the hydrolysis and radiolytical oxidation. Also, the I' and the
converted I, reacts with the paint wall, resulting in the formation of CH,I. These volatile
jodine species formed in the pool water transfer to the wetwell gas space. In the gas phase, the
1, is converted to 10, by radiolytically formed ozone and the CH,l is also formed by reacting
with the paint wall in the gas space and also is radiolytically decomposed to I,, When the
alternative drywell spray is started to operate at about 10 hours and the vacuum breakers open
intermittently, the iodine species in the wetwell gas space flow to the drywell and react in the
drywell gas space and with the paint wall. The fraction of CsI in the gas spaces predicted by
MAAP reaches a maximum just after RPV failure and then decreases due to the natural

‘removal mechanism. The predominant iodine species in the wetwell gas space before the

RHR spray is 10, which is an aerosol iodine species, followed by L. Also in the drywell gas
space, the predominant iodine species is CsI aerosol, which is calculated by MAAP, released
by revaporization from RPV. Once the RHR spray in the drywell and wetwell starts at about
28 hours, aerosol iodine species are rapidly removed from the gas spaces and I, becomes to be
predominant. The total amount of volatile iodine species in the PCV gas space is predicted to
be below the order of 10 of the initial iodine inventory at 72 hours.
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NOMENCLATURE

ADS automatic depressurization system
BWR Boiling Water Reactor

ECC emergency core cooling

f absorption efficiency

G g-value

D dose rate

MSIVs main steam isolation valves

N moles
PCV primary containment vessel
o heat
R radius
RHR residual heat removal
RPV reactor pressure vessel
SRVs safety relief valves
Vv volume
w volumetric flow
? absorption coefficient
? mass density
Subscripts
dec decay heat
i,j, k region
4. CONCLUSIONS

Experimental results obtained using irradiating Csl solution with/without painted SUS
plate showed the dependence of pH and dose and water temperature on the formation of
volatile iodine species , I, and CH,L. It was seen that high pH leads to lower rate of radiolytic
oxidation.

IMPAIR simulation results for experiments are within one order difference of -
experimental results. It was judged that IMPAIR could be used for iodine chemistry analysis
of BWR. |

MAAP, IMPAIR and the water pool pH calculation code were used to simulate the
iodine behavior under BWR severe accident conditions. The preliminéry simulation results
showed that the total amount of iodine species in the wetwell gas space is below the order of
10 of the initial iodine inventory at 72 hours after an accident.
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