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a b s t r a c t

During postulated severe accidents transfer of volatile iodine dissolved in containment water sumps to
atmosphere can be fostered under pool evaporative conditions. Scarcity of representative data has resulted
in semi-empirical models that relies on fitting parameters and still need of further validation. This paper

presents a mechanistic model based on: the two-film model, the heat-mass transfer analogy and the
surface renewal theory. Comparison to data from the SISYPHE program, performed at the French “Institut
de Radioprotection et de Sûreté Nucléaire”, has resulted in an accurate response, the error band being
9–25% for the aqueous steady state concentration. Likewise, the model performance has been compared
to the model implemented in the ASTEC code. In addition to yield similar results, some advantages have

chani
ump
been highlighted: the me
of model grounds and ass

. Introduction

Water phase changes play a key role in the evolution of postu-
ated severe accidents within nuclear power plant containments.
ressure evolution is conditioned to a large extent by water steam-
ng (either from the primary circuit or from liquid ponds set up in
ontainment) and steam condensation. Given its nature as a passive
afety mechanism, steam condensation onto in-containment sur-
aces in the presence of non-condensable gases has been profusely
nvestigated within the nuclear safety community and thorough
eviews may be found in literature (Green and Almenas, 1996; de
a Rosa et al., 2008). Nonetheless, steaming from liquid pools can
lso play a major role in severe accident scenarios as a driving
echanism for some volatile species transfer between sump and

tmosphere.
Many postulated severe accidents develop in such a way that a

arge aqueous sump builds up at the bottom of containment due
o the water input from the reactor coolant system and/or from
ater-injecting safety systems. As most of fission products, except

or noble gases and a certain fraction of iodine, enter containment

n particulate form, they are eventually dragged into the sump,
ither directly by gravity or indirectly from surface draining effect
Herranz et al., 2007). The fission products decay would deliver their
esidual heat to the water and it could drive the containment sump
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stic nature, the estimates conservatism, and the thorough documentation
tions.
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to an evaporative thermal state, making a fraction of the inventory
turn into steam and get transported to the atmosphere. Thus, an
evaporative sump would yield a higher steam fraction in the con-
tainment atmosphere and, no less important, it would also enhance
transfer of volatile fission products from sump to atmosphere. This
latter effect would enlarge source term in case of loosing contain-
ment leak-tightness. The radiological implications of isotope 131
of iodine and the volatility of some of its chemical species, make
iodine mass transfer enhancement a potentially important safety
issue.

Existing data base on in-containment sump-to-atmosphere
iodine mass transfer under evaporative conditions is scarce and
less representative than what would be desirable. SISYPHE (Verloo
et al., 1998), EPICUR (IRSN et al., 2004) and PHEBUS-FP (Schwarz
and Zeyen, 2003) projects (conducted by IRSN under international
frameworks) have intended to fix this situation. Such lack of data
results in models susceptible to be improved and fully validated.
Most of existing models in codes are based on the two-film the-
ory (Perry and Green, 1997), which does not consider any phase
change at the gas–liquid interface assuming that volatile species
reach equilibrium at the interface. As a consequence, their predic-
tions accuracy is not satisfactory under conditions other than purely
convective ones. An extension of the two-film model has been suc-
cessfully developed and compared to available data (Cantrel and

March, 2006); however, the parametric approach of this adap-
tation leaves room for developing a more mechanistically based
model.

This paper shows the potential impact of evaporation on in-
containment source term and presents a two-film based model

http://www.sciencedirect.com/science/journal/00295493
http://www.elsevier.com/locate/nucengdes
mailto:luisen.herranz@ciemat.es
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dx.doi.org/10.1016/j.nucengdes.2009.01.006
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Nomenclature

a scaling constant
A surface area
C concentration of species
D diffusion coefficient
g gravity constant
Gr Grashof number
H partition coefficient
k individual mass transfer coefficient
L characteristic length
ṁev evaporation rate
M molar weight
P pressure
R ideal gases constant
Sc Schmidt number
Sh Sherwood number
T temperature
U wind velocity near the water surface
U* friction velocity

Greek symbols
ı boundary layer thickness
ε rate of turbulent energy dissipation
� dynamic viscosity
� kinematic viscosity
� density
� characteristic length parameter
ϕ mass flow rate
˝D collision integral for diffusion

Subscripts and superscripts
bulk gas bulk
cond condensers
d drift component of the energy dissipation
g gas phase
i volatile species
I2 iodine
int interface
� liquid phase
s mechanical mixing component of the energy dissi-

pation
sat steam at saturation condition
H2Ov steam
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imize the effect of evaporation. The resulting evaporation flux is
around 8 × 10−3 kg m−2 s−1 and the pH is low enough to let molec-
ular iodine (I2) to be formed from the initial I− solution (10−5 M) by
radiolysis. In order not to include chemical processes highly uncer-
tain at present (i.e., organic chemistry, gaseous oxidation of iodine,

Table 1
Postulated conditions for a containment severe accident scenario.

Variable Value

Geometry
Containment volume 50,000 m3

Sump volume 2,100 m3

TH condition
Sump temperature ∼122 ◦C
Initial wall temperature 50 ◦C
Gas temperature ∼87 ◦C
Total pressure 2.3 bar
nc non-condensable gases
w wave component of the energy dissipation

xtended to phase change conditions on the heat-mass transfer
nalogy at the gas phase and on a correlation based on the sur-
ace renewal theory at the liquid side. Its predictions are compared
o the experimental data available from the SISYPHE project and to
stimates from the parametric model mentioned above, which was
mplemented in the IODE module of the ASTEC code. This work has
een carried out under the frame of the SARNET project of the 6th
ramework Programme of EURATOM (Haste et al., 2006).

. Assessment of evaporation impact

In order to assess the potential effect of evaporation on the

n-containment source term two theoretical studies have been car-
ied out. The former investigates the change of the liquid-to-gas
oncentration ratio of iodine at steady state with respect to non-
vaporative scenarios. The latter proposes a simplified evaporative
n-containment scenario and explores how differently gaseous
Fig. 1. Effect of evaporation on the equilibrium partition of iodine.

iodine would evolve as evaporation is accounted for in the mod-
eling.

The primary variables influencing evaporation can be reduced to
a small group of magnitudes: liquid and gas temperatures, pressure
and relative humidity. By randomly choosing specific values within
the ranges of interest (T�, 75–125 ◦C; Tg, 75–125 ◦C; P, 1.0–5.0 bar;
RH, 25–100%), more than 100 thermal scenarios have been defined.
As will be shown in next sections, the ratio between the iodine
partition coefficient (H) and the actual liquid-to-gas concentration
ratio can be calculated as:

H

C�/Cg
= 1 + ṁev

Aint �sat(T�)kg
(1)

The results obtained are shown in Fig. 1. A few cases show that
under evaporative conditions the concentration ratio between liq-
uid and gas might even reach values around 8 times lower than
what would be predicted under non-evaporative conditions. Any-
way, most of the scenarios calculated show C�/Cg values between
2 and 4 times smaller than under pure convective conditions. In
other words, evaporation would generally result in a concentration
steady state characterized by a gaseous iodine concentration over
twice the one resulting under non-evaporative conditions.

By using the ASTEC code (Van Dorsseleare and Schwinges, 2005)
a postulated containment scenario has been simulated. The thermal
and chemical conditions (Table 1), even though within the range
anticipated in case of a severe accident, have been chosen to max-
Steam pressure 0.62 bar

Chemical conditions
pH 5
Dose rate 2.5 Gy/s
Initial I− concentration 10−5 kmol/m3
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Fig. 2. Iodine chemistry model to assess evaporation.

dsorption/desorption processes, etc.), a simplified inorganic sce-
ario has been assumed as the one governing iodine chemistry and

iquid–gas exchange (Fig. 2).
As may be observed in Fig. 3, iodine gas concentration increases

o a substantial higher level under evaporative conditions (around
factor of 8) and, in addition, the steady state is reached at far

onger times than under convection due to a higher gaseous iodine
oncentration.

In short, the above studies have shown the potential for evapo-
ation to enhance mass transfer of iodine from an aqueous sump to
he gas phase over it. The change is quantitatively significant, so that
nclusion of an evaporative mass transport model is worthwhile.

. Model description

.1. Fundamentals

Under evaporative conditions, the volatile iodine within the
queous solution will be transferred to the atmosphere by two
echanisms:

Diffusion (i.e., transport due to iodine concentration gradients).
Dragging by the steam flow from the liquid–gas interface (i.e.,
proportional to evaporation rate).

By adopting the double boundary layer approach of the two-
lm theory (Fig. 4), the gaseous and liquid mass flow rates may be

ritten as:

g = −Aintkg(Cg − C int
g ) + ṁev

�sat(T�)
C int

g (2)

� = −Aintk�(C int
� − C�) (3)

Fig. 3. Gaseous I2 concentration in a postulated accident scenario.
Fig. 4. Sketch of the two-film model.

These equations implicitly assume that the shrinkage of the liquid
side boundary layer due to evaporation has a negligible effect on
the whole iodine mass transport. In other words, the main influence
of evaporation is driven by sweeping iodine at the gas side of the
boundary layer into the gas bulk.

As the interfacial concentrations relate each other through the
equilibrium partition coefficient (H):

H = C int
�

C int
g

(4)

the balance between gas and liquid mass flow rates at the interface
(ϕg = ϕ�) allows deriving an expression for the iodine gas concen-
tration:

C int
g = kgCg + k�C�

Hk� + kg + (ṁev/(Aint�sat(T�)))
(5)

that, once included in Eq. (2), yields the following expression for
the iodine mass flow rate:

ϕ = Aint

(
kgk�

kg + Hk� + (ṁev/(Aint�sat(T�)))

)

×
(

HCg −
(

1 + ṁev

Aint�sat(T�)kg

)
· C�

)
(6)

Then, the iodine concentrations ratio defining the equilibrium
condition (ϕ = 0) would be:

C�

Cg
= H

1 + (ṁev/(Aint�sat(T�)kg))
(7)

This equation shows the consistency of the model since in the
absence of evaporation, equilibrium is characterized by the iodine
partition coefficient, whereas under evaporation conditions the
liquid-to-gas equilibrium concentration ratio decreases. Note that
Eq. (1) is just a rearrangement of Eq. (7).

3.2. Mass transfer coefficients

As shown in Eqs. (6) and (7), gas and liquid mass transfer coef-
ficients (i.e., kg and k�) are key variables to assess iodine flow rate.

The gas mass transfer coefficient:

Dg,I2

kg,I2 =

ıg,I2
(8)

can be calculated by an approximate estimate of the iodine bound-
ary layer thickness (ıg,I2). Under anticipated natural convection
conditions, the Rayleigh dimensionless number (Ra = Gr × Pr) is
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phases and at condenser surfaces, and by a pressure transducer.
The oxygen partial pressure was also measured by three oxygen
analyzers located at three different elevations (as shown in Fig. 5).
The gas was permanently sampled and re-injected in the vessel via

Table 2
Conditions of the tests used for validation.
L.E. Herranz et al. / Nuclear Engin

igher than 107, so that one may write (Incropera and Dewitt,
002):

g,I2 ∼= ıg,H2Ov

(
Scg,I2

Scg,H2Ov

)−1/3

= ıg,H2Ov

(
Dg,I2

Dg,H2Ov

)1/3

(9)

If the steam boundary layer thickness is written in terms of the
herwood dimensionless number (Sh) and the resulting expression
ubstituted in Eq. (8), it yields:

g,I2 = (D2
g,I2Dg,H2Ov)

1/3 ShH2Ov

L
(10)

By assuming that heat and mass transfer analogy may be applied,
he Sh number may be estimated as (natural convection):

hH2Ov = 0.15(Gr Scg)1/3
H2Ov (11)

Hence, the resulting expression for kg,I2 is:

g,I2 = 0.15
L

(D2
g,I2Dg,H2Ov)

1/3
(Gr Scg)1/3

H2Ov (12)

y substituting the Grashof (Gr = |gL3�g,bulk((�g,int − �g,bulk)/�2
g)|)

nd Schmidt (Scg = �g/(�gDg)) definitions into Eq. (12), one obtains
quite simple equation where kg,I2 is observed to depend on the

odine diffusivity in the gas phase and on the steam density differ-
nce between the interface and the gas bulk:

g,I2 = 0.15D2/3
g,I2

(
g 	�

�

)1/3

H2Ov
(13)

he iodine gas diffusivity in Eq. (13) is estimated by (Reid et al.,
988):

g,i = 8.4 × 10−24 × T3/2
g

PgM1/2
i−g �2

i−g˝D

(14)

Experimental data needed for the collision integral, ˝D, and the
haracteristic length (�) are reported in (Reid et al., 1988).

Concerning k�, the surface renewal theory suggests that the
as–liquid friction at the interface may contribute significantly to
he mass transfer enhancement (Cohen et al., 1978; Emerson, 1975;
anwisher, 1963). Cohen (1983) derived a correlation of k� as a func-

ion of the water Schmidt number and the individual contributions
o the total rate of energy dissipation near the surface:

�,I2 = a Sc1/2
�,I2[�(εd + εw + εs)]1/4 (15)

As εd and εw depend on the friction velocity (U*), and this in
urn can be estimated as a function of the gas velocity over the
ater surface (U* = 34.3 U) (Wu, 1980), an easier-to-use correlation
as proposed:

�,I2 = Sc−1/2
�,I2 ·

[
1.48 × 10−4 + 4.8 × 10−4

(
U

0.029

)1.015
]

(16)

q. (16) assumes that the liquid phase is well mixed. Nonetheless, it
ould be still valid for no well-mixed water bodies if the first term

n the squared brackets (1.48 × 10−4) is substituted for 2.9 × 10−5.
his correlation was validated against experimental data covering
wide range of fluids.

. Model validation

Even though several recent projects in the arena of severe acci-
ent have dealt with mass transfer – i.e., SISYPHE (Verloo et al.,

998), EPICUR (IRSN et al., 2004) and PHEBUS-FP (Schwarz and
eyen, 2003) – SISYPHE is the only one which specifically investi-
ates the matter. Their results (Cantrel and March, 2006) have been
ade available through the EU SARNET project and they have been

he subject addressed by the so-called mass transfer interpretation
Fig. 5. SISYPHE facility and main instrumentation (Cantrel, 2005a).

circle (MAT). This paper, particularly the next sections, summarizes
to a good extent the major achievements accomplished under such
a framework.

4.1. Experimental data

The SISYPHE facility resembles the well-know PHEBUS-FP con-
tainment vessel (Shepherd et al., 1995). It consists of a 10 m3

stainless steel vessel containing three cylindrical condensing sur-
faces kept at temperatures under saturation. The vessel walls are
neutralized (i.e., heated-up above saturation temperature) to avoid
on-walls condensation. This arrangement allows getting a repre-
sentative surface-to-volume ratio. A sump is located at the bottom
of the vessel (as shown in Fig. 5). Evaporation rate was controlled
through condensers temperature.

In order to avoid potential chemical interactions with the vessel
walls, iodine was substituted for oxygen and acetaldehyde (C2H4O).
Most of the tests were performed with oxygen. The gas was initially
injected into the vessel atmosphere and its absorption in the sump
was recorded along time throughout the experiments by measur-
ing the aqueous concentration. Table 2 collects the major features
of those experiments used for validation, all of them under evap-
orative conditions. Experiments with C2H4O were carried out but
the associated uncertainties in the corresponding measurements
made them unsuitable for validation purposes (Cantrel and March,
2006).

In addition to the aqueous concentration, other variables were
monitored throughout the tests. The vessel thermal state was char-
acterized by several thermocouples placed in the gas and liquid
Test V� (m3) Aint (m2) Tgas (◦C) T� (◦C) Tcond (◦C) ṁev (kg/s)

EV2 0.125 0.268 100.6 90.5 50.5 0.51 × 10−3

EV3 0.125 0.268 108.0 118.5 96.0 1.07 × 10−3

EV4 0.900 2.46 99.5 90.3 56.5 2.10 × 10−3

EV5 0.720 2.46 98.3 89.8 55.7 2.00 × 10−3
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Table 3
Estimated mass transfer coefficients (in m/s) of SISYPHE experiments.

Test k� kg

EV2 5.0 × 10−5 4.2 × 10−3
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Table 4
Steady state values of oxygen aqueous concentration (in 10−3 kg/m3).

Test Data ASTEC CIEMAT

C� C� Error (%) C� Error (%)

EV2 2.46 2.75 11.9 2.24 9.1

V3 6.8 × 10−5 2.3 × 10−3

V4 5.0 × 10−5 4.4 × 10−3

V5 5.0 × 10−5 4.5 × 10−3

heated loop. A rather detailed description of the facility and the
est protocol may be found in (Cantrel, 2005a).

.2. Simulation approach

The IODE module of ASTEC code (Cantrel, 2005b) includes a
odel for iodine mass transfer (Cantrel and March, 2006) which
ill be briefly described in Section 4.4. The ASTEC v1.2 code has

een properly modified to get the new transfer model presented
bove (hereafter named CIEMAT model) implemented into the IODE
odule and to take into account those properties of oxygen that dif-

er from iodine’s ones. In particular, the oxygen partition coefficient
t 90 and 120 ◦C has also been implemented (0.0216 and 0.0234,
espectively) (Cantrel and March, 2006). As evaporation rate was
xperimentally recorded, it was used to estimate the value of the
herwood number in Eq. (10) through the expression (Herranz et
l., 2007):

hH2Ov = L

AintDg,H2Ov

R Tg

PgMH2Ov
ln

(
Pbulk

nc

Pint
nc

)
ṁev (17)

The resulting mass transfer coefficients (Table 3) were given in
he ASTEC-IODE input deck. It is worth noting that the experimen-
al gas velocity was not measured. Nonetheless, as under thermal
teady state condensation and evaporation rates matched each
ther during the tests (Cantrel, 2005a), if steam condensation is
ssumed to be the main driving force of gas motion, one obtains
hat gas velocity should have been encompassed within the 10−2

o 10−1 m/s range. Then, in order to estimate k�,O2, two different
alues of gas velocity, U, have been used: 10−2 and 5 × 10−2 m/s.

.3. Comparison to data

The predictions of the CIEMAT model are presented in Fig. 6
long with data and ASTEC-IODE model estimates for the four tests
onsidered (Cantrel, 2005a).

The oxygen evolution in the aqueous phase, both experimentally
nd theoretically, may be described by two stages: a first transient
eriod in which concentration grows from a zero initial value, and
hen a slow-down of concentration rise until it eventually reaches
steady state. Generally speaking, both models follow the experi-
ental trends.
Concerning the concentration growing period, it may be

bserved that CIEMAT model seems to accurately capture the tran-
ient behavior of the EV4 and EV5 tests when using the U upper
alue, whereas the best fitting to the EV3 results from the U lower
alue. This is consistent with the fact that in EV3 the pool surface
as below the level of the hemispherical lower plenum of the ves-

el. Presumably, this would have partially hindered the gas–liquid
angential interaction with respect to the one in EV4 and EV5 (at
hich pool surface contacted the main body of the gas atmosphere).

he EV2 also supports this explanation. Even though not so directly
pplicable because of deviations in the long-run, the EV2 transient

ehavior also indicates that gas velocity should have been less than
× 10−2 m/s during that experiment.

Therefore, the estimate of U range from steam condensation rate
eems to be consistent (gas velocities being around 10−2 m/s) and,
n addition, it should be expected that EV4 and EV5 gas velocities
EV3 2.31 2.39 3.5 2.21 4.3
EV4 4.66 4.47 4.1 3.84 17.6
EV5 4.79 4.19 12.5 3.63 24.2

had been a bit higher than EV2 and EV3 ones. No specific value, how-
ever, can be attributed since the curve slope during the transient is
also dependent on steady values of concentration.

Fig. 6 shows that CIEMAT model always underestimates the con-
centration asymptotic value measured (experimental error being
around 10%). A quantitative analysis of those deviations (Table 4)
indicates that they range from around 5 to 25%. These errors are
considered more than acceptable for the mechanistic approach pro-
posed, since it relies on assumptions such as the heat-mass transfer
analogy which accuracy is roughly characterized by that same inter-
val (Herranz and Campo, 2002).

Therefore, the CIEMAT model performance can be considered
highly satisfactory. On one side, it reaches the highest feasible accu-
racy given its grounds and hypotheses. On the other, the model
uncertainty is negligible when compared to the overall uncertainty
affecting in-containment gaseous iodine inventory during postu-
lated severe accidents—some of the most contributing processes
being organic iodine chemistry or iodine interactions with surfaces
(Clément et al., 2007).

4.4. Comparison to the ASTEC model

The ASTEC model assumes that evaporation affects iodine flow
rate both at the gas and at the aqueous phase. So, the base equations
are (Cantrel and March, 2006):

ϕg = Aintkg(Cg − C int
g ) + ˛

ṁev

�sat(Pg)
C int

g (18)

ϕ� = Aintk�(C int
� − C�) + ˇ

ṁev

��
C int

� (19)

where ˛ and ˇ are parameters estimated by fitting the SISYPHE
experimental data (0.19 and 6.6, respectively). This different basis
yields a final flow rate expression well other than Eq. (6):

ϕ = Aint

(
kgk�

kg + Hk� + ˛(ṁev/(Aint�sat(Pg))) − ˇ(ṁev/(Aint��))H

)

×
[(

1 − ˇ
ṁev

Aint��k�

)
HCg −

(
1 + ˛

ṁev

Aint�sat(Pg)kg

)
C�

]
(20)

And at equilibrium (ϕ = 0), the concentration ratio is also differ-
ent from Eq. (7):

C�

Cg
= H

(
1 − ˇ(ṁev/(Aint��k�))

1 + ˛(ṁev/(Aint�sat(Pg)kg))

)
(21)

Likewise, mass transfer coefficients are estimated through other
equations than those proposed in the CIEMAT model: kg uses a
mass transfer correlation obtained for vertical plates with very low
solute concentration and low transfer velocity for turbulent flow;
and k� is based on the surface renewal theory but introducing an

enhancement factor accounting for evaporative conditions.

As observed in Fig. 6 and Table 3, the CIEMAT model behaves
rather similarly to the ASTEC one, slightly worse though. As both
models are based on the two-film diffusion model, their consistency
with experimental trends underlines suitability of this approach.
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Fig. 6. Aqueous oxygen concen

he better performance of the IRSN model stems from its semi-
mpirical nature. The model includes two parameters (˛ and ˇ)
esulting from fitting predictions to the SISYPHE data (Cantrel,
005a). They modulate the effect of evaporation on the gaseous
ass flow rate (˛ = 0.19) and on the liquid mass flow rate (ˇ = 6.6).

n addition, its predictions, although generally more accurate than
he CIEMAT ones, are not always conservative and stand over data
n some occasions (i.e., EV2 and EV3).

. Conclusions and further work

Once the potential impact of evaporative conditions on gaseous
odine inventory has been illustrated, the major features of an
odine mass transfer model from aqueous-to-gaseous phases have
een presented. Even though hypotheses and assumptions are
eeded, the model fundamentals are based on well-credited the-
retical developments: the two-film model to estimate iodine
iffusion, the heat-mass transfer analogy to derive gas mass transfer
oefficients and the surface renewal theory to approximate liquid
ass transfer coefficients.
The model has been compared to a set of data from the SISYPHE

rogram in which boundary conditions were representative of post-
ccident conditions in containment. The model behaved rather
ccurately yielding errors between 5 and 25% in the long-term
queous concentration of oxygen (iodine substitute) and slopes
ith a noticeable qualitative consistency with data. Such accuracy
s considered very satisfactory for a model which does not rely
n any empirical parameter. As compared to the model used in
he ASTEC code at present, the so called CIEMAT model presents
hree major advantages: it is not fitted to any specific data set;
lthough precise, estimates are always conservative; and, no less
n in the SISYPHE experiments.

important, its bases, as well as hypotheses, are thoroughly docu-
mented.

The model bases seem suitable for application to more complex
system modeling for real iodine behavior (i.e., wall effects, organic
compounds, gas-phase reaction, etc.). Nonetheless, the model is far
from having been submitted to an extensive validation. Available
data are scarce, but as soon as further representative data become
available model validation should be continued, preferably against
data from large scale experiments involving iodine.
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