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MODELLING OF LOCAL STEAM CONDENSATION ON WALLS LN PRESENCE
OF NONCONDENSABLE GASES .

.APPLICATION TO A LOCA CALCULATION IN REACTOR CONTAINMENT
USING THE MULTIDIMENSIONAL GEYSER CODE

L.V. BENET , C. CAROLI, P. CORNET , N. COULON , IP . MAGNAUD

Commissariat a PEnergie Atomique , DRN/DMT/SEMT , 91191 Gif sur Yvette cedex
FRANCE

ABSTRACT

The frame of this paper is the study of severe accidents of pressurized water reactors (PWR).
The need for containment modelling, and in particular for hydrogen risk study, was reinforced
in France after 1990, with the requirement of taking into account severe accidents in design of
future plants.

This new need of assessing the transient local hydrogen concentration incited us to develop the
multidimensional code GEYSER for containment analysis. This code, developped by the
Department of Mechanics and Technology of the French Atomic Energy Commission, is
presented here with a detailed example of calculation.

We describe the mixture, whose constituents are noncondensable gases (air or air and
hydrogen) and water vapor and liquid, by a compressible homogeneous diphasic model. The
wall condensation is based on the Chilton -Colburn formulation and heat and mass transfer
analogy.

We present a transient two-dimensional axisymmetric calculation of a simplified accidental
sequence during one hour. The calculation in the large volume of a reactor containment
consists of an injection of vapor, first important then moderate, followed by an injection of
hydrogen.

1. INTRODUCTION

The progressive interest for taking into account the hydrogen risk has led, in the years 1980-
1990, to work in two directions. On the one hand multi-compartment codes were developed,
based on a lumped parameter approach. On the other hand general multidimensional codes
were used for solving mass, energy and momentum equations using a spatial discretization.

The first approach was sufficient because of the main characteristics of concrete containment
(high thermal inertia and low thermal leakages) and because thermal exchanges are very
efficient in case of steam condensation. Lumped parameter codes like CONTAIN, RALOC or
JERICHO [1] give a realistic representation of the pressure evolution but underestimate the
stratification and are sensitive to the subcompartment nodalisation.

Multidimensional codes like GOTHIC or GASFLOW [1] yield a good representation of
stratification in large volume but few developments exist for mixed gas-liquid behaviour and



require very large computation times. In particular they are able to forecast the local hydrogen
concentration so as to study with a more realistic way the deflagration and detonation risks.

If safety authorities are likely to use for a long time lumped parameter codes for global analysis
of accidental scenari, it will become more and more necessary to associate to them refined
studies performed with mechanistic codes, allowing to justify the assumptions taken in the
lumped parameter codes. That is why CEA/DMT has proposed a working program consisting
in developing a representative containment code named GEYSER and performing experiment
in a specifically instrumented containment mock-up named MISTRA [2] for support and
validation of the modelling.

The aim of our work is to contribute to overcome the hydrogen risk which is released by the
core melt during a reactor accident. From a hydraulic point of view, a typical accident can be
characterised by an important vapor injection, followed by hydrogen release in the
containment. Such accidental sequences may last several hours or even days.

Our aim is to develop a coupled multidimensional-lumped parameter code in order to analyse
whole scenarios. GEYSER will be a globally homogeneous modelling tool based on existing
models.

The first part of this paper recalls the main features of the code. The second part presents the
modelling. The last part of this paper gives the numerical simulation of an accidental sequence
during 1 hour.

2. MAIN FEATURES OF THE CODE

We started from the existing multidimensional codes TRIO-EF [3][4] and CASTEM 2000 [5]
from CEA/DMT. They are general programs devoted respectively to the thermal hydraulic
analysis and mechanical analysis. We developped multi-D and 0-D operators and algorithms to
solve the coupled equations describing the mixture behavior. We use the object-oriented
language named GIBIANE to manage the data (objects) and the operators, which provides a
great flexibility in building up various numerical algorithms.

GEYSER is a set of independently executable procedures built upon the "tool box"
TRIO/CASTEM.

The numerical method is based on the approximate solution of mass, compressible Navier-
Stokes and energy equations. The turbulence is modelled by a constant eddy viscosity but it
could be computed (in the future) with a K-e model, actually available in TRIO. We use a
mixed finite-volume / finite element discretization. The finite element method (Galerkin
weighted residual method) with linear elements is used for the spatial discretization of
momentum equations. For all other conservative equations a finite volume integration is used.
The time discretization is obtained by a first order scheme associated with an upwinding of the
convective terms (MUSCL).



3. MODELLING

We use a homogeneous two phase flow model. The different species : air, vapor, liquid
droplets, hydrogen have the same velocity and temperature. The gas mixture is considered as
perfect, viscous, compressible gas. The physical properties of the gaseous mixture (viscosity,
diffusivity, heat capacity,...) depend on the mixture composition but not on the temperature.

We solve 5 conservation equations (global mass, global mass of water, momentum, specific
energy, hydrogen mass) coupled with the state law. The mass of water includes both the
vapour and the liquid droplets in suspension.
The equilibrium is assumed instantaneous. A mass condensation occurs if the thermodynamical
equilibrium leads to a partial pressure of vapor greater than the pressure of saturation at the
local temperature.
The equality between these two pressures determine the quality of liquid mass. Thus, we
assume that the liquid droplets remain in suspension in the mixture. We suppose that the liquid
remains in suspension because the droplets are micrometric and at low concentrations.

The wall mass transfer by condensation is based on the Chilton-Colburn approach and the
analogy between heat and mass transfer. Actually, the water condensing at the wall and its
energy disappear from the calculation. The mass could stream down to the bottom of the
containment in the future. A fraction of its energy could also be transfered into the concrete.

The heat transfer by convection at the wall is modelled by a heat exchange coefficient and a
given wall temperature depending on time. Actually the coefficient is given by a global
correlation. In the future we could use wall functions.

4. CALCULATIONS

We perform the computation of an accidental simplified sequence during one hour, belonging
to the 'small breach' category. The computation, in the main volume of the containment, is 2D
axisymmetric. The sequence is divided into three steps :

- 1st step : massive vapor injection (556 kg/s) during 1 minute,
- 2nd step : moderate vapor injection (18 kg/s) during 1 hour,
- 3rd step : hydrogen release (0.15 kg/s) from 10 minutes to 1 hour. We stop the second

step at 10 minutes and we replace the.vapor injection by a hydrogen release.
Two computations were carried out with different wall temperatures (a constant one and a
constant wall heating speed) for the second step.

The mesh consisting of 304 quadrilateral elements represents the half of a PWR dome. The
dimensions are 36 meters height and 22 meters for the radius. The vapor or the hydrogen are
injected from the reactor pool along the symetry axis through a surface of 83 m2.

There are no exchanges on the bottom, except for the injection.

The initial conditions are : *

t = 0 s
total pressure

0.1 MPa
relative humidity

Pv/Psat = 0.9
mixture temper.

40 °C
wall temper.

37 °C



The different steps of the computation are summarised in the following table :

-

1st step
t = 0 to 60 s

2 nd step
t = 1 to 60 mn

3 rd step
t=10 to 60 mn

vapor inj. rate

556 kg/s

18kg/s

Okg/s

H : inj. rate

Okg/s

Okg/s

0.15 kg/s

pressure inj.
total pressure
of the mixture
total pressure
of the mixture
total pressure
of the mixture

temper, inj.

Tsa((P)

T«(P)

627 °C

wall temper.

37 °C
T w =37 + 2 t
T(°C), t(mn)
T w =37 + 2 t
T(°C), t(mn)

We made two calculations of the second step : the first one with a wall temperature increasing
of 2°C/mn, the second one with a constant wall temperature of 37 °C. We comment essentially
the first one.

The heat exchange coefficient is obtained by a semi-empirical correlation on the Nusselt
number [4] :

Nu = 3.656 + 0.021 Pr°'6 Re08

The mass condensation rate is given by :

a is the vapor diffusion coefficient
D is the containment diameter
pv is the density of the vapor

pve(Tw) is the saturated vapor density at the wall temperature
Sh is the Sherwood number and by analogy with the Nusselt number can be written [7]

Sh = 3.656+ 0.021 Sc Re0.6 r, 0.8

p V D
Re = is the Reynolds number

Sc = is the Schmidt number
pD

5. RESULTS

The evolutions with time are the same as those obtained by lumped parameter codes (see
figures La to l.f). However some phenomena like the condensation rate on the wall at time
t = 600 s can only be explained by multidimensional analysis (see figure l.f).

The vapor injection rate and the wall temperature determine the whole thermal-hydraulics.
Indeed the wall temperature drives extracted mass and heat fluxes.

The pressure that is uniform in space is the main parameter which pilots both the condensation
and the temperature of the system.



The pressure work during the first minute of the transient sequence contributes for the major
part of the gas mean heating. It is the reason why the mass condensation front that appears at
the begining of the injection vanishes quickly. At time t = 60 s the relative humidity is 0.9 and
the mean temperature is 70 °C higher than the one obtained without compression with mixing
alone. We can observe the same effect during the pressure decrease phase (60 < t < 600 s).
This decrease of pressure creates a rapid cooling which induces mass condensation. We can
see these effects in figure l.c that compares the real temperature evolution with the isentropic
equivalent temperature evolution for air or vapor alone.

We can see the great effect of the wall temperature by comparison between two calculations.
As the wall temperature increases at the rate of 2 °C/mn the pressure increases too. Another
simulation carried out during one hour with constant wall temperature (37 °C) and the same
vapor injection shows a regular decrease of pressure. This points out the importance of both
the share of heat transferred to the wall and the wall heating. We will focus on these effects in
the future.

We can also notice that the presence of mist increases the thermal inertia of the system and in
particular reduces the global heating velocity during the second step (see figures l.a and l.e).

Let us describe the global evolution during the vapor injection transient. Mass (fig l.d) and
pressure (fig l.b) first increase rapidly (first step), like the mean temperature (fig l.a) and the
wall condensation rate (fig l.f).

The first step (vapor injection rate of 556 kg/s) ends at time t = 60 s :

end 1st

step
t = 60s

vapor mass

32 tons

air mass

55 tons

total
pressure
0.26 MPa

relative
humidity
0.9

mean
temperature
139 °C

condensation
rate (walls)
43 kg/s

For the second step the injection rate is reduced to 18 kg/s. Pressure and temperature
evolutions are reversed because the mass removal becomes greater than the injection. The
gaseous mixture loses vapor and gets cold whereas the wall gets warm. Therefore, the wall
condensation rate decreases and mist appears (see figures l.e and also l.d).
At time 600 s approximately, a new inversion of the pressure evolution takes place slowly. The
pressure and temperature go up rapidly again after the mist disappears (at t = 2000 s).

The spatial distribution of our parameters will now allow us better knowledge of the physical
phenomena. Only the pressure is uniform in the containment (difference between top and
bottom<l%).

The steady states for a given injection rate show common features (see figures 2.d or 2.f):
- a plume of gas rich in vapor quickly raises above the injection area along the symetry axis,
- boundary layers go down along the roof and the vertical wall,
- a large tone dead area between the former two , where the velocities are very small.

In any case we observe a more or less stiff"mass stratification in this dead area, and one or
more cells of cold gas too (see figures 2.a to 2.c and 4.e).

For both vapor injection rates there is free convection. During the first step we have mixed
convection. The plume velocity is always about 10 m/s, whereas the velocity of vapor injection



decreases from 10 to 5 m/s (because the density of injected vapor increases). The second step
is pure free convection.

The variations of the density that make these flows are created essentially by the different
proportions of vapor in the gas mixture. At time t = 60 s the massic fraction of vapor on the
axis is 0.9, while it is 0.05 in the poorest in vapor area. At this time the stratification is the
stiffest, with a pocket which is very rich in vapor (the mass fraction of vapor is 75 %) in the
highest area, and very little vapor at the bottom (fig 2.a). The stiffness of the stratification
decreases then with time.

Temperature and mass are here uncoupled (fig 2.c and 3.a or 3.d and 3.f), as opposed to
incompressible flows. For example we don't observe any thermal stratification, except at the
beginning (t = 30 s).

The second step (vapor injection of 18 kg/s) shows three phases :

- First, from 1 to 10 minutes, a new free convection regime takes place, consecutive to a
dramatically reduced injection. We can notice that in this phase both pressure and temperature
are decreasing. The flow regime seems rather unstable (see figure 2.e).
The new rising plume with less vapor and which is therefore heavier can't penetrate the pocket
of light mixture located in the upper part of the containment.
This light mixture becomes little by little heavier under the combined effect of wall and mass
condensation. The mass condensation appears first along the colder walls. The plume rises up
to the top of the containment after 10 minutes (fig 2.f) when the mass fraction of vapor is
reduced to 40 %.
At time t = 600 s a wide cell of superheated vapor remains in the intermediate dead area (see
figure 3.c). The vapor stratification is weakened because of the vapor loss. The total pressure
is 0.21 MPa and the mean temperature 99 °C.

- The second phase, from 10 to 33 minutes, corresponds to a steady state free convection
regime, with a fully developed plume and a suspension of droplets. This presence of mist
characterises this phase (see figure l.e).
The injected vapor is warmer than the bulk and therefore it is condensing when entering the
containment. The mass of liquid in suspension reaches its maximum at time t = 1200 s and fills
the whole space (that means that all the mixture is saturated).
The mist when evaporating slows down pressure and temperature rising.
The rate of wall condensation continues to decrease, but less rapidly than during the first
phase, because the higher part of the containment is once again supplied with vapor. At time t
= 1900 s the mass fraction of vapor is rising up to 43 %.
At the end of this second phase, there aren't any droplets in the mixture. Besides, there is no
more condensation on the wall because the wall temperature approaches the bulk temperature.

- The third phase, from 33 to 60 minutes, corresponds to the dry inflating of the containment.
There is no condensation any more and the pressure linearly increases following the injection.
The temperature rapidly increases too.
The mass stratification decreases, whereas 4he mixture becomes richer in vapor. The vapor is

overall superheated, with still a warm cell in the dead area.
Our calculation ends at time t = 1 hour and the parameters are (figures 3.d to 3.f):



end of
2 nd step

t = 1 hour

vapor mass

66 tons

air mass

55 tons

total
pressure
0.4 MPa

relative
humidity

0.93

mean
temperature

155 °C

condensation
rate (walls)

Olcg/s

The third step (hydrogen injection of 0.15 kg/s) begins after 10 minutes of vapor injection.

The mean quantities are shown in figures l.a, l.b and l.e and their spatial distribution in
figures 4.a to 4.e. The global features are the same as those previously described.

We can notice, at least for this simulation, the following behavior :
- the hygrogen dilutes quickly with the mixture,
- the hydrogen stratifies and the stiffness of this stratification increases with time.
Secondary effects induced by the stopping of the vapor injection are :
- the mass condensation lasts longer and is more important. The reason is the lack for the
pressure work and the corresponding heating.

The aim of these multidimensional results is to determine the location of the mixture
composition in the SHAPIRO diagramm. Three points of the mixture are located in figure 4.f,
one in the stratification, another in the plume, the last one close to the injection. We recall that
this computation is only for illustration, in particular the injection of pure hydrogen may be
unrealistic.

6. CONCLUSION

We dispose yet of the first version of the numerical tool GEYSER, devoted to the evaluation
of the hydrogen risk in case of severe accident. This code combines lumped and
multidimensional parameters and it can predict the inflamability limit for a given criterion. The
multi-D features can also contribute to a better understanding of the physics.

In particular we can point out main aspects of the flow structure (plume, boundary layers,
stratification in the intermediate region). We can also notice the importance of the heat and
mass exchanges at the wall, as well as of the pressure work.

A set of basical validations will be performed in the next future. Several mock-up at the CEA,
like MISTRA [2] and COPAIN [8], are also planed to assess the models.

The first improvements to realize concern the thermal coupling with the containment concrete.
It seems also necessary for GEYSER to treat the combustion.

7
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