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Hydrogen may be released into the containment atmosphere of a nuclear power plant during a severe
accident. Locally, high hydrogen concentrations may be reached that can possibly cause fast deflagration
or even detonation and put the integrity of the containment at risk. The distribution and mixing of
hydrogen is, therefore, an important safety issue for nuclear power plants.

Computational fluid dynamics (CFD) codes can be applied to predict the hydrogen distribution in the

L containment within the course of a hypothetical severe accident and get an estimate of the local hydrogen
Hydrogen stratification L . . . . . R
Severe accident concen_tratlon in the various zones of the containment. In this way the risk associated with the hydrogen
CFD safety issue can be determined, and safety related measurements and procedures could be assessed. In
order to further validate the CFD containment model of NRG in the context of hydrogen distribution
in the containment of a nuclear power plant, the HM-2 test performed in the German THAI (thermal-
hydraulics, hydrogen, aerosols and iodine) facility is selected. In the first phase of the HM-2 test a stratified
hydrogen-rich light gas layer was established in the upper part of the THAI containment. In the second
phase steam was injected at a lower position. This induced a rising plume that gradually dissolved the
stratified hydrogen-rich layer from below. Phenomena that are expected in severe accidents, like natural
convection, turbulent mixing, condensation, heat transfer and distribution in different compartments,
are simulated in this hypothetical severe accident scenario.

The hydrogen distribution and associated physical phenomena monitored during the HM-2 test are
predicted well by the CFD containment model. Sensitivity analyses demonstrated that a mesh resolution
of 45 mm in the bulk and 15 mm near the walls is sufficiently small to adequately model the hydrogen
distribution and dissolution processes in the THAI HM-2 test. These analyses also showed that wall
functions could be applied. Sensitivity analyses on the effect of the turbulence model and turbulence
settings revealed that it is important to take the effect of buoyancy on the turbulent kinetic energy into
account. When this effect of buoyancy is included, the results of the standard k-& turbulence model and
SST k-w turbulence model are similar and agree well with experiment. The outcome of these sensitivity
analyses can be used as input for setting up the guidelines on the application of CFD for containment
issues.
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1. Introduction

During a severe accident in water-cooled reactors, large quan-
tities of hydrogen and steam can be released into the containment.
The hydrogen, generated as a result of core degradation and oxida-
tion, can form a combustible gas mixture with the oxygen present
in the containment atmosphere. Unintended ignition of this mix-
ture can initiate a combustion process, which may damage relevant
safety systems and challenge the integrity of the containment. In
the worst-case, the safety function of the containment can get lost.
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The potential danger of hydrogen was first realized after the
Three Mile Island accident in 1979, where a large quantity of hydro-
gen was released into the containment and started burning. Since
then, many efforts have been taken to mitigate and/or reduce the
potential risk of hydrogen. For instance, by installation of hydrogen
recombiners that convert hydrogen to steam. The recent hydrogen
explosions during the Fukushima Daiichi accident in March 2011
showed, however, that the control and mitigation of the hydrogen
risk is still a key safety issue for nuclear power plants.

In order to assess the potential risk of hydrogen and the effec-
tiveness of the mitigation systems installed in the containment, it
is necessary to predict the hydrogen concentration in the contain-
ment during a severe accident. Two thermal-hydraulic approaches
can be used for this prediction (SOAR, 1999): the lumped parameter
(LP) and the computational fluid dynamics (CFD) approach. The LP
codes are of practical use because they are able to give a quick esti-
mate on the hydrogen distribution during a severe accident. The
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Nomenclature

Gp buoyancy effect source term (kg/m s3)
g gravitational acceleration (m/s?)
k turbulent kinetic energy (m?/s2)
Pr; turbulent Prandtl number (-)

Re Reynolds number (-)

Greek symbols

€ turbulent dissipation rate (m?/s3)
0 density (kg/m?3)

It turbulent viscosity (kg/ms)

w specific dissipation rate (1/s)

high resolution CFD codes provide detailed information on local
phenomena and concentrations. The OECD launched the interna-
tional benchmark exercise ISP47 in order to assess the capabilities
of both approaches for containment analyses (Allelein et al., 2007).
A combined use of LP and CFD was recommended, where LP will
act as the main workhorse and CFD will be used for more detailed
analyses with high (local) resolution.

The 3D special purpose CFD codes GOTHIC, GASFLOW and
TONUS were the first CFD codes designed for containment anal-
yses. GOTHIC is an EPRI-sponsored code that can be used for
either lumped-parameter computations or for more detailed mul-
tidimensional analysis (Andreani and Paladino, 2010). GASFLOW
is a joint development of Forschungszentrum Karlsruhe and Los
Alamos National Laboratory for the simulation of steam/hydrogen
distribution and combustion in complex nuclear reactor con-
tainment geometries (GASFLOW, 2011). TONUS is the French
in-house hydrogen risk analysis code developed by CEA and IRSN
(Kudriakov et al., 2008). Compared to more recent commercial
CFD codes like CFX and FLUENT, these early codes are limited in
their meshing capabilities, turbulence modeling and multiproces-
sor parallel performance. Therefore the interest and use of the
new, general purpose commercial codes for containment analy-
ses increased substantially over the last years (Heitsch et al., 2010;
Prabhudharwadkaretal.,2011). The GOTHIC, GASFLOW and TONUS
codes are, however, still readily employed because of their spe-
cificmodels (e.g. steam condensation and hydrogen mitigation) and
extensive validation.

Although the CFD codes have proven to be a powerful tool,
extensive validation and clear guidelines are necessary before these
codes can be reliably used for real plant analyses. In the present
work, the containment model developed by NRG in the commercial
CFD code FLUENT is further validated using the well instrumented
and well defined THAI HM-2 test. This test simulates the relevant
physical phenomena involved in the context of hydrogen distri-
bution in a large, multi-compartment containment under severe
accident conditions (Kanzleiter and Fischer, 2008).

The international benchmark exercise ISP47 (Allelein et al.,
2007) as well as the HM-2 benchmark exercise within the
OECD-NEA THAI project (Schwarz et al., 2010) showed a strong
user-dependence, which demonstrates the importance of setting
up and applying best practice guidelines (BPGs) specific for con-
tainment applications. To make a start with the development of
such BPGs, sensitivity analyses are performed in the present work
to analyse the effect of mesh resolution, near-wall treatment,
turbulence modeling and turbulence settings on the hydrogen dis-
tribution in a containment.

The work presented here is part of NRG’s program on the long
term development and validation of a reliable and complete CFD
containment model for hydrogen distribution and combustion,

including mitigation systems such as recombiners, sprays, and con-
densers.

2. THAI HM-2 experiment

The THAI facility is operated by Becker Technologies in
Eschborn, Germany. The objective of the HM (hydrogen mixing) test
series within the OECD-NEA THAI project was to study hydrogen
mixing and distribution in a large, multi-compartment contain-
ment. Test HM-1 was performed with inert helium gas and test
HM-2 with hydrogen gas. A detailed description and comparison
of the HM tests is given by Gupta et al. (2010). The configuration of
the THAI facility, instrumentation and test conditions of the HM-2
experiment are specified by Kanzleiter and Fischer (2008).

Fig. 1 shows the THAI vessel with the internal structures as
employed in the HM tests. The THAI vessel is a cylindrical con-
tainment with a height of 9.2 m, a diameter of 3.2m and a total
volume of 60 m3. The HM test setup facilitates the study of hydro-
gen mixing in a multi-compartment facility: the vessel contains an
inner cylinder and four condensate trays that divide the vessel into
a base, a cylinder, an annulus and a dome region. These different
compartments in the THAI vessel are indicated in the schematic
drawing in Fig. 1. The inner cylinder with a height of 4m and a
diameter of 1.4 m is open at both ends. The condensate trays at
an elevation of 4m from the bottom of the vessel block 2/3 of
the cross-sectional area in the annulus. Various instrumentation
devices are installed at different locations in the vessel for measur-
ing the hydrogen concentration, temperature, pressure and flow
velocity.

At the start of the HM-2 test, the vessel atmosphere consists
of 98 vol% nitrogen gas, 1vol% oxygen and 1vol% steam at ambi-
ent conditions (1 bar, 21 °C). The HM-2 test can be divided in two
phases;

e Phase-1: hydrogen/steam injection and formation of a stable
stratified hydrogen-rich gas layer in the upper part of the vessel
(0-43005s).

¢ Phase-2: steam injection, dissolution of the stratified hydrogen-
rich gas layer and mixing of the atmosphere in the vessel
(4300-68605).

In phase-1, amixture of hydrogen (~0.3 g/s)and saturated steam
(~0.24 g/s) is injected in upward direction into the annulus from a
circular pipe of 28.5 mm diameter at an elevation of 4.8 m. The aver-
age injection temperature during this phase is 45 °C. At the end of
phase-1, from 4200 to 43005, there is no injection. In phase-2, sat-
urated steam (~24 g/s) is injected in upward direction below the
centre of the inner cylinder from a nozzle of 138 mm diameter at
an elevation of 1.8 m. The average injection temperature during
phase-2 is 108 °C. Detailed injection rates and injection tempera-
tures during phase-1 and phase-2 of the HM-2 test are shown in
Fig. 2. Physical phenomena like convection, turbulent mixing, con-
densation, heat transfer and distribution of gasses into different
compartmens are simulated in these phases of the HM-2 test. These
phenomena can be very relevant in the course of a severe accident.

3. CFD model
3.1. Introduction

The transient calculations are performed with FLUENT, a com-
mercial general-purpose CFD package supplied by ANSYS Inc.
In all calculations, one half of the THAI vessel is modeled,
assuming symmetry across the vertical plane through the ves-
sel axis. Since isotropic Reynolds averaged Navier-Stokes (RANS)
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Fig. 1. THAIvessel configuration during the HM tests. On the left a three dimensional representation of the THAI vessel with internal structures. On the right a two-dimensional

representation showing the compartments and injection points.
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Fig. 2. Injection rates and injection temperatures during phase-1 (top) and phase-2
(bottom) of the THAI HM-2 test (Kanzleiter and Fischer, 2008).

turbulence models are applied, it is expected that this geomet-
rical simplification have no effect as has been verified by Royl
et al. (2009). The modeled three-dimensional geometry is shown
in Fig. 3.

The solid walls and solid internal structures of the THAI ves-
sel are modeled to take into account the effect of heat conduction
and heat capacity. Geometrical information and thermal properties
of the solids are taken from Fischer (2004). The fluid in the ves-
sel is modeled as a composition and temperature dependent ideal

hydrogeninjection
at4.8m .

condensate
Ltray at4m

_steaminjection
at1.8m

Fig. 3. Three-dimensional geometry applied in the CFD calculations; one symmet-
rical half of the THAI vessel.
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Table 1 Table 2

General features of the CFD model. Initial conditions for the CFD calculations.
Code version FLUENT 6.3 Pressure 1.008 bar
Solver Pressure-based segregated Temperature Linear temperature increase from
Formulation Transient 18.6°C at the bottom to 23.3°C at
Turbulence approach RANS the top of the THAI vessel.
Pressure interpolation scheme Body-force weighted Composition 99 vol% nitrogen (1 vol% oxygen is
Pressure correction scheme PISO neglected) 1vol% steam
Spatial discretization 2nd Order upwind Velocity u, v, w=0m/s (fluid initially at rest)
Temporal discretization 2nd Order implicit Turbulence k, =10 (low turbulence

Geometry 3-Dimensional, half vessel
Walls No slip

Near-wall treatment Enhanced wall treatment
Conduction 3-dimensional

Fluid properties Composition and temperature
dependent ideal gas

User-defined function, NRG
condensation model

Increases from 0.1 s (at the start of
each phase) to 0.2 s (after 20s from the

start of each phase)

Condensation

Time step size

gas mixture of its constituent components (nitrogen, hydrogen
and steam). The temperature dependence of specific heat, thermal
conductivity and viscosity isimplemented by means of a piecewise-
linear approach for each of the individual gas components. The
temperature dependent data for nitrogen, hydrogen and steam are
obtained from Lemmon et al. (2007). Also the diffusion coefficients
of the components depend on gas composition and temperature.
The effect of the 1 vol% oxygen initially present is neglected.

In general, the guidelines given in the FLUENT 6.3 User’s Guide
(2006) and by ERCOFTAC (2000) are followed for setting up the
CFD model. An overview of the general features of the applied CFD
model is given in Table 1. A condensation model was developed
and used by NRG, since there are no models for wall and bulk con-
densation available in FLUENT. These condensation processes are
incorporated in the CFD model by means of user-defined functions
(UDF) referred to as the NRG Condensation Model. The NRG Con-
densation Model, the initial and boundary conditions as well as
the applied meshes and turbulence models are described in the
following subsections.

3.2. NRG condensation model

The implemented NRG Condensation Model takes into account
the following processes:

1. Bulk condensation and evaporation;

2. Wall condensation;

3. Deposition of bulk condensate on walls;
4. Rainout of bulk condensate.

The condensation/evaporation process in the bulk and at the
wall is modeled by the reaction;

H,0 (g) <> Hy0 (1) + heat,

where the reactionrate k; is controlled by the vapor pressure. Evap-
oration of condensate from the walls is not expected and not taken
into account. Furthermore, the water condensate that is deposited
on the walls or rains out from the bulk is not treated in the model.
The effect of this water condensate on for instance the flow, heat
transfer and condensation is thus neglected. The NRG condensation
model is described in more detail by Houkema et al. (2008) and has
been employed successfully in the SARNET Condensation Bench-
mark (Ambrosini et al., 2007) and International Standard Problem
ISP-47 on Containment Thermalhydraulics (Allelein et al., 2007).

assumed)

3.3. Initial and boundary conditions

The initial conditions for the THAI HM-2 test are specified by
Kanzleiter and Fischer (2008) and are adopted as starting point
of phase-1 in the calculations. The applied initial conditions are
listed in Table 2, where it must be noted that the linear temperature
increase is applied for the solid walls as well.

Hydrogen and steam injection is modeled with mass-flow inlet
boundary conditions. The injection rates and injection tempera-
tures during phase-1 and phase-2 of the HM-2 test are specified by
Kanzleiter and Fischer (2008) and are shown in Fig. 2. These time
dependent boundary conditions are prescribed in tabular form in
the FLUENT CFD code. The turbulence quantities at the inlets are
specified in terms of turbulence intensity (I) and hydraulic diameter
(Dn)-

No-slip boundary conditions are imposed on the solid walls
and solid structures, using the enhanced wall treatment (EWT)
approach in FLUENT to model the flow near the walls. The EWT
is a near-wall modeling method that combines a two-layer model
with (enhanced)wall functions. If the near-wall meshis fine enough
(typically y*~ 1), the EWT will automatically resolve the laminar
sublayer. In all other cases, the EWT will automatically make use
of wall-functions. A similar approach is followed for modeling the
near-wall heat and species transport. The vessel’s outer wall is
insulated and assumed adiabatic. All other walls are modeled as
fluid-solid interfaces with conjugate heat-transfer. Heat transfer
by means of radiation is neglected. Condensation takes place on all
the walls that are in contact with the gas mixture inside the vessel.

3.4. Computational mesh

Four different computational meshes are constructed in order to
study the effect of mesh resolution and near-wall treatment (two-
layer model or wall-functions). The four meshes are constructed
in a similar way. Table 3 presents the characteristics of the four
meshes. Fig. 4 shows the “standard” mesh. The solid regions are
filled with hexahedral cells. The fluid regions consist of a hybrid
mesh with tetrahedral and hexahedral cells. The vessel's base
region is mostly filled with unstructured tetrahedral mesh cells.
The annulus, cylinder and dome region consist of structured and
unstructured hexahedral cells. The mesh is refined towards the
walls and solid structures in order to resolve the flow and physical
phenomena near the wall in more detail. The mesh at and above
the inlets is refined in order to resolve the small inflow area and
the injection jet in more detail.

The characteristics of the four meshes are listed in Table 3. In
the y* =1 mesh, the typical cell size is 0.25 mm near the walls and
30 mm x 50 mm in the bulk. In the standard, coarse and fine mesh
the typical cell size is 15 mm near the walls and 30 mm x 50 mm,
45mm x 75mm and 20mm x 30 mm in the bulk, respectively.
Fig. 5 compares the four meshes at a section near the inner cylinder.
Depending on the mesh resolution and the flow properties near
the wall, the EWT approach in FLUENT makes use of wall func-
tions or resolves the viscous boundary layer at the wall. The small
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Table 3

Constructed computational meshes.
Mesh y"=1mesh Standard mesh Coarse mesh Fine mesh
Total number of cells 763.905 543.438 175.069 2562.528
Number of fluid cells 671.225 453.158 139.160 2197.401
Typical cell size in the bulk (radial x vertical direction) 30 mm x 50 mm 30mm x 50 mm 45mm x 75 mm 20mm x 30 mm
Typical cell size at the wall 0.25mm 15mm 15mm 15mm
Typical y* <1 5-20 5-20 5-20

Near-wall treatment

Two-layer model

Wall functions Wall functions Wall functions

Fig. 4. Front view of the standard mesh on the vessel’s symmetry plane (left) and
top view of the standard mesh on the horizontal cross section through the hydrogen
inlet at y=4.8 m (right). The mesh at the hydrogen inlet is shown in more detail for
Sections 1 and 3. The inflow area is filled/colored. The mesh resolution near the wall
of the inner cylinder (Section 2) is shown in more detail for the four different meshes
in Fig. 5.

y+ =1 mesh

standard mesh

2

coarse mesh

Fig. 5. Top view of the four constructed meshes at the wall of the inner cylinder
(Section 2 in Fig. 4).

Table 4
Considered turbulence settings.

Case Turbulence Buoyancy effect included in
model

1 (reference case) SKE k and ( (full buoyancy option)

2 SKE k (by default)

3 SKW None (by default)

4 SKW k (by UDF)

5 SSTKW None (by default)

6 SSTKW k (by UDF)

near-wall cells in the y* =1 mesh make it possible to resolve the
viscous boundary layer near the walls (y* < 1). Wall functions will
be applied in most near-wall regions for the standard, coarse and
fine mesh (y*>1).

3.5. Turbulence model

In general, the standard k-¢ turbulence model (SKE) with full
buoyancy effects and default turbulent constants is utilized for the
CFD analyses in this paper (i.e. the reference case). In order to study
the effect of the turbulence model and the buoyancy effects, the cal-
culation for phase-2 of the HM-2 test is repeated using the standard
k-w (SKW) and the SST k-w turbulence model (SSTKW) with and
without taking into account the effect of buoyancy on turbulence.
An overview of the considered cases is given in Table 4. This sensi-
tivity study on turbulence settings is performed on the coarse mesh.
It will be demonstrated in the next chapter that the resolution of
the coarse mesh suffices to capture the relevant flow phenomena
in the HM-2 test.

The k-¢ models as well as the k-w models belong to the class
of two-equation RANS turbulence models. In the k-¢ models tur-
bulence is modeled with the transport equation for the turbulent
kinetic energy (k) and its dissipation rate (¢). In the k-« models tur-
bulence is modeled with the transport equation for the turbulent
kinetic energy (k) and the specific dissipation rate (w). The standard
k- model in FLUENT is based on the Wilcox k-w model. The SST
k-w model is developed by Menter (1994) and combines the best of
the k-¢ and k-w formulations, blending the robust and accurate k-
formulation in the near-wall region with the reliable k-¢ formula-
tion in the bulk region. A detailed description of the k-¢ and k-w
turbulence models is given in the FLUENT 6.3 User’s Guide (2006).

In a non-zero gravity field, buoyancy forces can suppress or pro-
mote turbulence in the presence of density gradients. Buoyancy
tends to suppress turbulence at a stable stratification and buoyancy
promotes turbulence at an unstable stratification. The production
(or dissipation) of turbulence by buoyancy can be incorporated in
the k-¢ and k-w turbulence models by adding the source term G, to
the transport equation for k. The source term Gy, is defined as

_g, M 0P
Y oPr; dy’

Gy =

where y is the vertical direction, gy the gravitational acceleration
in the y-direction, u; the turbulent viscosity, p the density and Pr;
the turbulent Prandtl number. In FLUENT, G, is only included by
defaultin the k-equation of all the k-¢ models. It is however possible
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to incorporate Gy, in the k-equation of the k-w models as well by
means of a ‘so called’ user-defined function (UDF).

Since the effect of buoyancy on the turbulent dissipation rate &
is not well understood, by default this effect is not included in the
transport equation for € in FLUENT (FLUENT, 2006). A certain effect
of buoyancy on ¢ can be included in the k-¢ models of FLUENT by
activating the “full buoyancy” option. The effect of buoyancy on &
can be observed by comparison of cases 1 and 2 in Table 4. The effect
of buoyancy is not included in the w-equation of the k-w models in
FLUENT and is therefore not considered here.

4. Results

In this chapter, the results of the CFD analyses are presented
and compared to the HM-2 experiment performed by Becker Tech-
nologies (EXPBT). The results of the sensitivity analyses on mesh
resolution and turbulence models/settings are presented here as
well. This chapter is divided into the following sections:

Section 4.1: comparison of the experimental and CFD results for
phase-1.

Section 4.2: comparison of the experimental and CFD results for
phase-2.

Section 4.3: effect of mesh resolution and near-wall treatment.
Section 4.4: effect of turbulence model and buoyancy effects.

The CFD results presented in Sections 4.1 and 4.2 are obtained
with the standard k-¢ turbulence model (SKE) with full buoyancy
effects on the y* =1 mesh.

4.1. Phase-1 results (0-4300s)

In phase-1 of the HM-2 test, a total amount of 1.24 kg hydro-
gen and 1 kg saturated steam is injected into the THAI vessel from
a vertical pipe in the annulus. Since the THAI vessel is closed,
the hydrogen and steam content will increase, and therewith the
pressure as well. The measured and calculated evolution of the
atmospheric pressure and hydrogen mass in the vessel during
phase-1 is shown in Fig. 6. The CFD calculation shows an accurate
mass balance and a negligible error of less than 0.2% in the amount
of hydrogen in the system. The calculation shows, however, a slight
over-prediction of the vessel pressure (about 0.02 bars at the end
of phase-1).

The injected gas mixture of hydrogen and steam has a relatively
low density and forms a stable stratified hydrogen-rich gas layer in
the upper part of the THAI vessel. Fig. 7 shows the hydrogen distri-
bution at the end of phase-1 on a vertical line through the annulus.
The experiment and calculation show a similar hydrogen distribu-
tion in the THAI vessel. Initially the vessel contains no hydrogen. At
the end of phase-1, a hydrogen-rich gas layer is formed in the upper
half of the vessel, while the hydrogen concentration remains below
1% in the lower half of the vessel. A strong gradient in hydrogen con-
centration is observed at an elevation of 4-5 m. The inset in Fig. 7 is
a contour plot of the predicted hydrogen concentration on the sym-
metry plane at 4300 s. This contour clearly shows that the hydrogen
accumulates and is well mixed in the upper half of the vessel. The
measured and predicted values of the hydrogen concentration in
the hydrogen-rich gas layer differ slightly. In the experiment, con-
centrations up to 37 vol% are found in the upper part of the vessel,
against concentrations up to 35.5vol% in the calculation.

During phase-1, a mixture of hydrogen and saturated steam is
injected at an average temperature of 45°C. The temperature of
the gas and the solid structures in the vessel is lower, which causes
about 50% of the injected steam to condensate in the CFD calcula-
tion. Condensation of steam lowers the pressure in the vessel and
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Fig. 6. Comparison of the measured (EXPBT) and predicted (CFD) atmospheric pres-
sure (top) and amount of hydrogen (bottom) in the vessel during phase-1.

increases the concentration of the other species in the gas mixture.
Therefore, under-prediction of condensation could be a possible
reason for the observed deviation in pressure and hydrogen con-
centration between the CFD calculation and the experiment. This
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Fig. 7. Comparison of the measured (EXPBT) and predicted (CFD) hydrogen concen-
tration at the end of phase-1 on a vertical line running through the annulus from
the bottom to the top of the THAI vessel (see dashed line in inset). The inset shows
a contour plot of the predicted hydrogen concentration on the symmetry plane at
the end of phase-1.
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effect of condensation and its importance in the THAI HM-2 test
is also demonstrated by Royl et al. (2009). Under-prediction of
condensation can have different causes, for instance the imple-
mented condensation model, the imposed initial conditions (gas
composition and temperature distribution) and/or the modeled
heat transfer to the solids. The influence of the heat losses to the
solids for the THAI HM-2 test is also considered by Schwarz et al.
(2010) and Bentaib and Bleyer (2011). This heat transfer effect can
be understood by observing the temperatures of the gas mixture
in the vessel. The predicted gas temperature in the hydrogen-rich
layer in the upper part of the vessel is about 1°C higher than mea-
sured in the experiment, which indicates that heat transfer from the
gas to the solids is slightly under-predicted. At higher temperature,
less steam will condensate from the humid, hydrogen-rich layer.
At the end of phase-1, the predicted steam concentration in the
hydrogen-rich layer is still around 2 vol%. Since limited experimen-
tal data is available on the steam distribution in the vessel, a direct
comparison to the measured steam concentrations cannot be made
and no conclusive explanation can be given for the observed differ-
ences in pressure and hydrogen concentration between calculation
and experiment.

4.2. Phase-2 results (4300-6860s)

In phase-2 of the HM-2 test, saturated steam at relatively high
temperature is injected into the THAI vessel from a nozzle below
the centre of the inner cylinder. The injected steam first clears the
inner cylinder and then starts to dissolve the stable hydrogen-rich
stratification in the vessel dome from below. These two consecutive
processes divide phase-2 into a stagnation and a natural circu-
lation period. The point in time where this “natural circulation
period” starts is referred to as the onset of natural circulation. Dur-
ing phase-2 the amount of steam in the vessel, as predicted by the
CFD calculation, increases from 1 kg at 4300s to 6 kg at 6500s. At
6500 s the amount of steam injected is ~53 kg, which means that
over 90% of the injected steam condensates. Condensation of steam
is, thus, very important during phase-2.

The predicted atmospheric pressure and flow velocity above
the centre of the inner cylinder during phase-2 are compared to
the experimental results in Fig. 8. A vertical dashed line is drawn
in the figures at 4300s and at 48205, which indicate the start of
phase-2 and the onset of natural circulation as determined from
experiment, respectively. The period from 4300s to 4820s is the
stagnation period. The period after 4820 s is the natural circulation
period.

Fig. 8 shows that the measured and predicted evolution of pres-
sure follow the same trend. The over-prediction in pressure at
the end of phase-1 remains more or less constant during phase-
2. Fig. 8 also compares the vertical flow velocity above the centre
of the inner cylinder during phase-2. The measured and predicted
flow velocity agree well on average, and fluctuations have about
the same amplitude. The start of the natural circulation period is
evident by the sudden significant increase in flow velocity around
4800s. When the onset of natural circulation is determined as the
time when the flow velocity above the inner cylinder stays above
0.15m/s, the onset found from experiment and CFD is 4820s and
47205, respectively. The earlier onset of natural circulation in the
CFD calculation are expected to be the result of the slightly differ-
ent starting conditions for phase-2 compared to the experiment. A
second increase in flow velocity is observed around 6000s when
the hydrogen-rich gas layer is almost completely dissolved. The
velocity drops to zero when the injection of steam is stopped.

Fig. 9 compares the hydrogen concentration during phase-2 at
four different locations in the vessel. Each location is in a differ-
ent compartment of the vessel (base, annulus, cylinder and dome)
as shown in the insets in Fig. 9. Fig. 10 shows snapshots of the
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Fig. 8. Atmospheric pressure (top) and vertical flow velocity above the centre of
the inner cylinder (bottom) during phase-2. The experiment ends at 6860s, the
calculation runs up to 6500s.

predicted hydrogen distribution and flow field on the symmetry
plane at 43005, 4500s and 5000 s. These snapshots are helpful to
illustrate and understand the processes during phase-2. As shown
in Figs. 9 and 10, the hydrogen concentration in the upper part
of the vessel is uniformly high at the start of phase-2, while it is
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Fig.9. Hydrogen concentrationsin the vessel during phase-2 as measured (symbols)
and computed (solid lines) for the THAI HM-2 test.
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Table 5

Effect of mesh resolution.
Mesh y"=1mesh Standard mesh Coarse mesh Fine mesh
Pressure at 43005s/5000s (bar) 1.281/1.461 1.277/1.436 1.278/1.437 1.276/1.449
Max. H, concentration at 4300 (vol%) 35.33 35.61 35.46 35.56
Amount of H, at 43005 (kg) 1.232 1.243 1.242 1.241
Onset of natural circulation (s) 4720 4780 4790 4770

uniformly low in the lower part of the vessel. An interface is present
in-between these two regions where the hydrogen concentration
varies.

In the stagnation period, the upper end of the inner cylinder
is blocked by the light gas cloud in the vessel dome and most of
the injected hot steam remains in the inner cylinder, quickly dis-
placing and diluting the gas mixture in the inner cylinder. This
process can be observed in Fig. 9 by the sharp decrease of hydro-
gen concentration in the cylinder just after the start of phase-2. The
snapshot at 4500 s in Fig. 10 clearly shows that the steam circulates
in the inner cylinder and displaces the hydrogen-rich gas mixture
initially present. It can also be observed from this snapshot that
small portions of the steam-rich gas mixture spill over the upper
edge of the inner cylinder and flow down along the outside of the
cylinder wall. This process mixes the atmosphere in the annulus
in downward direction as shown in Fig. 9 by the gradual decrease
of hydrogen concentration in the annulus. The concentration in the
upper (dome) and bottom (base) part of the vessel stay almost unaf-
fected during the stagnation period. All these trends are predicted
well by the CFD analysis.

Once the atmosphere in the annulus is mixed down to the
lower edge of the inner cylinder, the steam-rich atmosphere in the
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annulus and the inner cylinder connect, forming a closed loop. This
is the start of the natural circulation period where a circulating flow
sets in that, driven by the steam injection, moves up through the
inner cylinder and down through the annulus as illustrated by the
snapshot at 50005 in Fig. 10. The atmosphere in the inner cylinder
and annulus is quickly mixed after the onset of this convection loop,
averaging out the hydrogen concentrations in these regions. This
process can be clearly observed in Fig. 9 by the sharp rise of hydro-
gen concentration in the cylinder around 4820 s for the experiment
and 4720 for the CFD analysis. The convection loop through and
out of the inner cylinder starts to dissolve the stratified hydrogen-
rich gas layer from below and homogenize the atmosphere in the
vessel. This is observed in Fig. 9 by the drop of hydrogen concen-
tration in the dome of the vessel around 5200 s. Again, these trends
are predicted well with CFD.

4.3. The effect of mesh resolution and near-wall treatment
In this section, the effect of mesh resolution on the dissolution
process during phase-2 is studied using the four meshes described

in Section 3.4. This mesh sensitivity study is performed with the
standard k-¢ turbulence model with EWT and full buoyancy. In all
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Fig. 10. Snapshots of the predicted hydrogen distribution and flow field on the symmetry plane of the THAI vessel at the start of phase-2 (43005s), in the stagnation period

(45005) and in the natural circulation period (50005s).
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Fig. 11. Comparison of the measured hydrogen concentrations in the vessel (sym-

bols) with those computed on the y* = 1 mesh (solid lines) and standard mesh (dotted
lines).

calculations the convergence was in the order of 10> for flow and
species, and in the order of 10~9 for energy.

The y* =1 and standard mesh have the same mesh resolution in
the bulk and a different mesh resolution near the wall. To assess
the effect of near-wall treatment, the results obtained on the y* =1
and standard mesh are compared qualitatively in Fig. 11 and quan-
titatively in Table 5. Fig. 11 shows again the development of the
hydrogen concentration over time at the four locations in the ves-
sels’ base, annulus, cylinder and dome compartment. Table 5 shows
values of pressure, hydrogen concentration, mass conservation and
the time of onset of natural circulation for the different meshes. The
results obtained on the standard mesh with wall functions and on
the y +=1 mesh with the two-layer model are very similar. The over-
all mixing process during phase-2 is slightly slower for the standard
mesh. Nevertheless, the results agree well and are both close to the
experimental results, meaning that wall functions are applicable to
model the THAI HM-2 test.

The standard, coarse and fine mesh have the same mesh res-
olution near the wall and a different mesh resolution in the
bulk (see Table 3). The effect of bulk mesh resolution can be
observed in Fig. 12 and Table 5, where the results obtained on the
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Fig. 14. Snapshots of the hydrogen distribution on the symmetry plane of the THAI vessel at 45005 as predicted with the standard k-& turbulence model (by default with
Gp), the SST k-w turbulence model with G, and the SST k-w turbulence model without G.

standard, coarse and fine mesh are compared. The differences are
small, which shows that a cell size of 45 mm x 75 mm in the bulk is
sufficiently small to model the THAI HM-2 test.

4.4. The effect of turbulence model

In this section, the effects of the turbulence model and buoyancy
terms in the turbulence models on the prediction of the dissolu-
tion process during phase-2 are studied for the settings given in
Table 4. All analyses are performed on the coarse mesh. Apart from
the turbulence settings, the analyses are performed with the same
settings. In order to assure identical starting conditions for phase-
2, all calculations start at 4300 on the phase-1 solution obtained
with the standard k-& model with full buoyancy on the coarse mesh
(case 1in Table 4).

Fig. 13 compares the computed hydrogen concentrations in the
vessel atmosphere during phase-2 for the different turbulence set-
tings listed in Table 4. The stagnation period and onset of natural
circulation is predicted reasonably well in all calculations. How-
ever, compared to the experiment, the dissolution of the hydrogen
rich cloud sets in too early and the dissolution rate is higher for
the standard k-w and SST k-w models without G, in k, as imple-
mented by default in FLUENT. The prediction of both these k-w
models improves when G is included in the transport equation
of the turbulent kinetic energy k. Although the standard k-« model
with Gy, in k still predicts a slightly higher dissolution rate of the
hydrogen rich cloud compared to the experiment, the results of
the SST k-w model with G, agree well with experiment and are
very similar to the results of the standard k-¢ model with G;,. Appar-
ently, the generation (or dissipation) of turbulent kinetic energy by
buoyancy has a large effect on the stability and dissolution process

of the stratified hydrogen-rich layer. This influence of buoyancy can
be understood as will be explained in the next paragraph. Includ-
ing the buoyancy effect in the turbulent dissipation rate ¢ of the
standard k-¢ model shows no significant influence.

Fig. 14 shows the hydrogen distribution on the symmetry plane
at4500ss as calculated with the standard k-¢ model with G, in k and
g, the SST k-w model with G, in k and the SST k-w model without
Gp. At 4500s the HM-2 test is in the stagnation period of phase-2.
In the experiment, the injected steam flows into the inner cylinder
during the stagnation phase without affecting the hydrogen con-
centration in the dome area above the inner cylinder. As shown in
Figs. 13 and 14, this is only true for the calculation with the standard
k-¢ turbulence model and the SST k-w model with G;,. The snapshots
in Fig. 14 show that in the calculation of the SST k-w model without
Gp, some of the steam flowed out of the inner cylinder and mixed
with the hydrogen rich cloud at 4500 s. This proves that it is impor-
tant to take the effect of buoyancy into account in the turbulence
model by including the G, term. Turbulence is suppressed by buoy-
ancy (Gp <0) near the stratified hydrogen rich layer. Without this
damping effect, the stratified layer above the inner cylinder will be
dissolved faster by turbulent mixing. Consequently, the turbulence
models without G}, do not correctly capture the dissolution process
during phase-2.

5. Conclusions

In the present work, the containment model of NRG is further
validated in the context of hydrogen distribution in a contain-
ment using the THAI HM-2 test. For this test, the characteristic
phenomena are the development and dissolution of a hydrogen-
rich gas layer in the upper part of the THAI containment by a
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buoyant plume. These phenomena are predicted well by NRG’s
containment model developed in FLUENT. Additional sensitivity
analyses on mesh resolution, near-wall treatment, and turbulence
model and turbulence model settings, showed the following:

e A cell size of 45 mm x 75 mm in the bulk is sufficiently small to
model the hydrogen distribution and dissolution processes in the
THAI HM-2 test with CFD.

Good CFD results are obtained when wall functions are applied

to model the flow in the near wall region for the HM-2 test.

¢ The effect of buoyancy on the turbulent kinetic energy k is taken
into account by default in the k-& turbulence models of FLUENT.
This effect on k is not incorporated by default in the k-w models
of FLUENT, but it can be incorporated by user coding.

e The prediction of the dissolution process during phase-2 of the
HM-2 test improves when the effect of buoyancy on k is included
in the turbulence models. Without this effect the CFD model pre-
dicts a too early start of the dissolution, as well as a too high
dissolution rate of the stratified hydrogen-rich layer.

e The results of the standard k-¢ model and SST k-w turbulence
model with the effect of buoyancy on k included are very sim-
ilar and agree well with experiment, whereas the standard k-w
turbulence model with the effect of buoyancy on k included still
predicts a higher dissolution rate.

e The effect of buoyancy on the turbulent dissipation rate ¢ can be
included in the k-¢ models of FLUENT by activating the “full buoy-
ancy” option. The buoyancy effect on ¢ is subject to discussion in
literature. For the HM-2 test, there was no significant impact on
the results obtained with CFD.

These findings, combined with the extensive model descrip-
tion as presented in this paper may serve others in improving the
predictive quality of CFD for containment analyses. Furthermore,
these findings and settings can develop into a set of best practice
guidelines for the application of CFD for containment analyses. To
this end, more experimental tests should be analyzed in the future
to confirm the general applicability of the presented containment
model and model settings. Work in this area is currently ongoing
at NRG.
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