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a b s t r a c t

Natural convection and thermal stratification phenomena are found in large water pools that are being
used as heat sinks for decay heat removal from the reactor core using passive heat removal systems. In
this study, the two-phase (water and air) natural convection and thermal stratification phenomena with
conjugate heat transfer in the rectangular enclosure were investigated numerically using ANSYS Fluent
17.2 code. The transient numerical simulations of these phenomena in the full-scale computational
domain of the experimental facility were performed. Generation of water vapour bubbles around the
heater rod and evaporation phenomena were included in this numerical investigation. The results of
numerical simulations are in good agreement with experimental measurements. This shows that the
natural convection is formed in region above the heater rod and the water is thermally stratified in the
region below the heater rod. The heat from higher region and from the heater rod is transferred to the
lower region via conduction. The thermal stratification disappears and the water becomes well mixed,
only after the water temperature reaches the saturation temperature and boiling starts. The developed
modelling approach and obtained results provide guidelines for numerical investigations of thermal-
hydraulic processes in the water pools for passive residual heat removal systems or spent nuclear fuel
pools considering the concreate walls of the pool and main room above the pool.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Heat transfer by natural convection is found in various industrial
applications, such as solar collectors, electronic cooling devices, air
condensers, passive decay heat removal systems, etc. In nuclear
energy the passive heat removal systems, which recruited the
phenomena of natural convection of fluid, play a very important
role due to simplicity, reductions of the operation costs and nuclear
safety. The importance of such systems has significantly increased
after the Fukushima accident on March 11 of 2011.

Not depending on the reactor type, operation principles of a
passive decay heat removal systems are similar. For boiling water
reactors, water in reactor core is evaporated due to decay heat and
condensed within heat exchangers placed in a large water pool and
the condensate returns to reactor core. Similar principle is used for
pressurized water reactors, but the main difference is that water is
evi�cius).

by Elsevier Korea LLC. This is an
evaporated in a steam generator. Heat exchangers are placed in
horizontal position in a large water pool at atmospheric pressure.
This pool is designed to receive the decay heat removed by natural
convection from reactor core in accident cases [1,2]. During the
decay heat transfer process from heat exchangers to pool water, the
natural convection and thermal stratification phenomena occurs in
pool.

The experimental facility, which represents a heat exchanger
placed in a largewater pool near atmospheric pressure, was created
in Korea Atomic Energy Research Institute (KAERI) [3,4]. The per-
formed experiments demonstrated water natural circulation in the
region above heat exchanger and thermal stratification in the re-
gion below heat exchanger, where the hot water layers are above
colder layers.

Because the mentioned phenomena of natural convection, wa-
ter mixing and thermal stratification plays a very important role in
the heat removal from heat exchangers in passive safety systems or
from spent nuclear fuel in spent fuel pools, the phenomena should
be evaluated in safety analysis of reactors and spent fuel pools, thus
modelling of such phenomena should be validated. Many
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Nomenclature

cp specific heat [J/kg K]
D cross-diffusion term [m]
E total energy (or activation energy) [J]
F force [N]
G generation [kg/m s3]
g gravitational acceleration [m/s2]; standard

value ¼ 9.80665 m/s2

h enthalphy [J/kg]
k turbulence kinetic energy per unit mass [J/kg]
kd thermal diffusivity of the fluid [m2/s]
keff effective thermal conductivity [W/m K]
L length [m]
M mass fraction [dimensionless]
_mpq mass transfer from phase p to phase q [kg/s]
_mqp mass transfer from phase q to phase p [kg/s]
p pressure [Pa]
qth volume fraction [dimensionless]
Ra Rayleigh number [dimensionless]
S user-defined source term (total entropy) [J/K]
Sa total entropy of volume fraction [J/K]
Sh source term (total entropy) contains contributions

from radiation, as well as any other volumetric heat
sources [J/K]

T temperature [K]
t time [s]
Uf volume flux through the face, based on normal

velocity [m/s]
u velocity components (u; v; w) in Cartesian directions:

x; y; z [m/s]

V volume of the cell [m3]
v velocity [m/s]
x Cartesian coordinates: x; y; z [m]
Y dissipation [m2/s3]
Greek symbols
a volume fraction [dimensionless]
aq;f face value of the qth volume fraction [dimensionless]
b’ coefficient of thermal expansion of the fluid [1/K]
G effective diffusivity [m2/s]
D change in variable
m dynamic viscosity [cP]
n kinematic viscosity m2/s
u specific dissipation rate (s�1)
r density [kg/m3]
V the operator referred to as grad, nabla, or del,

represents the partial derivative of a quantity with
respect to all directions in the chosen coordinate
system

Superscripts
n index for previous time step
nþ 1 index for new (current) time step
Subscripts
i unit vector in the direction of the x-axis
j unit vector in the direction of the y-axis
k turbulence kinetic energy
q q phase
ref reference
s species s
u specific dissipation rate
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investigations have been performed to analyze the natural con-
vection phenomenon in enclosures for different geometries,
boundary conditions and fluids using CFD codes. In our case, we
confine yourself on the CFD investigations of the natural convection
and thermal stratification phenomena only in rectangular enclo-
sures within horizontal cylindrical heating elements and heat
transfer through solid structures (the conjugate heat transfer),
which represent the walls of an enclosure. Different researchers
have been analyzing these phenomena using different approaches,
assumptions and simplifications. Two-dimensional and three-
dimensional modelling approaches could be distinguished.

Numerical simulations of natural convection phenomenon using
two-dimensional approach for different thermal boundary condi-
tions, Richardson and Rayleigh numbers, diameters and positions
of a cylindrical heating element in rectangular enclosures, are often
performed taking into account simplifications such as [5e12]:

� the fluid(s) flow are incompressible flow;
� the Boussinesq approximation is used for the definition of fluid
density;

� performing of simulations at steady-state (not evaluating tran-
sients) conditions;

� the effects of wall location and thickness are not evaluated.

The most numerical simulations using three-dimensional
approach usually are performed on the similar conditions as two-
dimensional numerical simulations. However, numerical simula-
tions of a full-scale experimental facility is still a challenge. Y. M.
Seo et al. [13,14] carried out the three-dimensional numerical
simulations of the natural convection around the heated cylinder
located in the cuboid shape enclosure at the different radius of the
cylinder and changing heating power. B. Souayeh et al. [15]
analyzed natural convection induced by the temperature differ-
ence between the hot cylinder placed inside the enclosure of the
cuboid shape and cold walls. They performed numerical simula-
tions for the 103�Ra�107 at different heeling angle of the enclo-
sure. A. Kumar et al. [16] performed the transient numerical
simulations of the natural convection in the air around the heated
cylinder placed in the rectangular enclosure at Ra ¼ 1.3 106. These
numerical studies [13e16] focus on natural convection phenome-
non in the symmetrical geometries without conjugate heat transfer
and heat losses. The thermal stratification phenomenon was not
examined in these scientific publications.

The effects of thermal stratification phenomenon in the rectan-
gular enclosure were experimentally and numerically investigated
by M. S. Gandhi et al. [17]. The authors investigated the two-phase
natural convection and thermal stratification phenomenon in the
rectangular tank within centrally located heated tube. Thermal
stratification for wide range of the Rayleigh numbers (4.34
1011�Ra�2.59 1014) and the effects of various internal geometries
have been investigated. Similar two studies for cylindrical and
rectangular enclosureswere carried out by the same authors [18,19].

As it has been mentioned above, solid structures, representing
walls of rectangular enclosure are rarely considered in CFD simu-
lations of the natural convection and thermal stratification phe-
nomena. However, solid structures have significant influence on
the results of CFD simulations. S. Kelm et al. [20] performed ANSYS
CFX validation and comparative assessment of two different ex-
periments (the TH22 test of the German THAI and the NATHCO test
of the French MISTRA experimental facilities) on the buoyancy



Fig. 1. A 3D view of the rectangular enclosure.
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driven mixing processes. The results of CFD simulations reveal that
heat transfer process between the fluid and solid structures have
significantly influenced the CFD simulation results in the case of
buoyant flows. The near wall gradients need to be resolved suffi-
ciently in order to predict a reliable heat transfer process.
Furthermore, the definition of solid structures used in CFD simu-
lations is very important and significantly influence local circula-
tion flow rate or fluids mixing. A. Papukchiev and S. Buchholz [21]
performed validation of ANSYS CFX for gas and liquid metal flows
with the conjugate heat transfer. They analyzed thermal-hydraulic
processes in two experimental facilities (L-STAR and TALL-3D).
Numerical simulations of TALL-3D facility show that simulations
of solid structures are necessary in order to obtain high quality CFD
modelling results. Solid structures introduce thermal inertia and
should be involved in transient simulations. In addition, the results
of simulation showed that significantly lower mesh resolution is
needed for solid structures, comparing with the fluid zone.

All the above mentioned works use a lot of simplifications, such
as Boussinesq approach, steady-state simulations, simulations
without conjugate heat transfer, etc., and aren’t detailed enough. In
the present study experimental data obtained from scientific
publication [3] was used as a base for numerical simulations of two-
phase natural convection and thermal stratification phenomena
with the conjugate heat transfer in rectangular enclosure. Unlike
works by many other authors, these phenomena were simulated in
detail. A full-scale computational domain of experimental facility
was created. Full transient calculations (water heat-up up to the
boiling) were performed. Furthermore, generation of water vapour
bubbles around the heater rod and evaporation phenomena were
included in this numerical investigation.

2. Description of experimental facility

The KAERI test facility is in a form of rectangular enclosure,
which is 1/910, the size of a passive condensate cooling tank used in
a passive auxiliary feedwater system [3,4]. The rectangular enclo-
sure consists of the single heater rod, solid walls and 2D particle
image velocimetry (PIV) measurement technique. The horizontal
cylindrical heater rod inside the rectangular enclosure was
designed to produce natural convection phenomena. The working
fluid in this facility is de-ionized water (for the PIV measurements).
The length of rectangular enclosure is 300mm, widthe 60mm and
height e 650 mm. The back wall is made from 15 mm thick poly-
carbonate, the front and right walls are made from 3 mm thick
Pyrex glass. The 20 mm thick stainless steel “304” is used for the
bottom and left walls. The heater rod, which is 19.05 mm diameter,
is placed in horizontal position, 85 mm above the bottom. Total
length of the heater rod is 160 mm: 150 mm is heating part and
10 mm in the end of the rod is a non-heating part. A 3D view of
rectangular enclosure construction is shown in Fig. 1. Five ther-
mocouples (TF-01 … TF-05) in the rectangular enclosure and 25
thermocouples (TW-01 … TW-25) on the rectangular enclosure
walls were installed to monitor and record thermal changes during
experiments. The TF-01… TF-05 thermocouples were placed in the
center of rectangular enclosure, except TF-02 thermocouple, which
was placed 2 mm away from the heater rod surface. A schematic
drawing of rectangular enclosure and positions of TF-01 … TF-05
thermocouples are shown in Fig. 2.

3. Experimental conditions

The water heat-up experiment can be divided into two stages.
The first short stage is water cooling (0e600 s) and the second stage
is water heating (600e14400 s). The initial ambient and rectangular
enclosure walls temperature is approximately 14 �C. The initial
water temperature, before it is supplied to rectangular enclosure, is
approximately 32 �C. The rectangular enclosure is filled bywater up
to 400 mm level. Within the first stage, due to differences in
ambient, enclosure walls and water temperatures, the water tem-
perature is decreasing from 32 �C down to approximately 31 �C. In
the beginning of the second stage of experiment, the cylindrical,
electrically heater, rod with 600 W of thermal power is switched
on. The heater rod heats water until water temperature reached the
saturation temperature. Together with the rising water tempera-
ture, natural convection of water starts inside the rectangular
enclosure. Because insulation could not be used on the walls due to
employment of PIV measurements technique, heat losses through
the walls had to be evaluated. These losses were evaluated by
comparing the amount of heat supplied to the water (given elec-
trical power) and real increase of the water enthalpy and the time
spent to reach the saturation temperature. The estimated average
heat losses during time interval, when the water temperature
increased from 20 �C to 90 �C was approximately 310 W [3].

4. Description of CFD computational model

In order to model the natural convection and thermal stratifi-
cation phenomenon, the governing equations were solved using a
finite volumemethod. The ANSYS Fluent 17.2 code [22,23] and high
performance computing cluster SGI Altix ICE 8400 were used for
numerical simulations.

4.1. Geometry and mesh generation

A full-scale geometry of rectangular enclosure and hexahedral



Fig. 2. Drawing of the rectangular enclosure.
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mesh were created using ICEM CFD, taking into account OECD/NEA
Best Practice Guidelines [24,25], ECORA [26], ERCOFTAC [27] and
ANSYS [28] recommendations. There are no symmetry planes or
simplifications in the computational domain.

4.2. Governing equations

The Volume of Fluids (VOF) multiphase model can simulate two
or more immiscible fluids by solving a single set of the momentum
equations and tracking a volume fraction of each fluid throughout
the domain. Tracking of interface(s) between the phases is
accomplished by solution of continuity equation for the volume
fraction of one (or more) of phases. The equation of qth phase have
the following form [23]:
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A single momentum equation has the following form:
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The energy equation, as well as the momentum equation, is
shared among phases:

v
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�
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The VOF model treats total energy (EÞ and temperature (T) as
mass-averaged variables:

E ¼
Pn

q¼1aqrqEqPn
q¼1aqrq

(5)

In equation (5), total energy for q phase (Eq) has the following
form:

Eq ¼h� p
r
þ v2

2
(6)

where enthalpy (h) is defined for ideal gases (air phase) as:

h ¼
X
s
Mshs (7)

and for incompressible flows (water phase) as:

h ¼
X
s
Mshs þ p

r
(8)

In equations (7) and (8), enthalpy of species s (hs) has the
following form:

hs ¼
ðT
Tref

cp;sdT (9)

The transport equations for the SST k� u model:
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4.3. Numerical setup

In order to perform transient numerical simulations of the
thermal-hydraulic phenomena in the rectangular enclosure, the
ANSYS Fluent set-up, in details described below, were chosen ac-
cording to ANSYS recommendations [29,30] and literature review.
VOF multiphase model for two-phase flow simulations and time-
depended explicit formulation for volume fraction discretization
were chosen. The flow regime in natural convection could be
selected evaluating Rayleigh number (Ra). Ra has the following
form:

Ra ¼ gb’DTL3

nkd
(12)

According to the M.S. Gandhi investigations flow is laminar if
Ra<109 and turbulent if Ra>109 [17]. According to equation (12) we
found that in our case Ra ¼ 1010 e thus we considered that natural
convection is turbulent. According to ANSYS recommendations
[23,30] we tested k� u Shear Stress Transport (SST) and k� e



Table 1
Spatial discretization settings.

Discretization Scheme

Gradient Least Squares Cell Based
Pressure PRESTO
Density Second Order Upwind
Momentum
Turbulent Kinetic Energy
Specific Dissipation Rate
Energy
Volume Fraction Geo-Reconstruct
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Realizable with Enhanced Wall Treatment, and Laminar viscous
models for the heating period 0e2400 s [4]. The investigation of
these viscous models showed that the best agreement between
experimental data and simulations results is using k� u SST tur-
bulence model, therefore, this turbulence model was chosen for
further simulations.

The spatial discretization settings used for numerical simula-
tions are presented in Table 1. The discretization equations were
solved using Pressure-Implicit with Splitting of Operators (PISO)
segregated algorithm. The convergence criteria 10�6 for energy and
10�4 for continuity, k, omega, X, Y, Z velocities were applied. A
variable time stepping algorithm was used.

In order to achieve a stable solution, the CouranteFrie-
drichseLewy (CFL) number was set to 1. The initial time step sized
was 10�5 s with 5% increasing, until the CFL ¼ 1 was reached. The
evaporation-condensationmodel for water evaporation and boiling
was used.
4.4. Boundary and initial conditions

Unfortunately, the exact range of heat transfer coefficients from
the walls of the rectangular enclosure to the outside air during the
experiment is unknown, thus some simplifications were assumed:

� the time interval from 0 until 600 s (cooling) was simulated not
taking into account heat losses through the walls except the top
surface of rectangular enclosure, which is connected with the
ambient. Initial temperature of ambient air and walls of the
Table 2
Material properties of the rectangular enclosure walls, assumed in numerical simula

Properties Polycarbonate

Density, kg/m3 1200
Specific heat, j/kg K 1200
Thermal conductivity, W/m K 0.19

Table 3
Variable/constant thermal-physical properties of the fluids used in numerical simulation

Data point Temperature, K Density, kg/m3 Specific heat, J/kg K Ther

Variable water-liquid thermal-physical characteristics
1 273.15 999.82 4217 0.6
2 293.15 998.29 4182
3 313.15 992.25 4179
4 333.15 983.13 4185
5 353.15 971.60 4196
6 373.15 958.05 4216
Variable air thermal-physical characteristics
1 273.15 Ideal-gas 1005 0.02
2 333.15 0.02
3 393.15 0.03
Constant water-vapour thermal-physical characteristics
1 - 0.59 2026.7 0.02
rectangular enclosure was set to 14 �C, the initial water tem-
perature was assumed equal to 32 �C, water level in enclosure
400 mm, respectively;

� in the second stage of the experiment, 600 W of thermal power
was applied for the heater rod. The time interval from 600 until
9000 s (heating) was simulated assuming the convection
boundary condition.We assumed that a rectangular enclosure is
surrounded by the air, therefore, heat transfer coefficient
18.95 W/m2 K was applied for the all walls of the computational
domain and was calculated according to heat losses during the
experiment [3].

Material properties of the rectangular enclosure walls are pre-
sented in Table 2, and variable/constant thermal-physical proper-
ties of fluids are presented in Table 3, respectively. Numerical
simulations were performed until water started to boil. The term
“two-phase natural convection” in this publication means natural
convection of water and air, which is above water. Water boiling
process when water temperature reach saturation temperature is
not simulated, because time step size needed properly to simulate
water boiling inn this case should be very small (~0.001÷0.005 s).
Generation of water vapour bubbles around the heater rod, evap-
oration and condensation processes were taken into account using
the Lee evaporation-condensation model. The heat-up User-
Defined Function, which describes thermal power rate of the heater
rod, has been developed by Lithuanian Energy Institute and
incorporated in the CFD model.
4.5. Mesh independence study

The mesh independence was investigated by considering four
different mesh sizes: (a) 218,313; (b) 313,964; (c) 570,610 and (d)
922,736 cells. The results of the monitoring points, which represent
thermocouples TF-01 … TF-05, for all mesh sizes were compared.
The heating period 0e1200 s [4] was investigated in the mesh in-
dependence study. The mesh size (b) 313,964 was chosen for
further simulations, because the temperature value of the moni-
toring point TF-02 was the same magnitude for the rest (c) and (d)
meshes. The mesh quality parameters of the mesh (b) 313,964 are
presented in Table 4, and the mesh of computational domain is
tion [31e34].

Pyrex-glass Stainless steel “30400

2230 8030
753 500
1.1 16.2

[35].

mal conductivity, W/m K Viscosity, kg/m s Molecular weight, kg/kg mol

0.001792 18.02
0.001003
0.000653
0.000467
0.000355
0.000282

43 1.33 10�5 28.97
85 1.89 10�5

28 2.52 10�5

61 1.2 10�5 18.02



Table 4
Mesh parameters of the computational model.

Parameter The obtained value The acceptable value

The smallest cell size 1 mm e

The biggest cell size 9.37 mm e

Mesh quality 0.45÷1.0 > 0.3
Minimum angle of cell > 49.5 > 20.0
Aspect ratio < 4.8 < 100.0
Skewness < 0.55 < 0.8
Orthonogical quality > 0.75 > 0.1
Expansion rate 20.0% < 20.0%

Fig. 3. Hexahedral mesh of the computational domain.

Fig. 4. Positions of ZX and ZY planes in the computational domain.
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presented in Fig. 3.

5. Results and discussion

As it was mentioned earlier, the rectangular enclosure with the
heater rod placed in horizontal position (presented in Figs. 1e2)
was modelled using the ANSYS code. The results of numerical
simulations are presented in two vertical cross-sections, as shown
in Fig. 4. The cross-sections ZX and ZY were chosen according to the
positions of TF-01 … TF-05 thermocouples in the experimental
facility and geometry specifics. In developed model the average
water temperature is calculated in the positions of TF-01 … TF-03
thermocouples.

During the first stage of experiment, within the first 600 s water
temperature gradually decreases because the ambient air and walls
of rectangular enclosure temperature are lower. Modelling of the
experiment is complicated by the fact that the experiment was
performed without reaching a thermodynamic equilibrium condi-
tions at the beginning. The heater rod was switched on without
waiting until the temperature of the water, rectangular enclosure
walls and ambient air will be equal.
During the second stage of the experiment, 600 W of thermal
power was supplied to the heater rod. Due to the heat transferred
from the heater rod, the water heats up around the heater. This
leads to the local water density decrease. As the result of this
density difference, thermally induced buoyancy forces initiate
natural convection of the water. As it is visible from Fig. 5, the water
upward flow arises near the left wall. In the top part of water, just
below water level (near a free surface), the water flows in hori-
zontal direction to the right wall and after mixing with colder
water, it starts to flow downward along the right wall. The water
circulation is formed above the heater rod, meanwhile, there is no
flow below the heater rod and thermal stratification occurs in the
lower part of rectangular enclosure. Fig. 5 shows a velocity field at
water temperature 72 �C. The experimentally measured water cir-
culation above the heater rod and the results of numerical simu-
lations are very similar at water temperature (72 �C). Meanwhile,
smaller velocity is observed near the right wall and region near the
“non-heated” part of the heater rod. Due to warming of the water,
heat transfer through the free surface is increasing, therefore,
natural convection of the air begins above the water. As it is visible
in Fig. 5, the air above the water region, moves downward near the
right wall and moves against water flow direction near the free
surface. The heated air rises upward to the top and flows out from
the computational domain near the left wall. Similar results are
captured in Fig. 6 at water temperature equal 91.3 �C. Fig. 7 shows
that thermal stratification disappears and, the water becomes well
mixed (Fig. 8), when the water temperature reaches a saturation
temperature (water temperatures in the bottom part are equal to
98.1�C). This shows that overall phenomena were predicted by CFD
code in quite good agreement with experimental data. As we can
see from Figs. 5e8, there is a sufficiently good agreement between



Fig. 5. Velocity field at water temperature 72 �C: a) experiment [3]; b) CFD (ZX plane);
c) CFD (ZY plane).

Fig. 6. Velocity field at water temperature 91.3 �C: a) experiment [3]; b) CFD (ZX
plane); c) CFD (ZY plane).

Fig. 7. Velocity field at water temperature 98.1 �C: a) experiment [3]; b) CFD (ZX
plane); c) CFD (ZY plane).

Fig. 8. Velocity streamlines at water temperature 98.1 �C.
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the experimental and numerical velocity fields of the water. The
temperature gradients during numerical simulations are presented
in Fig. 9. Up to 91.3 �C, in the region below the heater rod, the heat
to the water is transferred only due to conduction. There is no
opportunity to show temperature fields of the experiment, because
experimental data was not given in Refs. [3,4]. Special measure-
ment technique, for example, Laser-Induced Fluorescence (LIF)
measurement technique and fluorescent dyes, must be used during
the experiment in order to obtain temperature fields in water.

Figs. 10-11 show changes of water temperature in the positions
of TF-01… TF-05 thermocouples. The comparison of TF-01… TF-03
temperature changes (Fig. 10) shows a good agreement with the
experimental data. The thermocouples TF-01 … TF-03 present the
behaviour of water temperature in the part of experimental facility
above the heater rod. This part consists of ~80% of total water
volume in the experimental facility. The agreement between the
measured and calculated TF-01 … TF-03 water temperatures
proves that heat losses (heat transfer coefficient from the outside
surface area of walls to the ambient air) are predicted well.
During the experiment measured temperatures of TF-04 … TF-
05 shows a significant delay in water heat-up, while in numerical
simulations, the TF-04… TF-05 temperatures start to increase with
very short delay after the beginning of heat-up (Fig. 11). The first
observation is that the differences between the experimental and
numerical behaviour of TF-04 … TF-05 temperatures could arise
due to the unknown accurate heat losses during the experiment. In
the [3] reference was just written that the average heat loss during
the experiment, when the water temperature was increased from
20 �C to 90 �C, was approximately 310 W. Detail investigation of
heat losses during the experiment was not performed. Numerical
simulations showed greater heat losses e from 80 W (at the
beginning of heating) up to 531 W (at the beginning of water
boiling). Based on the good agreement of calculated and measured
water TF-01 … TF-03 temperatures we can conclude that we set a
correct heat transfer coefficient and numerical heat losses are very
similar as experimental heat losses. The second observation is that



Fig. 9. Temperature fields, calculated by CFD, at different water temperatures: a) 72 �C; b) 81.5 �C; c) 91.3 �C; d) 98.1 �C.
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the heat losses are very large comparing to thermal power of the
heater rod and the walls of the rectangular enclosure must play a
significant role as heat sinks. The front and right walls are made
from Pyrex-glass, which is a very conductive material with low
specific heat, also thickness of the front and right walls is only
3 mm, therefore, these walls are not significant heat sinks. Mean-
while, the bottom, left, and back walls have larger thickness (from
15 to 20 mm) and are made from Polycarbonate and Stainless Steel.
According to Table 2, these walls can be treated as significant heat
sinks. Taking into account this observation and the results of ANSYS
Fluent, we can conclude that themain amount of heat losses goes to
the environment through the front and right walls, while the rest
small amount of heat losses goes through the bottom, left and back
walls. In addition, there is no information in Ref. [3] regarding the
accurate thermal-physical properties of the walls, which were used
in construction process of the experimental facility, therefore, de-
viations of the TF-04 and TF-05 numerical results are expected. The
third observation is that the processes during the experiment are
very slow, therefore, unknown accurate heat losses during the
experiment and unknown accurate thermal-physical properties of
the walls must have a significant influence for the TF-04 and TF-05
numerical results. Despite all observations, we tested a lot of
different assumptions in order to understand TF-04 and TF-05
differences: no heat losses, different heat transfer coefficients,
cooling of the bottomwall, different mesh size, different turbulence
models, different heat-up rate, etc., and all these tests gave very
similar results. The assumption that the measurements of TF-04
and TF-05 temperatures could be effected by some systematic er-
ror also could not be rejected.

Heat losses through thewalls of the computational domain until
water temperature reaches the saturation temperature are pre-
sented in Fig. 12. The minus sign means the heat flux from the
computational domain to the ambient. As it has been mentioned
before, heat losses were evaluated only in the second part of nu-
merical simulations (the heating period).

The numerical simulations reveal very similar results of water
natural convection above the heater rod and thermal stratification
below the heater rod phenomenon, as in the experimental facility.
Furthermore, it was found a good agreement with the experimental
data, except the deviation of TF-04 and TF-05 temperatures.

6. Summary and conclusions

The two-phase natural convection and water temperature
stratification phenomena with the conjugate heat transfer in the
rectangular enclosure weremodelled numerically. Modelling of the
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experiment, performed in experimental facility, which simulates
passive condensate cooling tank used in passive auxiliary feed-
water system, was achieved using ANSYS Fluent 17.2 code.

CFD results are in good agreement with experimentally
measured water velocities. The behaviours of calculated water
temperatures close to the heater rod and above it (it represents
~80% of total water volume in the experimental facility) are in good
agreement with experimental measurements. However, the lack of
experimental data not allowed to receive a very good quantitative
agreement of measured and calculated temperatures in the part
below the heater rod. The created model expands the application of
CFD code for modelling of a two-phase natural convection and
water temperature stratification phenomena with the conjugate
heat transfer in complex rectangular enclosure geometries. The
application of ANSYS Fluent 17.2 code for modelling of the experi-
ment in the rectangular enclosure, demonstrates the capacity of
CFD code to reproduce these phenomena. Received knowledge
during the modelling using CFD code could be applied for simula-
tions of natural convection and thermal stratification of water in
some enclosures of passive safety systems or spent nuclear fuel
pools. The developed modelling approach includes simulation of
walls of enclosure (e.g., concreate walls of the spent nuclear fuel
pool) and air region above facility (e.g., main room above the spent
nuclear fuel pool), what allows to simulate heat removal from heat
exchangers of passive safety systems (or spent nuclear fuel as-
semblies in pool) in complex e integrated way.
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