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Abstract: The integrity of a pressure vessel (PRV) is affected by the decay heat of the molten pool in
the lower head, so it is very important to study the natural convection heat transmission in the lower
head. Scholars from all over the world have carried out a lot of experimental studies and calculations
to determine the convection mechanism and heat transmission characteristics of the molten pool.
Most of them were based on the empirical formula of convective heat transmission on the wall of a
hemispherical molten pool based on two-dimensional slice experiments and simulation calculations.
In this study, FLUENT 2021R1 software was used to simulate the three-dimensional convective heat
transmission process of the hemispherical molten pool, and the temperature, velocity and wall heat
transmission coefficients of the flow field were analyzed. The results were in good agreement with
experimental data from UCLA (University of California, Los Angeles). Through research on the heat
transmission of the lower head, the results showed that in the region where the wall angle was 0
between approximately 72 and 90 degrees, heat transmission coefficients had larger fluctuations, and
a more reasonable empirical relation was proposed. Comparing between the simulation results of
CFD and the two-dimensional empirical formula, it was found that the latter one was smaller under
the same 6 angle condition. Finally, the convection phenomena of different external temperatures
were simulated, and the main factors affecting the flow field by temperature were analyzed.

Keywords: lower head; CFD; natural convection

1. Introduction

In most nuclear power systems, the nuclear fuel, control components, reactor internal
structures and coolant are wrapped in the reactor pressure vessel (RPV). As a part of the
second barrier of the reactor, RPV directly bears the threat of decay heat after a serious
accident of the core melting. If the RPV fails in a serious accident, the radioactive materials
are released. The RPV is also a conductor of heat exchange, which could transfer the waste
heat and decay heat from the core to the external environment and the corresponding
cooling system.

At present, the international analysis programs of reactor system simulation based on
the lumped parameter method are relatively mature, such as MELCOR, RELAP, MAAP
and other serious accident analysis software, as well as the MOSAP integrated analysis
program developed by Xi’an Jiaotong University. The United States Department of Energy
(DOE) and the United States Nuclear Regulatory Commission (NRC) used the lumped
parameter method in AP600 and AP1000 research, which was used to calculate the thermal
characteristics of the molten pool, the empirical formula and the related experiment and
numerical simulation analysis. It was considered that the most dangerous situation was
that a stable molten pool was formed inside the pressure vessel [1]. Therefore, research on
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the thermal characteristics of the stable molten pool was the focus of the behavior of the
molten pool inside the pressure vessel.

The heat balance and heat flux distribution of the stable molten pool are the key points
of research. The heat balance mainly analyzes the heat transmission between the oxide
layer and the metal layer in the molten pool, the heat transmission between the molten
pool and the wall of the pressure vessel, and the balance and heat distribution between the
radiation heat transmission of the molten pool to the upper chamber of the pressure vessel.
The study of heat flux mainly analyzes the heat flux distribution of the melt pool on the
wall of the pressure vessel. Among them, the internal reason that determined the heat flux
distribution trend of the molten pool was the natural convection in the molten pool caused
by the density difference formed by the cooling of the pressure vessel wall and the thermal
delamination phenomenon.

It should be mentioned here that before the AP-600 study conducted by Prof. Theo-
fanous, a substantial body of data and analysis existed on liquid pool natural circulation in
rectangular and hemispherical vessels, and correlations existed for thermal loading (see
Table 1). Considering the calculation speed, most CFD studies on the molten pool currently
adopt a two-dimensional axis symmetric model. Different from the integrated system
program based on the lumped parameter method, CFD related softwares using the finite
element analysis method could well simulate the internal convection phenomenon of the
molten pool in the lower head, verifying it with relevant experiments. As a kind of software
using CFD technology, COMSOL Multiphysics is used to conduct thermal-hydraulic analy-
sis in multiple nuclear applications. The aim of this study was to benchmark the prediction
accuracy of COMSOL Multiphysics in performing thermal-hydraulic analysis [2]. Scholars
from many countries, including Zhu Guangyu, Zhang Luteng et al. [3,4], and Masanori
FUKASAWA et al. [5] calculated and verified the two-dimensional CFD of a molten pool
based on relevant experiments. The results could well simulate the flow field temperature
field in the axial and tangent plane of the lower head in the two-dimensional plane [6].
Wang, Mingjun et al. performed three-dimensional CFD simulations with three types of
internal structures in the lower plenum, and the influence of different internal structures
on the flow characteristics in the lower plenum was achieved and analyzed [7]. TRAN C T
developed the ECM capability to accurately predict energy splitting and heat flux profiles
in volumetrically heated liquid pools of different geometries over a range of conditions
related to accident progression, examined and benchmarked against both experimental
data and CFD results [8]. Maatki, Chemseddine et al. numerically performed the entropy
generation of double diffusive natural convection in a three-dimensional differentially
heated enclosure [9].

Table 1. Domestic and international experimental studies on molten pools.

Researchers . Research Content
Instituti Equipment
(Institutions) Shape Proportion Material
zinc sulfate
Kyma 14 inen COPO [1] 2D section 1:2 solution
(ZnSO4-H,0)
CEA Bonnet BALI[10] 2D section 1:1 brine
. . NaNOj; and
KTH SIMECO [11] 2D section 1:8 KNO; mixtures
EPRI UCLA [12] 3D hemispheric Specific size CFC brine
. . e NaNOj3 and
FZK LIVE-L4 [13] 3D hemispherical Specific size KNOj3 mixtures
XianJiaotong  copga [14] 2D section 11 NaNO; and

University

KNO3; mixtures
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With the significant improvements in computing power, the CFD method has the
potential to simulate the detailed three-dimensional flow and heat transmission features
in nuclear reactors [15]. The development direction of CFD technology in the future
nuclear field could be as follows: (1) The large-scale high-fidelity CFD parallel simulation
for the whole reactor with extremely complex structures; (2) the hybrid turbulent model
development based on RANS, LES, DES, and DNS; (3) the advanced two-phase CFD
models and numerical technology development for nuclear reactor engineering; (4) the
multi-scale and multi-physics coupling methodology; (5) parameter sensitivity analysis
and uncertainty analysis of the CFD method [7].

In this study, FLUENT software was used to set up a quarter slice model with a periodic
boundary, and the temperature distribution and natural convection phenomena of the three-
dimensional hemispherical pool under the rectangular coordinate system were studied.
Modeling in this way could reduce the computation time by about 70%. The empirical
formula of the convective heat transmission coefficient on the wall of the lower head was
obtained, and the CFD calculation results were compared with the UCLA experimental
data and the ACOPO empirical formula. The simulation results were well validated. It
was found that the three-dimensional results could clearly reflect the fluctuations in the
convective heat transmission coefficient of a high-inclination wall, which were generally
homogenized in the commonly used two-dimensional models and empirical formulas. The
randomness and inconstancy of heat transmission in the turbulent region were ignored. On
this basis, the variations in the temperature and flow field in the pool with different surface
temperature differences were also calculated, and the influence of different convective
intensities on the fluctuation range and magnitude of the convective heat transmission
coefficient was studied.

2. Convection Calculation of Hemispherical 3D Pool
2.1. Thermohydraulic Model

The flow resulting from the non-uniform fluid density distribution was considered as
natural convection. It was widely used in the passive safety concept of third-generation
nuclear power plants. In the two-layer model of the reactor molten pool analysis, the flow
of the oxide layer always belonged to the convection of the hemispherical region with an
internal heat source, while the convection of the metal layer belonged to the convection of
the cylindrical region without an internal heat source. In this study, the natural convection
of fluid in a hemispherical vessel with an internal heat source was studied.

As shown in Figure 1, due to the large temperature gradient of the oxidation pool near
the lower head wall, there would be some downward flow near the vessel wall. In the top
region of the pool, the density difference resulting from the temperature difference led to
significant local convection. In the lower region of the pool, thermal stratification occurred.
Using the Boussinesq approximation criterion, the differential equation of the rectangular
coordinate system is:

du

pn + Veuu = gB(T - Tp) + vV2u — % (1)

where Ty is the initial temperature, v is the kinematic viscosity and f3 is the coefficient of
thermal expansion. According to the conservation of energy:

9(pT)

5 twV(eT) = aVT + V(u1) + Sg 2)

where « is the thermal diffusion coefficient, S is the heat source term, V (u-7) is the viscous
dissipation term.
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Figure 1. Natural convection in the hemispherical pool of lower head.

The boundary conditions are as follows (x| <R, |z]| <R, -R <y < 0):

Wheny =0, T =Typ.

When vx% + 22 = tan 0-|y|, T = Tqown-

According to the experimental study [1], it was found that the local convective heat
transmission coefficient of the lower head wall is related to the wall angle 6.

2.2. UCLA Experiment and Grid Sensitivity Analysis

Westinghouse’s empirical formula for AP600 [1] was derived from the Mini-ACOPO [16]
and UCLA [12] experiments. The two experiments were commissioned by two universities,
and the results were compared and verified. The Mini-ACOPO experiment did not actually
use an internal heat source for heating, but a natural cooling mode was used to simulate
the steady state. Because the UCLA experiment can simulate the release of decay heat
in the lower head by microwave heating, it allowed us to more intuitively understand
the mechanism of convection pools heated by internal heat sources. However, due to the
difficulty of the experiment, the experimental results were difficult to reproduce.

In this study, the UCLA experiment was selected for numerical simulation, and the
experimental data were applied to validate the CFD model. A schematic diagram of
this experiment and location of thermocouples is shown in Figure 2. This thermocouple
distribution covered different wall heights and angle regions within the molten pool.

To Microwave Unit

Microwave Guide

] 1

Location of thermocouples

Experimental apparatus

Figure 2. UCLA experiment and location of thermocouples.

In order to evaluate the applicability of CFD for molten pool analysis, it was necessary
to compare the calculated values with the experimental values to verify the reliability of the
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numerical model. The physical properties of the hemisphere-shaped molten pool material
and the internal heat source settings were given according to the UCLA test conditions, as
shown in Table 2.

Table 2. Initial condition setting.

Parameter Value Unit
pressure 0.1013 MPa
Ambient temperature 16.4 °C
Materials Freon R113 \
power density 6443 W/m?
volume 0.043576 m3
radius 218.3 mm

Using the modeling tool, the semi-sphere molten pool model was established, which
was completely consistent with the experiment. The initial temperature in the pool was
assumed to be uniform, the upward boundary was the temperature boundary and the
hemisphere wall was the cooling wall. In order to avoid numerical instability, a combination
of steady-state and transient methods was adopted in the process of numerical calculation.

Firstly, relatively convergent results were obtained by using the steady-state simple
algorithm. Then, the transient simple algorithm was applied for the transient computation.
Finally, we set the time step and the number of iteration steps and repeated the calculation
until the result was stable. In this study, it was found through calculation that when the
number of steps exceeds 10,000, the results of the flow field and temperature field tend
to be stable and no longer change, and it was considered that the fluid region was in
a state of thermal equilibrium thereafter (the conclusion obtained from the calculation
results of 10,000 and 50,000 steps is compared). The standard k-w model was chosen as
the turbulence model. It was an empirical model of the model transport equation based
on the turbulent kinetic energy k and the specific dissipation rate w, which could also be
considered as the ratio of ¢ to k. The model contained modifications for low Reynolds
number effects, compressibility and shear flow expansion.

The pressure-base solver and the absolute pressure-velocity coupling method were
used to solve the problem. The SIMPLEC method was used as the coupling scheme, and
the gradient calculation scheme was the Least Squares Cell-Based method. The spatial
discretization of momentum, turbulent kinetic energy and the turbulent dissipation rate
was second order upwind.

The mesh sensitivity analysis of the calculation model was carried out to analyze the
influence of the increase in the number of grids on the heat transmission coefficient, under
the same temperature boundary conditions, as shown in Table 3.

Table 3. Grid sensitivity analysis.

Mesh-Size (mm)  Mesh Quantity Upward Nu Downward Nu Y+
2 620,092 587.924 3612.59 2.27

2.5 326,378 562.769 3637.27 2.84

3 216,155 542411 3685.55 3.41

4 107,968 502.313 3778.94 4.55

5 64,769 482.734 3826.05 5.68
10 12,795 479.869 3835.75 11.37

To ensure that the wall shear stress was calculated correctly, we targeted a Y+ of <5,
so the mesh size should be less than 5 mm. As can be seen from Figure 3, when the number
of grids reached 2.16 x 10°, the upward and downward Nu tended to be roughly stable.
The heat transmission coefficient was no longer affected by the mesh resolution, so it could
be considered that the influence of the mesh was eliminated. The calculation results of this
study were based on the elimination of mesh influence factors. When the residual values of
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continuity, velocity, energy, k and stress were less than 0.0001, the convergence criterion
was taken.

4,500

4,000

3,500

3,000

2,500

2,000 ——up
——down

Surface Nusselt Number

1,500

1,000

500 *> T

0

o 100,000 200,000 300,000 400,000 500,000 600,000 700,000

Number of Grids

Figure 3. Grid sensitivity analysis for numerical simulation of UCLA experiment.

2.3. Simulation and Validation

ANSYS (2021R1) Fluent was used to set the boundary conditions mentioned above.
The realizable k-epsilon model was chosen on the computational model. A constant-
temperature non-slip wall boundary as close as possible to the real test situation was used.
The standard wall equation and viscous heating were used for the computational solution.
Since the fluid domain was an axially symmetric structure, a hemispherical-distributed
pool, the quarter model not only described the motion of fluid in the X, y and z directions
but also saved computing resources effectively. Through the simulation of the process of
natural circulation flow caused by the superposition of internal heat releasing and external
cooling, the temperature field, flow field and heat exchange of the molten pool could be
obtained, as shown in Figure 4.

Figure 4. Results of temperature and velocity.

It can be seen from the calculation results that the flow field can be divided into
three parts.

No.1: The upper part of the pool was the convection region, the temperature in this
region was relatively uniform and some large vortices appeared in the velocity field.

No.2: The lower part of the pool was the obvious thermal stratification phenomenon
region, and there was no obvious velocity distribution.

No.3: The part near the wall of the hemispherical vessel was a thin layer with large
velocity gradient variations, considering viscosity.

As can be seen from Figure 5, after the convection pool reached a steady state, closer
to the bottom, the temperature gradient was larger. The temperature distribution was
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more uniform in the top area because of the muddy effect. Due to the cooling effect of
the lower head, the temperature stratification curve near the wall would have a small
temperature depression.

Temperature
Contour 1

2.333e+01]
2.284e+01
2.234e+01
2.185e+01
2.135e+01
2.086e+01

2.036e+01
1.987e+01
1.937e+01
1.888e+01
1.838e+01
1.789e+01

1.739e+01
1.690e+01
1.640e+01

]

Figure 5. Comparison of experimental and calculation results.

According to the ACOPO experimental data [16], the experimental correlative formula
for calculating the local heat transmission coefficient h (8) was given. There was a set of
parameters named a—f and k, determined by the value of H/R. H stood for pool height
and R stood for lower head radius. In the current situation, H = R was satisfied. These
coefficients defined the curve-fit parameters for the molten pool convection model.

f(e):@: {a63 +b92+c9}{ 0 <6 < arccos (1 —k) } 3)
de® +e0 +f arccos (1—k) <0 <m/2

As shown in Table 4, It could be found from the empirical formula that k determined
the division of convective and thermal stratification zones. When k was equal to 0.7, it
meant that if the 6 was greater than 72.54°, the fluid flow state and the convective heat
transmission formula would change.

Table 4. Parameter values at H/R = 1.

a b c d e f k
0.242 0.385 0.0928 0.169 0.531 0.584 0.7

As can be seen from Figure 6, the calculated results of the three-dimensional model
simulating the molten pool were in good agreement with the experimental results, which
well reflected the process of the convective heat transmission coefficient from small to large
as the angle of the molten pool wall changed. The following CFD empirical formula could
be obtained under the UCLA experimental conditions.

£(8) vg = @ = 0.0000046° — 0.00006362 + 0.0035016 (4)

Figure 6 shows that when 0 was less than 72.54°, the errors of the two empirical
formulas were small. When 6 was greater than 72.54°, the error should not be ignored.
It can be seen that in the range of 72° to 90°, due to the small number of experimental
groups, the influence of the minimum value in the discrete data on the whole was overly
considered. However, curve fitting was performed on the average value of each position
of the CFD results, and the heat transmission coefficient in this region was larger than
that in the ACOPO empirical formula. There are two main reasons for this, one being
that the region of convection inherently features larger flow changes, which directly led
to the area of the convection heat transmission coefficient being uncertain, and the three-
dimensional calculation results reflected the fluctuation characteristic; another reason was
that, in practice, there was also a convection phenomenon in the air outside the PRV. The
temperature in the upper part was slightly higher than that in the lower part in practice,
which reduced the heat transmission in the upper part to a certain extent. However, the
temperature difference condition of CFD was uniform, so the efficiency of heat transmission
in CFD calculation was relatively higher.
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Figure 6. Comparison of experimental, CFD and formula results.

The range of the Reynolds number was crucial for judging the fluid flow regime, and
2100 and 4000 were important critical values for laminar and turbulent flow, respectively.
Figure 7 shows that when the angle was more than 20° and less than 40°, both laminar and
turbulent flow phenomena existed.

12000
10000
8000

» 6000

4000

2000

© T
-20 o} 20 40 60 80 100

6 (degree)

Figure 7. The Reynolds number varied with the angle.

Figure 8 showed that the convective heat transmission coefficient and vorticity distri-
bution. In the area with an angle of about 60~85 degrees from the horizontal plane reached
the maximum vorticity (as shown in the red shade in Figure 8), and the greater the local
convective heat transmission coefficient was closer to the upper horizontal plane of the
molten pool. At the same time, because there were large vortices in the velocity field in
this region, the velocity was larger, and the Reynolds number was larger, so the numerical
points were more dispersed. However, due to the axis symmetric two-dimensional model
adopted in most studies, the fluctuation dispersion characteristics of the convective heat
transmission coefficient on the large inclination wall could not be reflected. Therefore, only
a single empirical formula curve of the convective heat transmission coefficient changing
with the angle could be fitted. The empirical formula could reflect the average state of each
plane of the melt pool to a certain extent, while the circumfluence state of the horizontal
plane could not be well fitted.
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Figure 8. Vorticity distribution diagram.

3. Influence of External Cooling Conditions on Natural Convection Characteristics in
the Lower Head

IVR-ERVC is an important mitigation measure for serious accidents in nuclear power
plants. In the AP/CAP series nuclear power plant design, water from the fuel pool (IRWST)
in the containment vessel floods the pit and creates a natural circulation around the outside
of the lower head, preventing the vessel from failing due to excessive decay heat from the
reactor melt trapped in the lower head.

In order to explore the sensitive factors of the influence of different external ambient
temperatures on the convection heat transmission of the molten pool, based on the previous
model, the outer wall temperatures were set at 10 °C, 16.4 °C and 20 °C, respectively,
to calculate the natural convection of the molten pool under different external cooling
environments. The results are shown in Figure 9.

Outer wall temperature 20 °C Outer wall temperature 16.4 °C  Outer wall temperature 10 °C

Figure 9. Distribution of temperature field and streamline with different outer wall temperatures.

It can be seen from the results of the flow field and temperature field in Figure 9 that
the natural convection phenomenon of the molten pool of the lower head became more
obvious with the increase in the temperature of the lower wall, reflecting the passive heat
transmission characteristics of the fluid. The lower the temperature of the lower wall,
the greater the temperature difference between the upper and lower surfaces, and the
more obvious the temperature stratification phenomenon inside the molten pool. In this
case, the internal flow of the molten pool slowed down, and the temperature distribution
was uneven.

As can be seen from Figure 10, the local convective heat transmission coefficient of
the lower head wall, which varied along the inclination angle of the lower head wall, was
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basically not affected by the temperature of the lower wall. If the dip angle was less than
60 degrees, with the increase in the temperature of the lower wall, the convective heat
transmission capacity of the lower wall of the lower head increased. If the dip angle was
greater than 80 degrees, as the temperature of the lower wall decreased, the convective
heat transmission capacity of the lower wall of the lower head increased. At the same time,
as the temperature difference between the upper and lower walls in this area increased, the
fluctuation range of the convective heat transmission coefficient also became larger.

3.5

Ll [t
wn N w
L L L

LOCAL HEAT TRANSFER COEFFICIENT

-
L

0.5

r T T T T 1

0 20 40 60 80 100
ANGLE[degree]

® Series1 M Series2 & Series3

Figure 10. Changes in local heat transmission coefficient ratio with angle under different outer
wall temperatures.

As can be seen from Figure 11, when the wall inclination angle was greater than
60 degrees, the temperature of the lower wall had a great influence on the distribution of
vorticity. As the temperature difference between the upper and lower walls decreased, the
peak value of the fluid vorticity gradually increased and moved up.

10

Vorticity

T T T T T |
0 20 40 60 80 100
6 [degree]
® 20Corfluents M 164°C ¢ 10°C

Figure 11. Changes in vorticity under different outer wall temperatures.
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As can be seen from Figure 12, in the change curve of fluid Ra in the lower head,
the temperature of the lower wall had little influence on the flow state distribution of the
laminar flow and turbulent flow of the fluid, both of which were obvious turbulence when
the wall angle was above 40 degrees and obvious laminar flow when the wall angle was
below 20 degrees.

12,000 4

10,000 -

8,000

& 6,000

4,000

L]
2,000

r T T T T 1
0 20 40 60 80 100
0 (degree)

® Series1 W Series3 ¢ Series2
Figure 12. Changes in Ra under different outer wall temperatures.

4. Conclusions

In this study, FLUENT was used to model and calculate the natural convection heat
transmission in a three-dimensional pool with a hemispherical lower head. The temper-
ature, velocity and wall heat transmission coefficients of the flow field were analyzed
by using periodic boundary conditions. Compared with the results of the hemispherical
UCLA experiment, the parameter ranges of the hemispherical natural convection pool
and the applicability of the classical empirical formula were verified. The convection heat
transmission coefficients in the commonly used two-dimensional models and empirical
formulas were generally uniform and conservative. The method ignored the randomness
and non-constancy of turbulent heat transmission. The three-dimensional analysis results
of CFD calculations clearly reflect the vortex and oscillation of the flow field. The main
conclusions are as follows:

1.  The simulation results were in good agreement with the experimental results of
UCLA. At the same time, the quarter-slice modeling method of the periodic boundary
ensured not only the accuracy of the results but also the axial symmetry of the heating
pool. This approach to modeling saved computing resources. Using a simple 32-core
configuration server, the calculation could be completed in 1 h, and the same object
with a full-size molten pool model took about 3—4 h.

2. There was an obvious thermal stratification phenomenon at the bottom of the natural
convection heating pool in the calculated results of this study. The closer to the bottom,
the greater the thermal stratification temperature gradient. The stratification area
would inhibit the heat transmission efficiency of the molten pool.

3. Inthe region where the angle with the horizontal plane was 72~90 degrees, there were
large errors in the convective heat transmission coefficients obtained by different cal-
culation methods, because the fluid reached the maximum vorticity in this region and
the convective heat transmission phenomenon was the most intense. By comparing
the 3D CFD results with the experimental empirical formula, it was found that the
empirical formula was limited by the number of experimental groups, and the heat



Energies 2024, 17, 3113 12 of 13

transmission coefficient in this region was relatively small. At the same time, because
there were large vortices in this region, the velocity and Reynolds number were large,
and the numerical points were scattered. The fitted empirical formula curve of the
convective heat transmission coefficient with the change in angle could reflect the
average state of each plane in the melting pool to a certain extent, but the reflux state
of the horizontal plane could not be well fitted. The existence of oscillation means
that the local convective heat transmission coefficient fluctuates in a certain range
at the same 0 value. Ignoring this problem would introduce uncertain factors into
the related simulation calculation research of heat transmission in the lower head,
especially the local failure problem.

4. The temperature distribution of the top and outer wall of the molten pool would
also affect the natural convection of the fluid in the pool. The larger the temperature
difference, the more obvious the thermal stratification phenomenon. The smaller the
temperature difference, the more obvious the turbulent convective heat transmission
phenomenon. Although the temperature change would have a certain impact on the
function of the convective heat transmission coefficient of the lower wall as a function
of the angle changed, the effect was small under the condition of error tolerance.
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