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Understanding a reliable description of the heat transfer in the molten pool with three-layer
configuration is inevitable for the design of severe accident mitigation measures in research
reactors, such as IVR-ERVC. However, investigations on a thick lower metallic layer are
scarce. Thus, further studies on heat transfer in a molten pool with a thick lower metallic
layer are highly required, based on previous severe accident studies in light water reactors.
This study conducts a numerical simulation of heat transfer in the molten pool with a thick
lower metallic layer during a severe accident, combining model development, code
verification, and code application. First, the MPCAP code has been developed, based
on the coupled simulation of natural convection inside the molten pool, two-dimensional
heat conduction in the RPV lower head, and convection outside the reactor vessel wall.
Then, a verification case has been conducted using three-layer configuration in AP1000.
The AP1000 verification case indicates that the MPCAP code predicts important
parameters in the molten pool well.
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1 INTRODUCTION

At present, the proportion of nuclear energy is low. Nuclear energy, a clean energy with a large space
for development, is an important component of sustainable energy structure. In the process of
development of nuclear energy science, research reactors which are used for scientific research,
operational training, and technological development play an important role in many fields, such as
physics, chemistry, biology, medicine, and agriculture, . According to the latest statistics from the
International Atomic Energy Agency (IAEA), there are 258 operational research reactors in 56
countries and territories worldwide (RRDB, 2020).

Nuclear safety has been the focus of public attention since the beginning of the development of
nuclear energy, and safety analysis has always been the focus of nuclear energy scientific research.
Since the Three Mile Island accident and the Chernobyl accident, the severe accident of nuclear
reactor has received wide attention in the international community, and the IAEA has explicitly
required that severe accident and their mitigation measures must be taken into account in the design
of nuclear power plants (Gilbert, 1979). The National Nuclear Safety Administration of China issued
the Regulations on the Design and Safety of Nuclear Power Plants (HAF102-2016) which also
requires additional safety facilities for the design of nuclear power plants, the expansion of safety
system capabilities, the prevention of severe accidents, and the mitigation of the consequences of a
severe accident. The IAEA Research Reactor Safety also states that the potentially serious
consequences of all foreseeable events must be taken into account in the design of the research
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reactor and that safety facilities can prevent severe accidents and
mitigate the consequences of severe accidents (Safety of Research
Reactors, 2016).

It is an important part of severe accident research to
formulate measures to relieve severe accident mitigation
and reduce the serious consequences of core melting. How
to deal with core melting is a key point in the mitigation
measures of a severe accident, and the significant mitigation
measure adopted by advanced nuclear power plants includes
in-vessel retention (IVR) and ex-vessel retention (EVR). In
reactors with a semi-sphere shape pressure vessel, the external
reactor vessel cooling (ERVC) is used to remove the decay heat
from the lower head of the pressure vessel and maintains the
integrity of the lower head. Some research reactors also have a
semi-sphere shape pressure vessel, which is a foundation of
IVR-ERVC implementation. On the basis of the application of
IVR-ERVC for commercial light water reactors, the IVR-
ERVC measure could be adopted in research reactors,
which is conducive to the formulation of mitigation
measures for a severe accident.

By research studies on pressure vessels with molten
materials in the Three Miles Island nuclear accident, it is
presented that the core molten materials will be relocated to
the pressure vessel’s lower plenum, and eventually form a
molten pool. In spite of decay heat, the pressure vessel can
still maintain integrity. On this basis, a retention strategy for
molten material in the lower plenum is proposed for reactors
with a semi-sphere shape lower head. At first, IVR-ERVC has
been used in the VVER-440 unit in Loviisa nuclear power plant
(Kymäläinen et al., 1997), and gradually adopted as a key
technology for the retention strategy for molten materials in
reactor lower plenum, such as AP1000, ACP1000, CPR1000,
CAP1400, APR1400 (Rempe et al., 1997; Theofanous et al.,
1997; Cummins et al., 2003; Esmaili And Khatib-Rahbar, 2004;
Oh And Kim, 2005; Wang et al., 2010; Li et al., 2015).

In commercial light water reactors, a steady-state molten pool,
which is considered to be formed under an enveloped condition,
generally consists of two- and three layers, as shown in Figure 1.
The two-layer molten pool includes a lower oxide layer and an
upper metallic layer. The oxide layer with an internal heat source
has uranium dioxide, zirconium dioxide, and other oxides, and
the metallic layer has stainless steel, and zirconium alloy,
generally believed to have no internal heat source. The three-
layer molten pool includes a lower heavy metallic layer,
intermediate oxide layer, and upper light metallic layer. The
heavy metallic layer with an internal heat source has metal
uranium, stainless steel, and zirconium alloy. The decay heat
in the oxide layer heats the heavy metallic layer and the light
metallic layer. The light metallic layer is similar to the two-layer
molten pool. It is generally believed that the precipitation of heavy
metal uranium is less, and the heavy metallic layer is thinner. In
addition, the heat transfer performance of heavy metal uranium is
well, the heat in the heavy metallic layer is only conducted
through the inner wall of the pressure vessel. Because of the
high melting point of oxide molten materials, there is a crust
around the oxide molten pool, and the inner temperature of the
crust is the melting point of oxide molten materials. The

configuration of the molten pool is closely related to molten
components, the core melting process, and especially the
relocation of molten materials to the lower head.

Under the effect of the temperature difference and density
difference, natural convection occurs inside a steady-state
molten pool, and the heat transfer along the angle can be
determined by empirical heat transfer correlations. On the one
hand, the heat in a metallic layer is removed through upper
radiation and conduction in the pressure vessel’s inner wall
surface. The thinner metallic layer leads to higher heat flux in
the inner surface wall of the pressure vessel, which is easy to
exceed the critical heat flux (CHF), resulting in the failure of
the pressure vessel wall because of thermal load. This
phenomenon is a focusing effect, which needs to be paid
attention to. On the other hand, the power density of the
heavy metallic layer is related to the quality of light metals such
as dissolved zirconium alloy and stainless steel in heavy metal
uranium. When the amount of desolvation is less, the heavy
metallic layer is thinner and the power density is larger, which
is easy to form a focusing effect in the lower heavy metallic
layer. The focusing effect in the lower heavy mental layer is
similar to that of the upper light metallic layer. Especially the
CHF value decreases with angles, and thermal failure could
occur near a heavy metallic layer located at the bottom of the
pressure vessel.

In research reactors with U-Al alloy fuels, the molten
materials include uranium dioxide, alumina, U-Al alloy,
aluminum alloy. Oxide molten pool is mainly alumina-
based, all obtained by high-temperature oxidation reaction.
The molten metallic layer is mainly U-Al alloys, and less
metallic aluminum alloys are extracted. The density of U-Al
alloy is greater than alumina, forming a molten pool
configuration with a lower thick metallic layer with U-Al
alloy, a middle thinner oxide layer, and an upper thinner
metallic layer. The internal heat source is concentrated in
the lower molten pool and tends to conduct to the pressure
vessel wall, which could make the middle oxide layer and upper
metallic layer solidify, forming a three-layer molten pool
configuration, as shown in Figure 2. Whether the oxide
layer and metallic layer solidify is closely related to the heat
source in the oxide layer and the upward heat transfer from the
lower heavy metallic layer.

At present, all heat transfer methods in the molten pool are
focusing on the molten pool configuration of the light water
reactor, and don’t apply to reactors with a thicker lower heavy
metallic layer mentioned above. It needs to be studied based on
the current heat transfer method in the molten pool. This method
could include the determination of molten pool configuration,
and heat transfer from the molten pool to the outer surface wall of
the pressure vessel. Most heat transfer method in the molten pool
is based on lumped parameter method, which has been studied by
many researchers. Cao et al. have studied the two-dimensional
conduction inside the lower headwall and heat convection outside
the lower headwall (Cao et al., 2015). In addition, Liu et el.
havefocused on the effects of heat transfer inside and outside
molten pools by coupled analysis, which could decrease the
focusing effects (Liu et al., 2018; Luo et al., 2018; Luo et al.,
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2019). These researches are important and significant for
engineering assignment for large-scale nuclear power plants,
especially decreasing the focusing effects, and also helpful in
this study.

In this study, a new heat transfer method in the molten pool
for a reactor with a thicker lower heavy metallic layer has been
presented. Firstly, a molten pool configuration determination has
been developed to solve whether a solidified middle oxide layer or
upper metallic layer exists based on an improved lumped
parameter method. Secondly, a comprehensive analysis has
been adopted to solve the heat transfer in the molten pool
based on previous coupled analysis, considering natural
convection inside the molten pool, two-dimensional
conduction inside the lower headwall, and convection outside
the lower headwall. Then, an MPCAP (Molten Pool Coupled
Analysis Program) code has been developed, and a verification
calculation with AP1000 has been conducted.

2 METHODOLOGY

This chapter develops a coupled analysis code MPCAP for heat
transfer in themolten pool with a thick lower heavymetallic layer,
on the basis of coupled analysis method using the improving
lumped parameter method and detailed heat transfer from inside
molten pool to the outside lower headwall.

2.1 The Traditional Lumped Parameter
Method
In lumped parameter method, the molten pool is calculated as a
whole using average parameter values, as shown in Figures 3–5.

The traditional lumped parameter method indicates that the
ratio of heat transfer up and down in the oxide layer is fixed and
determined by the ratio of Nusselt number, which is obtained by
the empirical correlation (Theofanous et al., 1997; Liu et al.,
2018):

FIGURE 1 | Schematic diagram of molten pool configuration. (A) Two-layer molten pool. (B) Three-layer molten pool.

FIGURE 2 | Schematic diagram ofmolten pool configuration with a lower
heavy metallic layer.

FIGURE 3 | Schematic diagram of two-layer molten pool with
parameters.
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R � Nup,up
Nup,dn

. (1)

Using a heat balance relationship,

QpVp � qp,upsp,up + qp,dnsp,dn. (2)
We get

qp,dn � QpVp

sp,dn + Rsp,up
, (3)

qp,up � QpVpR

sp,dn + Rsp,up
, (4)

qp,dn(θ) � qp,dn
Nup,dn(θ)
Nup,dn

. (5)

Using the heat flux obtained by the abovementioned formulae,
the total parameters in the oxide layer and metallic layer are
calculated respectively, and the main parameters are obtained
including the distribution of heat flux along the lower headwall,
the thickness of crust, and the thickness of the lower headwall of
the pressure vessel. In this calculation process, only one-
dimensional conduction is considered, and the outer surface
wall of the lower head is a fixed temperature or a fixed heat
transfer coefficient.

This thickness of pressure vessel in commercial light water
reactor is generally more than 15 cm, which is obvious two-
dimensional conduction. Two-dimensional conduction can
transmit heat from a higher temperature area axially to a
lower temperature area, redistributing the temperature field
inside the lower head, which has a protective effect on the
focusing effect near the metallic layer. In the numerical
simulation, the simple and conservative use of one-
dimensional conduction will significantly overestimate the
phenomenon of the focusing effect and cannot obtain accurate
prediction results, making the evaluation results of IVR-ERVC
conservative.

In the lower headwall of a pressure vessel, two-dimensional
conduction and external convection had a significant impact on
the heat transfer of the molten pool, and ultimately affect the heat
flux distribution in the outer surface wall of the lower head. The
traditional lumped parameter method above simply determines
the up and down heat transfer by the ratio of Nusselt number,
which is not consistent with the actual situation and couldn’t
apply to molten pool configuration with a thicker lower heavy
metallic layer. Later in this section, we will focus on the heat
transfer in the molten pool based on the improved lumped
parameter method and briefly introduce two-dimensional
conduction and external vessel heat transfer.

2.2 Heat Transfer in Molten Pool
This section is based on a three-layer molten pool configuration,
including a lower heavy metallic layer, central oxide layer, and
upper light metallic layer. When the power density of the heat
source in the oxide layer is low, the heat in a heavy metallic layer
may be transferred to the oxide layer, affecting the oxide layer and
metallic layer. This section first discusses the configuration of the
molten pool on the basis of heat transfer in the heavy metallic
layer and determines the formation of the oxide layer andmetallic
layer in the molten pool. On the basis of judging the configuration
of the molten pool, the heat transfer in the oxide layer and
metallic layer are discussed. The main parameters are shown in
Figure 4, at which the temperature of the oxide layer is highest
and the heat is transferred from the oxide layer to the metallic
layer and heavy metallic layer, respectively.

2.2.1 Heat Transfer in the Heavy Metallic Layer and
Determination of Molten Pool Configuration
Different internal heat sources and heat transfer capability may
cause different molten pool configurations. In the actual reactor
molten pool, the decay power density in the heavy metallic layer is
high, where the capacity of heat transfer is strong. In addition, the
melting point of the lower heavy metallic layer is smaller,

FIGURE 4 | Schematic diagram of three-layer molten pool with
parameters.

FIGURE 5 | Schematic diagram of thick heavy metallic layers with
parameters.
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indicating that there is a molten state. The lower heavy metallic
layer is cooled through the pressure vessel wall. Since the lower
heavy metallic layer is thin, convection is not obvious, and
conduction prevails. We can simply get heat flux to form a
heavy metallic layer on the inner wall surface of the pressure
vessel:

qh,ves � qp,bsp,b + QhVh

sh,b
. (6)

When the lower heavy metallic layer is thick, the natural
convection is similar to the oxide layer, and the distribution of
heat flux on the side of the lower heavy metallic layer can be
obtained by using the Nusselt number distributed along angle:

qh,ves(θ) � (Th,max − Tw,in)Nuh,dn(θ) · khhh
. (7)

qp,bsp,b + QhVh � ∫θh

0
qh,ves(θ) · 2πrin sin θ · rindθ. (8)

The state of the oxide layer is related to the internal heat
source of the oxide layer and the heat transfer between the
heavy metallic layer and the oxide layer. When there is a
sufficient internal heat source in the oxide layer, the heat is
transmitted from the oxide layer to the metallic layer and
heavy metallic layer, and the maximum temperature of the
oxide layer is inside the oxide layer. When the maximum
temperature is higher than the melting point of the oxide layer,
a molten oxide layer is formed with crust. When there is an
insufficient heat source in the oxide layer, the heat in the heavy
metallic layer is transmitted to the oxide layer, and the
maximum temperature of the oxide layer is at the bottom

of the oxide layer. The solidification of the metallic layer is
related to the internal heat source and upward heat transfer
from the oxide layer to the metallic layer, and it is generally
believed that the internal heat source in the metallic layer is
low, and the solidification of the metallic layer is mainly related
to the upward heat transfer from oxide layer.

For the molten pool with a thicker heavy metallic layer,
there is an obvious internal heat source in the lower heavy
metallic layer. The solidification of the oxide layer is the key to
molten pool configuration. For a thinner solidified oxide layer
and metallic layer, it is considered that there is only
conduction like an infinite plate. The temperature
distribution in the oxide layer and metallic layer is shown
in Figure 6. The oxide layer is parabolic and the metallic layer
is linear based on whether there is an internal heat source.
When heat is transferred from a heavy metallic layer to an
oxide layer, the maximum temperature of the oxide layer is in
contact with the oxide layer, but it is not the vertex of the
parabola. When heat is transferred from the oxide layer to the
heavy metallic layer, the maximum temperature of the oxide
layer is inside the oxide layer, which is the vertex of the
parabola.

To judge the heat transfer between the heavy metallic layer
and oxide layer, it can be assumed that there is no heat transfer
between those two layers, and then the temperature between
the heavy metallic layer and oxide layer is distributed as a
parabola type. In this situation, the maximum temperature of
the heavy metallic layer is equal to the temperature at the top of
the heavy metallic layer, and the temperature of the top of the
oxide layer is equal to the temperature of the bottom of the
metallic layer:

Tm,b � Tp,t �
Qph2p
kp

+ Th,t �
Qph2p
kp

+ Th,max. (9)

At the same time, the temperature at the bottom of the metallic
layer:

Tm,b � Tm,t + qm,thm
km

. (10)

Also,

qm,t � qm,b � qp,t,� Qphp.

The heat is radiated from the metallic layer to the upper
space of the reactor core, mainly consisting of two parts: one is
between the top surface of the metallic layer and the inner
surface of the inner component of the pressure vessel reactor,
and another is between the outer surface of the component of
pressure vessel reactor and the upper inner surface of the
pressure vessel. The inner component of the pressure vessel
reactor includes upper structures, which don’t relocate to the
lower head during severe accidents. Ignoring radiation
between the top surface of the metallic layer and the
pressure vessel, and simplifying the geometry of
components inside the core as a flat rectangular, we can
calculate the heat transfer in the upper space of the metallic
layer. Radiation from the top surface of the metallic layer:

FIGURE 6 | Schematic diagram of temperature gradient in the solid
oxide layer.
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qm,s �
σ(T4

m,t − T4
s,in)

1
εm,t

+ 1−εs
εs

· sm,t

ss

. (12)

The internal conduction of components inside the core is
approximated as one-dimensional conduction:

qs � ks(Ts,in − Ts,o)
δs

. (13)

The outer surface of the reactor component is approximately
equal to the upper inner surface area of the pressure vessel, and if
the emission rate is the same, then the radiation is

qs,ves � εsσ(T4
s,o − T4

ves,in). (14)
Approximately, one-dimensional conduction in the upper-

pressure vessel wall is

q
ves

� kves(Tves,in − Tves,o)
δves

. (15)

Obviously, in the abovementioned several heat transfer
processes, the quantity of heat transfer is equal; then,

qm,tsm,t,� qm,ssm,t � qsss,� qs,vessves,� qvessves.

The bottom temperature of the metallic layer could be
obtained above Eqs 10–16 or Eqs 7–9, which could be
compared. If the former value is larger, then the heat is
transferred from the oxide layer to the heavy metallic layer.
On the contrary, the heat is transferred from the heavy
metallic layer to the oxide layer. It is discussed, respectively, in
the following part.

2.2.2.1 Heat Is Transferred From the Oxide Layer to the
Heavy Metallic Layer
When heat is transferred from the oxide layer to the heavy
metallic layer, at first, we assume that there is a parameter
indicating the ratio of heat transfer from the oxide layer to the
heavy metallic layer, and we set it as fph, equaling 0~1. Then, Eq. 8
is written as

fphQpVp + QhVh � ∫θh

0
q
h,ves

(θ) · 2πrin sin θ · rindθ. (17)

Also, Eq. 11 is written as

qm,t � qm,b � qp,t � (1 − fph)Qphp. (18)
The temperature at the bottom of the oxide layer is equal to the

temperature at the top of the heavy metallic layer:

Tp,b � Th,t � Th,max + fphQpVp

sh,t
/Nuh,upkh

hh
. (19)

By Eqs 7, 17–19, the temperature at the bottom of the oxide
layer is obtained.

There is a symmetrical point in the temperature distribution of
the oxide layer, as shown in Figure 7. When the maximum

temperature is on the right, the symmetry temperature Tsym is
equal to the temperature at the bottom of the oxide layer, which is
Tp,b. When the maximum temperature is on the left, the
symmetry temperature Tsym is equal to the temperature at the
top of the oxide layer, which is Tp,t.

When the maximum temperature is on the right, meaning that
fph < 0.5, and the temperature at the bottom of the metallic layer is

hsym,t � (1 − 2fph)hp, (20)

Tm,b � Tp,t � Tsym −⎛⎝Qph2sym,t

2kp
+ fphQphp

kp
⎞⎠

� Tp,b −⎛⎝Qph2sym,t

2kp
+ fphQphp

kp
⎞⎠. (21)

When the maximum temperature is on the left, meaning that
fph > 0.5, the temperature at the bottom of the metallic layer is

hsym,b � (2fph − 1)hp, (22)

Tm,b � Tp,t � Tsym � Tp,b +⎛⎝Qph2sym,b

2kp
+ (1 − fph)Qphp

kp
⎞⎠. (23)

The temperature at the bottom of the metallic layer
obtained above is Tm,b, and also the temperature at the
bottom of the metallic layer could be obtained by Eqs 10,
12–16, 18. For comparison, we adjust fph and repeat the above
steps until the convergence limit is reached, and finally
determine the ratio of heat transfer from the oxide layer to
the heavy metallic layer.

2.2.2.2 Heat Is Transferred From the Heavy Metallic Layer to
the Oxide Layer
When heat is transferred from the heavy metallic layer to the
oxide layer, at first we assume that there is a parameter indicating
the ratio of heat transfer from heavy metallic layer to the oxide
layer, and we set it as fhp, equaling 0~1. Then, Eq. 8 is written as

(1 − ffp)QhVh � ∫θh

0
qh,ves(θ) · 2πrin sin θ · rindθ. (24)

Also, Eq. 11 is written as

qm,t � qm,b � qp,t � Qphp + fhpQhVh/sh,t. (25)
Equation 19 is written as

Tm,b � Th,t � Th,max − fhpQhVh

sh,t
/Nuh,upkh

hh
. (26)

The temperature at the bottom of the metallic layer is equal to
the temperature at the top of the oxide layer:

Tm,b � Tp,t � Th,t − (Qph2h
2kp

+ fhp
QhVh

sh,t

hp
kp
). (27)

The temperature at the bottom of the metallic layer obtained
above is Tm,b, and also, the temperature at the bottom of the
metallic layer could be obtained by Eqs 10, 12–16, 18. For
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comparison, we adjust fhp and repeat the above steps until the
convergence limit is reached, and finally determine the ratio of
heat transfer from the oxide layer to the heavy metallic layer.

On the basis of obtaining the heat transfer between the oxide
layer and heavy metallic layer, the heat in the oxide layer and
metallic layer can be obtained to determine whether it is a molten
pool. The highest temperature of the metallic layer occurs at the
bottom surface and the lowest temperature occurs at the top
surface.When heat is transferred from a heavymetallic layer to an
oxide layer, the maximum temperature in the oxide layer is in
contact with the heavy metallic layer. When heat is transferred
from the oxide layer to the heavy metallic layer, the maximum
temperature is inside the oxide layer, which may exceed the
melting points of the oxide layer to form a molten pool, where the
maximum temperature of the oxide layer is

Tp,max � Th,t +
Qp(fphhp)

2kp
. (28)

When the maximum temperature of the oxide layer exceeds
the melting point of the oxide layer, the heat transfer calculation
in the molten pool will be carried out.

2.2.2 Code MACAP Development
In the above section, an improving lumped method has been
presented to determine the molten pool configuration. Also, there
is coupled effect of heat transfer among natural convection inside
a molten pool, two-dimensional conduction in the lower
headwall, and convection outside the lower headwall, which
has been studied using a coupled analysis method. Based on
the above study, code MACAP has been developed for a thicker
lower heavy metallic layer in this section. In code MACAP, the
flow chart is shown in Figure 8.

At first, we assume that there is a known temperature in the
pressure vessel inner wall surface, and then determine the heat
transfer between the heavy metallic layer and oxide layer. When
the maximum temperature of the oxide layer exceeds the melting
point of the oxide layer, the heat transfer calculation in the molten

oxide layer should be carried out. After obtaining the heat flux of
the inner wall of the pressure vessel, it is used as an input
parameter for two-dimensional conduction in the lower head,
considering convection outside the vessel wall. Then the
temperature of the inner wall surface of the pressure vessel is
re-obtained. The convergence is judged and the calculation is
repeated until the convergence limit is reached. Finally, the main
parameters including the heat flux of the outer surface wall of the
pressure vessel are obtained.

3 AP1000 THREE-LAYER MOLTEN POOL
CONFIGURATION VERIFICATION

As an extension of AP600, AP1000 has a high degree of similarity
to AP600 in all respects, with only the outer pressure vessel wall
surface being closer to the cavity than AP600 in terms of IVR-
ERVC effectiveness assessment. Both INEEL (Rempe et al., 1997)
and ERI (Esmaili And Khatib-Rahbar, 2004) have carried out the
studies on three-layer molten pool configuration. However, no
calculation results are available for point estimation calculation.
This section uses the input parameters in the ERI study to carry
out a point estimation calculation for a three-layer molten pool
configuration in AP1000 calculates the average heat flux at the
bottom of the heavy metallic layer, also compares the calculation
results of code MPCAP with those of Zhang et al. (2010).

3.1 AP1000 Three-Layer Molten Pool
Configuration Verification Preparation
The study of ERI and the study of Zhang et al. have used
different heat transfer correlations for molten pools in
AP1000. The study of ERI does not consider heat transfer
from the oxide layer to the heavy metallic layer, while the study
of Zhang et al. considers heat transfer from the oxide layer to
the heavy metallic layer.

In this verification calculation, the code MPCAP uses the
same heat transfer correlations as the study of ERI to calculate

FIGURE 7 | Schematic diagram of temperature symmetry in the solid oxide layer. (A) Themaximum temperature is on the right. (B) Themaximum temperature is on
the left.
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the heat transfer from the oxide layer to the metallic layer and the
heat transfer from the oxide layer to the heavy metallic layer. The
other main input parameters are shown in Table 1.

3.2 AP1000 Three-Layer Molten Pool
Configuration Verification Results
The results of the AP1000 three-layer molten pool configuration
verification focused on heat flux in the outer surface wall of the
pressure vessel wall, comparing the values calculated by code
MPCAP with those calculated by the study of Zhang et al. The
heat flux through pressure vessel wall is shown in Figure 9. When
the heat transfer from the oxide layer to the heavy metallic layer is
not considered, meaning that there is no heat transfer between the
oxide layer and heavy metallic layer, the calculated values of code
MPCAP in the inner wall surface is close to the results of the study
of Zhang et al. When the heat transfer from oxide layer to heavy
metallic layer is considered, the heat flux in the bottom region is
higher. Due to a low CHF value in the bottom region, the heavy
metallic layer shows an obvious focusing effect. In addition, the
phenomenon of the focusing effect cannot be alleviated even by
considering the effect of two-dimensional conduction.

The results of the AP1000 three-layer molten pool configuration
verification show that code MPCAP is able to predict the heat flux
distribution. Theheat transfer from the oxide layer to the heavymetallic
layer exacerbates the focusing effect in the heavy metallic layer but
reduces the heat flux in themetallic layer. TheCHF value in the bottom
area of the heavy metallic layer is low, and therefore, there is a risk of
failure. The heat transfer from the oxide layer to the heavymetallic layer
needs to be considered in the effectiveness assessment of IVR-ERVC.

4 CONCLUSION

Investigations on heat transfer in the thick lower heavy metallic
layer are scarce, which have been conducted in this study for the
IVR-ERVC adopted in research reactors. The main conclusions
are presented as follows:

(1) The heat transfer in the molten pool has obvious
influences on molten pool configuration. In this
study, an improving lumped parameter method has
been used to judge molten pool configuration. On this
basis, a coupled analysis code MPCAP has been
developed, which is based on the coupled simulation
of natural convection inside a molten pool, two-
dimensional conduction in the lower headwall, and
convection outside the reactor vessel wall.

(2) The AP1000 three-layer molten pool configuration
verification shows that code MPCAP is generally able to

FIGURE 8 | Flow chart of the coupled analysis method in MPCAP code.

TABLE 1 | Main input parameters in AP1000 verification calculation.

Molten pool External flow channel

Mass of UO2 (t) 62.3 Radius of the vessel (m) 4.0
Mass of stainless steel (t) 37.4 Thickness of the vessel (m) 0.15
Mass of zircaloy (t) 13.7 Width of the vessel (m) 0.15
Oxidation fraction of zircaloy (%) 0.28 Inlet temperature (K) 323.15
Decay heat power (MW) 27.1 Flow rate (kg/s) 200.0

FIGURE 9 | Heat flux of inner RPV wall surface in AP1000 verification
calculation.
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give reasonable predictions for the heat transfer in the
molten pool.
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NOMENCLATURE

k Thermal conductivity, W/(m·K)
Q Volume power density, W/m3

r Radius, m

s Area, m2Structure

ε Emissivity

σ Stefban–Boltzmann, W/(m2·K4)

Subscript
b Bottom

dn Downward

in Inside

max Maximum

o Outside

side Sideward

up Upward

w Wall

Nu Nusselt number

q Heat flux, W/m2

T Temperature, K

δ Thickness, m

θ Angle, degree

V Volume, m3

cr Crust

h Heavy metallic layer

m Light metallic layer

mp Melting point

p Oxide pool

t Top

ves Vessel

s Structure
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