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Abstract In this study, a multi-physics and multi-scale
coupling program, Fluent/KMC-sub/NDK, was developed
based on the user-defined functions (UDF) of Fluent, in
which the KMC-sub-code is a sub-channel thermal-hy-
draulic code and the NDK code is a neutron diffusion code.
The coupling program framework adopts the “master—
slave” mode, in which Fluent is the master program while
NDK and KMC-sub are coupled internally and compiled
into the dynamic link library (DLL) as slave codes. The
domain decomposition method was adopted, in which the
reactor core was simulated by NDK and KMC-sub, while
the rest of the primary loop was simulated using Fluent. A
simulation of the reactor shutdown process of M?LFR-
1000 was carried out using the coupling program, and the
code-to-code verification was performed with ATHLET,
demonstrating a good agreement, with absolute deviation
was smaller than 0.2%. The results show an obvious
thermal stratification phenomenon during the shutdown
process, which occurs 10 s after shutdown, and the change
in thermal stratification phenomena is also captured by the
coupling program. At the same time, the change in the
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neutron flux density distribution of the reactor was also
obtained.
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1 Introduction

Safety analysis is a key tool for proving the safety of
nuclear power plants during the design phase. Usually, the
safety analysis of nuclear power plants is carried out using
a system analysis code, which adopts the one-dimensional
approximate simplification method to model the real plant
system. However, there is three-dimensional flow and
thermal stratification in the pool structure of lead-cooled
fast reactors (LFRs), which cannot be simulated by system
codes, especially in the accident state. On the other hand,
CFD tools such as Fluent can capture the complex three-
dimensional flow and heat transfer phenomenon in detail,
which can carry out accurate numerical simulation analysis
of the plenum in LFRs. However, they may require very
large computational effort to simulate such important
phenomena.

In this case, a multi-scale coupling method is proposed
to meet this demand. Aumille et al. proposed a RELAP-3D/
CFD coupling methodology and performed a proof-of-
principle calculation based on the coupling code [1, 2].
Unlike the explicit CFD coupling method, this coupling
method is numerically stable, provided the Courant limit is
not violated in RELAPS5-3D or at the coupling locations.
Gesellschaft fiir Anlagen- und Reaktorsicherheit (GRS)
proposed an explicit coupling method and developed a 1D
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system/3D-CFD coupling program based on the self-de-
veloped system analysis code ATHLET [3]. The prelimi-
nary comparative calculations are complicated between the
coupling program and ATHLET stand-alone, which
showed good agreement. Similarly, the Royal Institute of
Technology (KTH) also proposed a coupling method
between the RELAPS/STAR-CCM+ coupling program
and compared its simulation results with GRS directly [4].
Experiment TO1 of the TALL-3D experimental facility was
chosen as the benchmark, and the simulation results were
directly compared with the GRS (ATHLET-ANSYS CFX)
coupling code. The French Alternative Energies and
Atomic Energy Commission (CEA) coupled the 3D com-
putational fluid dynamics (CFD) code TRIO_U with the
thermal-hydraulic system analysis code CATHARE to
perform a simulation of the natural circulation test of the
French prototype sodium fast reactor (SFR) Phénix, which
closely followed the available experimental data and the
results of a single CATHARE calculation [5]. In addition,
we successfully completed the ATHLET-OpenFOAM
coupling code application in our previous work and sim-
ulated the unprotected loss of flow accident (ULOF) pro-
cess for LFR [6].

However, in the above-coupled programs, for the reactor
core, the lumped parameter method is usually used to
simplify the calculation in the system analysis code, which
cannot accurately simulate the internal thermal-hydraulic
behaviors. The sub-channel code can correctly and quickly
simulate thermal-hydraulic phenomena inside the reactor
core and can assess the thermal-hydraulic safety charac-
teristics. In previous works, Chi Wang et al. developed a
code by coupling FLUENT with the sub-channel thermal—
hydraulic code (KMC-sub) [7]. In addition, the point
source neutron-kinetic model was used to simplify the
reactor core, which could not evaluate its spatial perfor-
mance. For example, when the reactor is shut down and the
control rod is inserted, the nuclear thermal coupling effect
is strong and the local effect is obvious, which cannot be
correctly captured by using the point source neutron-ki-
netic model. To solve this problem, a three-dimensional
neutron diffusion code should be used in the reactor core to
replace the point-source neutron-kinetic model. In our
previous work, a three-dimensional neutron diffusion code
was developed [8]. In addition, there are also some nuclear
thermal coupling codes, such as RMC/COBRA (a Monte
Carlo and subchannel coupling code for PWR multi-phy-
sics analysis) [9, 10], GENFOAM (a multi-physics solver
based on OpenFOAM) [11-13], and FLUENT/PK (a CFD/
neutron kinetics coupled code for LFR transient safety
analysis) [14].

Therefore, it is necessary to develop a multi-physics and
multi-scale coupling program to simulate the internal
physical state and thermal-hydraulic characteristics of

@ Springer

pool-type reactors more accurately. In general, a coupling
program FLUENT/KMC-sub/NDK was developed in this
study and used to simulate the transient accident of the
entire primary loop of pool-type LFRs. Unlike the previous
work mentioned above, a more refined coupling model is
used in this work, which adopts a three-dimensional neu-
tron diffusion code (NDK) to handle reactor core neutronic
physics. In addition, the CFD program (FLUENT) was
used as the master code to capture the three-dimensional
thermal-hydraulic phenomenon in the reactor pool, and the
sub-channel thermal-hydraulic code (KMC-sub) was used
to simulate the reactor core. A simulation of the reactor
shutdown process of M?LFR-1000 was carried out using
the coupling program, and the code-to-code verification
was performed with ATHLET, demonstrating good
agreement.

2 Codes to be coupled

There are many commercial (generic) CFD codes and
special CFD codes for nuclear safety applications in the
nuclear field. Among them, ANSYS Fluent is widely used
in nuclear engineering. To realize detailed three-dimen-
sional flow and heat transfer calculations, using UDF [15]
to realize data transfer between Fluent and other codes is a
good choice.

However, the smaller mesh sizes and larger mesh counts
required by CFD codes make it difficult to simulate the
entire system, especially for the reactor core, under current
computer hardware conditions. The subchannel code can
be used to model the entire reactor core, in which the
conservation equations of continuity, momentum (both
axial and lateral), and energy are solved in a control vol-
ume with radial and axial interconnections, and the corre-
lations of flow resistance and heat transfer obtained from
experiments or simulations are added. The inter-channel
mixing model considering the transverse momentum bal-
ance and cross-flow between adjacent sub-channels was
used to evaluate the thermal-hydraulic and coolant flow
distribution in the assembly. In our previous work, a sub-
channel code KMC-sub was developed for the thermal-
hydraulic analysis of LFR [16]. In addition, it was coupled
with Fluent and applied to M?LFR-1000, an LFR design
proposed by USTC [17].

According to the neutron transport equation, assuming
an isotropic angular distribution of neutron flux density, a
typical neutron diffusion kinetic model is obtained, which
can be used to calculate the reactor power distribution and
reactivity changes. The multidimensional space—time neu-
tron diffusion equation and the delayed neutron pioneer
nuclear equilibrium equation are shown in Eq. (1).
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A detailed explanation of these variables can be found in
[8]. In this study, the two-group method is adopted, which
means that thermal neutrons are treated as one group (en-
ergy < 0.1 eV) and the energy of the other energy group is
greater than E., where E. is the delimitation energy
(~ 0.4 eV).

This NDK code based on the neutron diffusion equation
was developed. Its result was compared with a 2D-TWIGL
benchmark and demonstrated good agreement [8]. For the
transient diffusion equation, because it is a time-rigid
equation, the implicit difference scheme is selected to solve
the equation on the time scale. At each time step, it is
reduced to a neutron diffusion equation with a fixed source
term.

Slave program
DLL

NDK
moudle

3 Coupling approach

In this study, the UDF of Fluent was used to realize the data
exchange between Fluent, KMC-sub, and NDK. The “master—
slave” mode was selected for coupling, in which FLUENT was
used as the “master program,” while the “slave code” KMC-
sub and NDK coupling code were compiled into Dynamic Link
Library (DLL), as shown in Fig. 1a. The “master program”
Fluent calls DLL file through UDF to realize data exchange and
process control. Once the two programs are coupled under the
control of Fluent, data exchange occurs in the “master pro-
gram” boundary condition.

In our previous work, an explicit sequential coupling
scheme between Fluent and KMC-sub was implemented,
and a steady case and transient case were completed [7]. To
expand the scope of coupling subjects, a multi-physics and
multi-scale coupling scheme is proposed in this paper, as
shown in Fig. 1b.

The UDF can receive the data on the boundary from
KMC-sub by calling the API functions in DLL files and
sends the boundary data to the KMC-sub/NDK coupling
code in each CFD time step, where the KMC-sub-module
transmits the temperature of the coolant, cladding, and pellet
to the NDK module, while the NDK module transmits the
spatial distribution of power to the KMC-sub-module. The
data transferred between the “master program” Fluent and

Power Temperature

Master program
Fluent

g KMC-sub
moudle

UDF Data

Fig. 1 (Color online) Data exchange method and the coupling approach

NDK calculation step +1

DK time=KMC-sub time?
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the DLL is mainly the coolant temperature, pressure, and
mass flow at the inlet and outlet of the core.

To flatten the power distribution, the core assemblies are
usually divided into several zones loaded with fuels of dif-
ferent enrichments. When Fluent transfers the data to KMC-
sub at the boundary in a fuel zone, the temperature and
pressure are the average values of the Fluent interface, while
the mass flow is the sum of the Fluent interface, and KMC-
sub calculates the flow mass rate distribution of each
assembly in this zone, according to the flow-split model. The
data transferred from KMC-sub to Fluent are transferred
according to the division of fuel assembly zones, and the
pressure and temperature on the Fluent interface of different
zones were obtained from the average value of the number of
KMC-sub-assemblies in the corresponding zone, while the
mass flow of the Fluent interface was obtained by the sum of
the number of corresponding KMC-sub-assemblies.

In this study, the time-explicit method was used in the
coupling scheme. The three coupling codes have their own
time steps and converge residuals, and Fluent can control the
time advancement of the KMC-sub/NDK module through the
UDF to maintain the same calculation time as Fluent. The
KMC-sub-module and Fluent have the same time step, while
the NDK module has a much smaller time step than Fluent,
one-tenth of the Fluent time step. At the beginning of each
time step, Fluent starts the iterative calculation. After con-
vergence or reaching the maximum number of iteration steps,
the data are transferred to the KMC module, then the KMC
sub-module starts the iteration. After the KMC-sub-module

Secondary Feedwater
(19.1MPa,335C)

—

converges, the temperature parameters are transferred to the
NDK module, and the NDK module performs the iterative
calculation. When the NDK module converges and reaches
the same time as the KMC-sub-module, the NDK module
transfers power to the KMC-sub-module; otherwise, the NDK
module continues to increase the number of time iterations.
When the overall time of the three modules is the same, the
KMC sub-module transfers the data to CFD, and the next
iteration begins. In each step of the calculation, an absolute
error limit and a specified number of steps were used for each
code as their convergence conditions.

The overall structure is an explicit sequential calcula-
tion, and the data are exchanged at the end of a time step.
When the CFD reaches the set time or converges residuals,
the overall calculation is terminated.

4 Application of the coupled code Fluent/KMC-
sub/NDK

4.1 M2LFR-1000 reactor

MZLFR-1000 is a typical pool-type lead-cooled fast
reactor (LFR) proposed by the University of Science and
Technology of China (USTC), which has completed the
overall conceptual design and preliminary safety analysis
[17-19]. The overall design of M?LFR-1000 is shown in
Fig. 2, and the detailed design parameters of M?LFR are
shown in Table 1.
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Fig. 2 (Color online) The overall design schematic of M?LFR-1000
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Table 1 The design parameters of M?LFR-1000

Parameters Value

Thermal power (MWth) 1000

Primary coolant Lead

Core inlet temp. (°C) 400

Core outlet temp. (°C) 480

Cooling method Forced circulation
Number of total fuel assemblies 355

Number of pins in each fuel assembly 169

Assembly geometry/rod arrangement Hexagon/triangle
Hexagonal wrapper apothem (mm) 97.5

Number of primary pumps 4

Number of steam generators (SG) 8

Secondary medium Water

Inlet temp. of secondary loop (°C) 335

Outlet temp. of secondary loop (°C) 475

Equivalent diameter of reactor core (m) 4.048

Total core height (m) 2.15

4.2 Description of the shutdown process

To evaluate the performance and accuracy of the Fluent/
KMC-sub/NDK coupling program, a reactor shutdown
process simulation was carried out and was compared with
the results obtained from ATHLET3.1, which is a system
analysis code for nuclear reactors or facilities [20]. The
transient boundary conditions for this case are given below.

(1) First, the control rods and adjusting rods were not
inserted. When shutting down, all control rods were
inserted within 2 s.

(2) The reactor mass flow rate remains unchanged, and
the variations in the coolant temperature and mass
flow rate at the outlet of the heat exchanger are input
from the ATHLET results through the UDF. This is
displayed in detail in Sect. 4.3.

(3) The core decay heat power accounts for about 5% of
normal power.

4.3 ATHLET model and its input conditions

To evaluate the results of the coupled program more
reasonably, ATHLET3.1 was used to calculate the mass
flow rate and temperature parameters at the outlet of the
heat exchanger during the shutdown transient to provide
boundary conditions for the heat exchanger in the coupled
program. The ATHLET node diagram for M?LFR-1000 is
shown in Fig. 3a, in which the reactor core is divided into
four zones: the inner average fuel zone, inner hottest fuel
zone, outer average fuel zone, and outer hottest fuel zone,

which correspond to the inner and outer fuel assemblies in
the core of M°LFR-1000, as shown in Fig. 3b.

In the ATHLET calculation model, the reactor was in
steady-state operation before 0 s. From 0 s, 5100 pcm of
negative reactivity is added within 2 s to simulate the
reactor shutdown process, as shown in Fig. 4a. During the
shutdown process, the pump speed remains constant, and
the changes in the core power and primary circuit mass
flow are shown in Fig. 4b. The change in the coolant
temperature at the outlet heat exchanger is shown in
Fig. 4c.

4.4 Model of coupling program

The domains of the three modules and their data
exchange are shown in Fig. 5a, which is divided into three
domains, where the hot plenum and cold plenum are cal-
culated by Fluent to simulate the thermal-hydraulic phe-
nomenon, while the core is calculated by KMC-sub-
module and NDK module to simulate the thermal-hy-
draulic phenomenon and physical state.

As shown in the C1 and C2 interface data mapping
diagram (Fig. 5b), the geometry of KMC-sub consists of
many assemblies, which are divided into inner and outer
fuel zones. To solve the mapping problem between the
coarse mesh adopted by KMC-sub and the finer mesh in the
CFD model, the following method was used in this study.
The average value parameter of each assembly simulated
by Fluent is transferred to the subchannel code when Fluent
transfers data to KMC-sub, while KMC-sub returns lumped
parameters of each assembly to Fluent.

As for the reactor core, KMC-sub can calculate the
spatial temperature distribution of the coolant, cladding,
and pellet, and then transmits it to the NDK domain, and
then updates the material’s absorption cross section
according to the material’s temperature and calculates the
distribution of neutron flux density. After renewing the
neutron flux density, a new power distribution can be cal-
culated and transmitted to the KMC-sub.

As shown in Fig. 5a, the cold plenum simulated by
Fluent transmits the mass flow rate and temperature to the
KMC-sub-module and NDK module at the first interface,
whereas the hot plenum simulated by Fluent transmits the
pressure to the KMC-sub-module and NDK module at the
second interface. At the same time, the KMC-sub-module
and NDK module transmit the pressure to Fluent at the first
interface and transmit the mass flow and temperature to
Fluent at the second interface.

4.4.1 CFD model

In this study, the entire primary loop model, except for
the reactor core, was built in Fluent using an unstructured
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Fig. 3 (Color online) ATHLET node model and the reactor core arrangement of M?LFR-1000

mesh obtained from ICEM CFD, as shown in Fig. 5c. The
number of meshes used for this simulation is approxi-
mately 3.86 million. In the CFD model, the inlet boundary
was the reactor core outlet, where the mass flow rate and
temperature were obtained from KMC-sub, and the pres-
sure was transferred from Fluent to KMC-sub. The outlet
boundary is the reactor core inlet and adopts a pressure
outlet where the pressure is transferred from KMC-sub, and
the mass flow and temperature are transferred from Fluent
to KMC-sub. In addition, the outlet temperature and mass
flow of the heat exchanger (see location A in Fig. 5b)
provided by ATHLET is another inlet boundary condition
of Fluent.

At present, it has been widely used by scholars to sim-
ulate the flow and heat transfer of liquid metals based on
the modified full flow model and wall function method.
The k—& model was used to calculate the thermal stratifi-
cation in the cylindrical hot pool of LMFBR, which is a
liquid metal fast reactor [21]. The standard k—¢ model, k—¢
(RNG) model, and Reynolds stress model were used to
investigate thermal stratification in the sodium reactor and
compared to experimental results, which showed that the
RNG model has a milder temperature gradient [22]. The k—
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& (RNG) turbulent model was used to calculate the primary
cooling system of the lead-bismuth reactor, MYRRHA
[23]. In this study, the k—¢ (RNG) model and standard wall
functions were used to calculate the turbulent flow inside
the entire primary loop.

4.4.2 Neutronic/thermal-hydraulic model

Because the KMC-sub-module and NDK module are
written based on C++, the classes of KMC-sub and NDK
were constructed, respectively, and the two modules realize
the transfer and exchange of data through API functions
written in DLL. In the iterative calculation of a time step,
the temperature of the coolant and fuel rods are calculated
by the KMC-sub and transferred to the NDK module
through the corresponding relationship of coordinates. The
neutron flux density distribution is calculated by the NDK
module and transferred to the power density distribution of
the KMC-sub-module, and the next time step calculation is
carried out.

The KMC-sub-module and NDK module are coupled
according to the mapping of the coordinate relation where
the NDK code is built by the rectangular coordinate
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Fig. 4 (Color online) Calculation results obtained from ATHLET in the transient shutdown process

system, while the KMC-sub has a hexagonal mesh in every
assembly. It is worth noting that NDK calculates the
nuclear properties of materials in different areas according
to whether the node coordinates are in the hexagonal
assembly. As shown in Fig. 5d, only the x-y plane is
shown, and the z-direction (axis direction) uses the same
method to map mesh data with the corresponding height.
Compared with the mesh in KMC-sub representing an
assembly, the mesh size of the NDK module is much
smaller. Additionally, a KMC-sub-mesh contains several
NDK meshes. Each NDK mesh and KMC submesh have
the coordinates of the center point. Before data mapping, it
is determined whether the NDK mesh coordinates are in
the KMC-sub-control volume. If it is, data mapping will be
carried out; otherwise, it will continue to search for an
NDK mesh that meets the determination conditions in a
KMC-sub-mesh.

When KMC-sub transmits temperature data to NDK,
one KMC-sub-mesh cell is mapped to multiple NDK mesh

cells and transmits the same value to NDK; for power
distribution transfer from NDK to KMC-sub, the average
value of multiple meshes is adopted. Each time the mesh
data mapping begins from the x-y plane first, then the z-
direction is processed, and finally, the data transmission of
different meshes is completed.

In the core calculation, the temperature distribution of
the coolant, cladding, and pellet is simulated in the KMC-
sub-calculation domain; when the temperature distribution
is transferred to the NDK calculation domain, the NDK
module updates the cross section of the material according
to the temperature, and then updates the core neutron flux
density distribution, and then provides the corresponding
power distribution to the KMC-sub-calculation domain.

In the process of time-step iteration, because of the
delayed neutron effect, the time step of the NDK module is
much smaller than that of KMC-sub. Therefore, it is nec-
essary to perform multiple NDK module iterations in the
time-step iteration of a KMC-sub.
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Fig. 5 (Color online) Coupling domain division of M?LFR-1000 and mesh model

5 Analysis of shutdown transient of M’LFR-1000
and validation

5.1 Pre-simulation

A steady-state coupling in M”LFR-1000 is performed
before the shutdown transient is implemented, in which
Fluent first calculates independently to reach steady state,
and then transfers coupling data with KMC-sub/NDK
through UDF until all three codes reach a steady state. The
heat source (reactor core) power shape and its value set into
the first-step Fluent-alone calculation are obtained from the
design values, which are calculated by the Monte Carlo
code during the design stage.

Some local and global steady-state physical and ther-
mal-hydraulic parameters are shown in Fig. 6 and Table 2,
respectively. In addition, the design parameters are listed to
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verify the steady-state results obtained from the coupling
program, and the value of the core pressure drop is
obtained from the numerical simulation results in the pre-
liminary design process. It can be seen from the results that
the steady-state calculation results are in good agreement
with the design values, laying the foundation for the fol-
lowing transient calculations.

5.2 Result and discussion

The transient shutdown calculation of the coupled pro-
gram was based on the results of the above steady-state
calculation. Figure 7a shows the power change calculated
by the coupling program after shutdown, and because of
the continuous insertion of control rods and the negative
reactivity introduction reactor power drops quickly. When
control rods arrive at the reactor bottom, the speed of
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Fig. 6 (Color online) Distribution of power and coolant temperature in the steady-state calculation

Table 2 Comparison of the
global parameters of the steady-

state calculation and design
values

Parameters Predicted value Design value Deviation
Core outlet temperature 479.92 °C 480 °C 0.0017%
Total pressure drop (within core) 3.12 x 10° Pa 3.116 x 10° Pa 0.13%

power dropping becomes slow, and finally, the power
reaches the level of decay heat.

Figure 7b shows the average coolant temperature
change at the core inlet and outlet calculated by the cou-
pling program. It can be seen from Fig. 7b that at O s the
coolant temperature in the coupling program and ATHLET
are 500.8 and 495.8 °C, respectively. Then, as the reactor
shutdown, the coolant temperature continues to decrease
and finally stabilizes at 362.7 and 352.9 °C, respectively, at
250 s. At the same time, the highest temperature of clad-
ding in the coupling program and ATHLET decrease from
530.6 and 526.1 °C to 363.1 and 354.6 °C, respectively.
The highest temperature of the pellet decreased from
1654.6 and 1551.5 °C to 442.5 and 387.0 °C, respectively.
Compared with the curve of power change, the temperature
change has a certain lag, especially when the speed of the
fuel pellet temperature decreases far exceeding that of the
cladding and coolant because it takes time for energy to
transfer in the rod bundles.

Figure 7c and d shows that the highest temperature of
the coolant, pellet, and cladding calculated by the coupling
program and ATHLET, respectively, change after shut-
down. Comparing the calculation results between Fluent/
KMC-sub/NDK and ATHLET during the shutdown pro-
cess, the highest temperatures of pellet, cladding, and
coolant calculated by Fluent/KMC-sub/NDK were all
higher than those of ATHLET. This is mainly due to the

lump-parameter method adopted in the ATHLET model,
which has a certain number of pipes modeled as the reactor
zone, and the maximum temperature is only the average
value in this zone. However, all assemblies and sub-
channels in the Fluent/KMC-sub/NDK model were mod-
eled separately, so the maximum temperature obtained was
more accurate. In general, the maximum errors of the
pellet, cladding, and coolant in the initial and final states
were 14.3, 2.4, and 2.8%, respectively, which demonstrates
a good agreement with ATHLET, ensuring the correctness
of the coupling program.

Another advantage of the multi-scale and multi-physical
coupling program is that it can capture the three-dimen-
sional phenomena of the reactor core. The contours of
temperature and velocity distribution after shutdown are
shown in Fig. 8, from which we can see that after reactor
shutdown, there exists an obvious thermal stratification
phenomenon within the upper plenum region. In reactor
pools of liquid metal cooled fast reactors (LMFRs), espe-
cially in the upper plenum, the magnitudes of the inertial
and buoyancy forces are usually of similar order [24]. If the
high-temperature liquid layer separates from the low-tem-
perature liquid layer, the phenomenon called thermal
stratification occurs. At the beginning of our simulation,
thermal stratification occurred between the outer and inner
regions of the upper plenum owing to the lack of coolant
mixing in the upper core structure. In the early stage, the
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Fig. 7 (Color online) Calculation results of ATHLET and coupling program: a Power factor, b Coolant temperature at the core inlet and outlet,
¢ Maximum temperature of pellet, d Maximum temperature of cladding and coolant

thermal stratification occurring between the outer and inner
sides weakens, and the thermal stratification phenomena
occurring between the top and bottom parts of the upper
plenum begin to hold a dominant position. The Richardson
number is introduced to distinguish the thermal stratifica-
tion phenomenon in the reactor pool, which is used to
judge the strength of the natural convection capacity and
forced convection capacity [25]. g represents the acceler-
ation of gravity, f is the thermal expansion coefficient of
the lead coolant, D is the diameter of the upper plenum, AT
is the coolant temperature change, and V is the velocity of
the coolant. When the Richardson number is greater than
one, thermal stratification occurs.

RI = gBDAT/V? (2)
As shown in Fig. 8e—f, the coolant temperature at the
reactor outlet decreases quickly, and because of the con-

stant mass flow, the coolant with a lower temperature goes
to the upper plenum at 10 s. At that time, the coolant
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temperature difference was 50 °C, the value of RI was
1.194, and the thermal stratification phenomena began to
appear. Subsequently, the coolant temperature drops con-
tinuously, and at the same time, owing to the influence of
buoyancy, the coolant with a higher temperature at the top
of the upper plenum is gradually cooled by the heat
exchanger, and then the reactor reaches a new steady state.
At the same time, although the coolant mass flow remains
constant, there are different velocity distributions owing to
the coolant temperature at the outlet of the reactor
decreasing continuously and the influence of buoyancy. In
addition, from the perspective of engineering safety, this
type of thermal stratification may cause the temperature
boundary and stress effects of the surrounding structural
boundaries to change, and further analysis of its influence
is required by coupling the thermal-structural mechanics
code.

Compared to the point reactor neutron dynamics model
in ATHLET, the diffusion neutron dynamics model can
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Fig. 8 (Color online) Thermal-hydraulic parameter change vs time after shutdown: a and e the time at 0 s, b and f 10 s, ¢ and g 50 s, d and

h 250 s

capture the spatial variation of the neutron flux density in
the reactor and evaluate the neutronic and thermal char-
acteristics of the reactor more accurately. Figure 9a—d
shows the contour of the neutron flux density changes with
time at the horizontal section of the middle height of the
core active zone. Initially, the control rod and safety rod
were not inserted. During the shutdown process, all the
control rods were inserted completely within 2 s, and

(@)

because of the introduction of a large amount of negative
reactivity during the control insertion, the neutron flux
density of the reactor core decreased rapidly. In particular,
around the control rod, the absorption of the control rod
caused the nearby neutron flux density to tend to zero.
When reaching a steady state, the distribution of the
neutron flux density is relatively uniform. After the control
rod is inserted, because of the role of the control rod, the

Fig. 9 (Color online) Transient change of neutron density and core outlet temperature vs time after shutdown: a and e the time at 0 s, b and

f10s,cand g 50 s,d and h 250 s
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neutron flux density presents a spatial change closely
related to the position of the control rod. Further analysis of
the change in neutron flux density with time and space
shows that the overall neutron flux density decreases with
time, but the neutron flux density in the core center is
higher than that in other regions.

The Fluent/KMC-sub/NDK coupling program can con-
sider physical and thermal-hydraulic interactions. Both the
overall and local parameters, that is, the coolant tempera-
ture, fuel temperature, pellet temperature, and other ther-
mal parameters of each assembly can be captured. During
the shutdown process, the changes in the coolant temper-
ature at the core outlet are shown in Fig. 9e-h. As time
goes on, the temperature of the coolant at the outlet of the
core decreases with time, which is the same as the change
in the neutron flux density. Because the neutron flux den-
sity is relative to the reactor power, under the condition of
constant inlet mass flow, the coolant outlet temperature
gradually decreases. Further analysis of the spatial distri-
bution of temperature shows that in the steady state, the
temperature distribution is relatively uniform because the
neutron flux density distribution of the reactor is also rel-
atively uniform. With the insertion of control rods, the
spatial distribution of power becomes higher at the center,
which leads to the same distribution of coolant
temperature.

However, at 250 s, the minimum temperature at the
outlet of the core coolant appeared in the external fuel area
because the neutron flux density of the reactor was very
small and the heat generated by fission tended to zero, and
the energy of the coolant was mainly provided by the decay
heat of the radioactive products in the reactor. At this time,
the dominant factor of the coolant temperature changes
from power to inlet flow, and because the flow rate of the
center is relatively higher than that of the corner in the
assembly, the temperature of the external fuel area is
higher than that of the central fuel area. By analyzing the
simulation results of the Fluent/KMC-sub/NDK coupling
program, it was found that the numerical simulation results
were consistent with the actual reactor shutdown process,
which shows that the calculation of the coupled program is
reasonable and accurate, and can be used for the thermal
safety performance evaluation of the reactor.

6 Conclusion

Based on the previously developed sub-channel code
KMC-sub, neutron diffusion kinetic program NDK, a
multi-physics and multi-scale program Fluent/KMC-sub/
NDK was developed using “Master—slave” mode. The
coupling scheme is explicit order, and the reactor core
domain is simulated by KMC-sub and NDK, in which the
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power and temperature distributions are transferred, while
the rest of the domain of the primary loop is simulated by
Fluent, where the temperature, mass flow, and pressure are
transferred between KMC-sub and Fluent at the boundary.
Based on the steady-state calculation, a shutdown process
was carried out and compared with the ATHLET results for
verification. The following conclusions can be drawn based
on detailed analyses.

(1) A multi-physics and multi-scale program, Fluent/
KMC-sub/NDK, was developed using UDF and an
explicit coupling method, and a shutdown process
was simulated and compared with ATHLET, finally
demonstrating good agreement. At the same time,
the change of neutron flux density distribution in the
reactor core with time is observed successfully.

(2) In the process of shutdown, as the control rods are
inserted within 2 s, the neutron flux density
decreases rapidly, which causes the power to fall
promptly. However, the maximum temperature of
the coolant, fuel pellet, and cladding have a certain
lag compared to power, especially the speed of fuel
pellet temperature decrease far exceeding that of
cladding and coolant. This proves that energy
conversion is much faster than the transfer of energy
between rod bundles.

(3) During the shutdown process, thermal stratification
occurs in the inner and outer parts of the upper
plenum at the beginning, and when the RI number
exceeds 1.0, the thermal stratification phenomena
occurring between the upper and lower parts of the
upper plenum begin to hold a dominant position.
Finally, the thermal stratification phenomena gener-
ally disappear, but there are some mild thermal
stratification phenomena between the inner and outer
parts of the upper plenum due to the lack of mixture
in the upper core structure.

Future work will focus on two aspects: (1) thorough and
deep research on the interplay between time steps, spatial
mesh size, and spatial stencils on the convergence and
precision of the multi-scale and multi-physics coupling
simulation, and (2) expanding the capability of the multi-
scale and multi-physics coupling program by implementing
more sub-tools (i.e., secondary simulation programs, ther-
momechanical codes, etc.)
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