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a b s t r a c t

A detailed computational fluid dynamics (CFD) simulation analysis model was developed using ANSYS
CFX 16.1 and analyzed to simulate the basic design and internal flow characteristics of a 180 MW small
modular reactor (SMR) with a natural circulation flow system. To analyze the natural circulation phe-
nomena without a pump for the initial flow generation inside the reactor, the flow characteristics were
evaluated for each output assuming various initial powers relative to the critical condition. The eddy
phenomenon and the flow imbalance phenomenon at each output were confirmed, and a flow leveling
structure under the core was proposed for an optimization of the internal natural circulation flow. In the
steady-state analysis, the temperature distribution and heat transfer speed at each position considering
an increase in the output power of the core were calculated, and the conceptual design of the SMR had a
sufficient thermal margin (31.4 K). A transient model with the output ranging from 0% to 100% was
analyzed, and the obtained values were close to the Thot and Tcold temperature difference value estimated
in the conceptual design of the SMR. The K-factor was calculated from the flow analysis data of the CFX
model and applied to an analysis model in RELAP5/MOD3.3, the optimal analysis system code for nuclear
power plants. The CFX analysis results and RELAP analysis results were evaluated in terms of the internal
flow characteristics per core output. The two codes, which model the same nuclear power plant, have
different flow analysis schemes but can be used complementarily. In particular, it will be useful to carry
out detailed studies of the timing of the steam generator intervention when an SMR is activated. The
thermal and hydraulic characteristics of the models that applied porous media to the core & steam
generators and the models that embodied the entire detail shape were compared and analyzed. Although
there were differences in the ability to analyze detailed flow characteristics at some low powers, it was
confirmed that there was no significant difference in the thermal hydraulic characteristics' analysis of the
SMR system's conceptual design.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

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

Generally, the SMR is a one-piece type reactor, where the pres-
sure vessel contains all major systems, such as the core, the primary
cooling water pump, the Steam Generator (SG), and the pressurizer.
Since there is no pipe connecting the heat source of the reactor to the
heat sink in the SG, a Loss of Coolant Accident (LOCA) can be pre-
vented. Recently, enhanced SMR in safety and efficiency has been
by Elsevier Korea LLC. This is an
developing by government-lead in Korea [1]. Applying natural cir-
culation internal flow and nonboric acid water coolant, the compli-
cated facilities are eliminated from the internal structure, and
maintenance becomes easy. This SMR is being developed by applying
a completely different concept from the existing SMART which had
developed in Korea. The important problem of natural circulation
flow is the reduction of cooling efficiency due to the imbalance of
internal flow. This study aims to achieve the optimization of the
internal natural circulation flow for the conceptually designed heat
output target value. For this, a detailed computational fluid dynamics
(CFD) simulation anlaysis model was developed.

In literature, Natural Circulation Loop (NCL) is the subject of
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several studys. Many researchers studied natural circulation of in-
ternal flow system and core flow distribution of different types of
reactors through experiments and code analysis. The Regional En-
ergy Research Institute for Next Generation (RERI) has designed a
Regional Energy Reactor-10 MWth (REX-10) since 2010. To investi-
gate the natural circulation characteristics of REX-10, Jang et al.
(2011) designed a REX-10 test facility using the scaling law and
carried out experiments in two parameters (heater power and pri-
mary pressure) [2]. The experimental results have shown that the
heater power (heat source) was themost important parameter of the
natural circulation behavior. On the other hand, the primary pressure
didn't show remarkable effect on natural circulation. Zhao et al.
(2015) suggested that the redistribution of the flow rate at the
entrance of the core is important for the flow characteristics of the
natural circulation [3]. Because the natural circulation characteristics
of primary cooling system is a coupled thermal-hydraulic problem of
the core, hot and cold plenums, reactor internal parts and heat sink.
Luzzi et al. (2017) assessed analytical and numerical models on
experimental data for the study of single-phase natural circulation
dynamics in a vertical loop [4]. They reported that the keu Shear
Stress Transport (SST) model can be a good choice for the CFD tur-
bulence treatment in the considered NCL. Pini et al. (2019) per-
formed a CFD-based simulation for the stability analysis of natural
circulation systems using NCL facility [5] and applied the keu SST
turbulence model (Wilcox, 2006) [6], whose capabilities for NCL
problems have been assessed in Luzzi et al. (2017) [4]. Chakkingal
et al. (2019) conducted Numerical analysis of natural convectionwith
conjugate heat transfer in coarse-grained porous media and pre-
sented that a lower porosity might lead to a lower heat transfer [7].
Hashemi et al. (2019) simulated the dynamic behavior of a rectan-
gular single-phase natural circulation vertical loop with asymmetric
heater. In this study the experimental data gathered in the rectan-
gular single-phase natural circulation test loop were compared with
the results of simulations obtained by one-dimensional RELAP5/
Mod3.2 code and three-dimensional CFD code [8]. The experimental
data, including time variation of the temperature difference over the
heater, was almost similar to the predicted simulation results of CFD
code and RELAP5. The study demonstrated the applicability of the
RELAP5 code and CFD methodology on the safety analysis of nuclear
reactors but was not used complementarily each other. For example,
detailed thermal hydraulic information (e.g., pressure drop) obtained
from CFD codes, which useful for overcome the limitations of the
system code has not been applied to the RELAP codes.

In a previous CFD study related our developing SMR, Kim et al.
(2014) used the ANSYS code to perform a flow analysis in 2D with a
focus on design and performance, which are heavily influenced by
the geometric and hydraulic parameters of the system [9]. Nu-
merical simulations of the mass, momentum, and energy equations
with buoyancy were analyzed to study the effects of various geo-
metric and hydraulic parameters, such as diameter and resistance.
From the calculation results, they reported that the maximum
temperature near the reactor core is not affected by the various RV
and riser diameters, but the minimum temperature near the SG is
affected greatly with the various SG tube pitches and the relative
upper RV and riser diameters. They confirmed that the flow rate
increases according to the increment of the SG tube pitches.
However, it was estimated the form losses due to the change of the
flow diameters can reduce the flow rate in spite of the lager SG tube
pitches. In the conclusion, it was proposed that the flow path of the
reactor coolant passage should remain as uniform as possible to
achieve a more uniform temperature distribution and a more
substantial mass flow rate. However, only the planar flow phe-
nomenon of the SMR in a simple two-dimensional shape was
analyzed in a limited-diameter model. The analysis only considered
the relative change in the flowarea between the rising flow starting
from the core and modeling the SG as a heat sink. The limitation of
this study was that it employed an ideal simple model that did not
implement a real structure that directly affects the internal flow.

In this study, therefore, the conceptual design of a 180 MW
natural circulation SMR was precisely implemented in a 3D CFD
code, to confirm that a natural circulation flow can be adequately
achieved. Through various analyses, the CFD simulation results and
conceptual design values were compared and the initial conceptual
design of the SMR was confirmed that the flow characteristics were
unstable. This instability produced an eddy in a internal flow field
and reduced the efficiency of the natural circulation. In order to
solve that, SMR-specific flow leveling structures were optimally
applied in lower head design through various tests. Additionally, it
was shown that various thermal-hydraulic characteristics can be
analyzed complementarily to each other by implementing the
system code RELAB5 using thermal hydrodynamic data in the CFD
analysis model. For this analysis, the commercial CFD code ANSYS
CFX 16.1 is chosen as the design tool. A detailed description of the
CFD simulation model construction and design conditions for the
SMR conceptual design analysis are provided in Section 2. Section 3
describes the analysis methodology that is applied to the imple-
mented 3D CFD ananysis model. Section 4 interprets the flow
analysis results for each power output and the results of various
tests involving changes in the analysismodel to achieve the optimal
natural circulation. Section 5 describes the system code imple-
mentation and analysis results and presents an internal behavior
analysis of the 3D CFD analysismodel in the case of an accident. The
summary and conclusions are provided in the final section.

2. Overview of the SMR design

To determine the key thermal hydrodynamic design parameters
for a new reactor system, it is necessary to perform a comprehen-
sive analysis or experiment for each of the various systems of the
nuclear steam supply system and the power conversion system. To
this end, detailed and repetitive engineering tasks are required to
refine the design. In this respect, a design concept is established for
the natural circulation SMR considered in this paper; therefore, no
specific design variables are determined.

2.1. Conceptual design

In this paper, the design variables and values of the natural
circulation SMR was compared to those of NuScale, HISMUR,
CAREM, mPower, WH-SMR, SMART, and KLT-40S. Table 1 compares
the thermal hydraulic parameters of the main SMRs that have been
developed and the thermal hydraulic parameters of our SMR under
development [10].

In this study, the flow characteristics of the SMR's basic shape
are analyzed with an emphasis on a natural circulation flow opti-
mization. The basic design concept is shown in Figs. 1 and 2.

The reactor core is located at the bottom of the vessel and
generates heat, and the SG is located at the top region and removes
heat. In an integrated SMR, the reactor vessel (RV) contains all of
the primary systems and is a major part of the reactor coolant
pressure boundary. The RV also provides a flow path between the
core and the SG. The riser moves the hot water heated by the
reactor core up to the SG. The pressurizer is located at the top head
of the RV and controls the system pressure. This design aims to
achieve an integrated reactor that only performs output operations
with natural circulation without a reactor coolant pump (RCP). In
this SMR, the core, which is a heat source, is placed at a relatively
low position, and the heat sink, the SG, is located at a relatively high
location. The overall height of the SMR is approximately 25 m, and
the height difference between the center of the core and the center



Table 1
Comparison of the thermal-hydraulic parameters between our SMR and other major SMRs.

Developing SMR (BanDi) NuScale HI-SMUR 140 CAREM25 mPower WH-SMR SMART

Nation Korea USA USA Argentina USA USA Korea

Electric power (MWe) 50 45 160 27 180 225 100
Rx Power (MWt) 180 160 446 100 530 800 330
Thermal efficiency (%) 28 28.1 35.9 27 33.9 28.1 30.3
Flow circulation at power Natural Natural Natural Natural Forced Forced Forced
Operating press (bar) 155 129 155 123 141 155 150
RV height(m) 25 13.7 40 11 25.3 24.4 18.5
RV ID(m) 3.5 2.7 2.7 3.16 4 3.7 4.07
Pressure control Heater/No spray Heater

/spray
Heater
/spray

Self-control by T-hot Heater
/spray

Heater
/spray

Heater
/spray

No. of fuel assemblies (Core) 37 37 32 61 69 89 57
Refueling cycle (yr) 3 2 3 1 4 2 3
Type of CRDM In-Vessel Ex-Vessel Ex-Vessel In-Vessel In-Vessel In-Vessel Ex-Vessel

Fig. 1. Detailed components of SMR.

Fig. 2. Install location and shape of SG.

Fig. 3. Configuration of the SMR with all the components assembled.
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of the SG is approximately 13.4 m. These design characteristics of
our developing SMR are illustrated well in Fig. 1.

A riser is installed to serve as a shroud barrel supporting the core
and control rod, which also serves as a “hot leg” of the primary
cooling water heated from the core. To facilitate the assembly and
disassembly of the integral “core - control rod - control rod drive
mechanism (CRDM)" when refueling, the diameter of the riser is
designed to be uniform. The riser also serves as a primary upflow
channel for heat exchange with the secondary system in the SG,
while the SG cartridge is inserted and supported on its periphery.

Fig. 2 shows SG Install location and heat exchange principle. The
4 SGs were designed such that the tubes were arranged radially
from the central axis in the form of four cartridges. Formaintenance
and repair, the SG cartridges are also designed to be independent of
each cartridge. The reactor vessel, which forms the reactor coolant
pressure boundary, is designed such that its diameter decreases
from top to bottom. This unique structure is employed to equalize
the average upflow rate of the coolant water heated by the core in
the riser bottom and the downflow rate of the coolant water cooled
with the heat exchange in the SG. The conceptual design SMR with
all the components installed, which has been developing is shown
in Fig. 3.
2.2. Detailed design conditions (core, control rod and CRDM)

The selected core is a standard pressurized light-water reactor
fuel assembly with a 17 � 17 arrangement developed by West-
inghouse. This SMR is designed as a nonboric acid water coolant
operating system, aiming for simple natural circulation operations
that eliminate unnecessary elements. Therefore, the core and the
control rod should be joined together to reduce the critical reac-
tivity of the core during the core's exchange when adopting non-
boric acid water as a coolant. Additionally, the external CRDM that
will be drawn out through a long riser may not be suitable for this
SMR design because it can be vulnerable to flow resistance or vi-
brations. In conclusion, considering the nonboric acid water coolant
operation and the long reactor vessel, the core - control rod - CRDM



Fig. 4. Detailed model implementation of core-control rod-CRDM.

Fig. 6. Geometry and dimensions of the riser.
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is designed as one unit. Fig. 4 shows a detailed model of the core -
control rod - CRDM assembly. The characteristics of design are as
follows:

- 17 � 17 fuel assembly
- 37 fuel assemblies
- Built-in CRDM
- Reflector for neutron capture
- Possible fuel loading through the riser
- Integrated core - control rod - CRDM
2.3. Detailed design condition (riser)

Themain feature of the natural circulation SMR is the area of the
riser. The riser is designed with a uniform diameter and a pipe
shape that includes the core for a convenient setting of the fuel
assembly. It also serves as a hot leg and cold leg, where the cooling
water heated by the core rises by natural convection and cooled by
the SG. Additionally, like the existing core support barrel, the riser
structurally protects the core, as the SG is installed on the outer side
of the riser, and the primary side and the secondary side form a
flow path for heat exchange. The main features of the riser are:

- Core support and protection
- Formation of primary coolant flow via a hot leg and cold leg
- SG with 4-way radial symmetry
Fig. 5. Riser structure and flow patterns at the top.
- Refueling through the riser
- A mounting structure on the RV

Additionally, the rising cooling water heated from the core flows
radially out to the area of the SG. This is shown in Fig. 5 by the “U-
turn” in the riser's interior at the top of the system. The main di-
mensions and shape of the riser are shown in Fig. 6.

2.4. Detailed design condition (SG)

To design the SG for the SMR, the design values are set as shown
in Table 2.

The SG is mounted on the outside of the riser in the form of four
cartridges, and each SG cartridge is designed to be maintained and
repaired independently. Fig. 7 shows the SG appearance and layout
composed four cartridges installed on the top of the SMR. The
coolant rises from core inside the riser and flows outward from the
top of the riser to reach the SG.

Additionally, the main feedwater line of the SG should be
insulated from the primary cooling water for the counterflow heat
transfer. The SG cartridges ultimately produce superheated steam
in the straight pipes by heat exchange with the primary cooling
water. Fig. 8 shows side view of a quarter section and an install
layout of SG.

3. CFD simulation modeling and analysis method

Numerical errors occur in the CFD analysis due to a combination
Table 2
Design values of SG.

Design variables Design values

Tsat 281 �C (6.5 MPa)
Feedwater inlet subcooled temperature 261 �C
Superheat temperature 30 �C
Sub-channel hydraulic diameter 20 mm
Tube pitch 26 mm
Total number of tubes 6000 ea (1,500 ea per module,

max. 1,800 ea)



Fig. 7. SG appearance and layout.

Fig. 8. SG appearance and layout.

Table 3
Boundary conditions of CFD simulation.

Boundary condition Design values

turbulence turbulence intensity 5%

turbulent viscosity ratio 10
Working fluid (Water) Initial temperature 25 �C

water density variation 25 �Ce360 �C
Pressure water densities 155 bar
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of factors, including the discretization scheme, time step, turbu-
lence model, boundary layer modeling, mesh quality, and density.
In general, discrete errors can be reduced by using a finer mesh or
higher-order discretization methods and small time steps [11,12].

The continuity equations and conservation equations for mo-
mentum and energy are utilized as governing equations, and a
turbulence model provided in the ANSYS CFD code is used [13].
Free-convection systems can be described by means of coupled
mass, momentum and energy balances. Natural circulation essen-
tially belongs to the density-driven phenomenon in a gravitational
field, which is caused by the temperature difference. In order to
consider the variation of density on the temperature, a compress-
ible CFD model is adopted, instead of the Boussinesq approxima-
tion in this study. Considering compressible fluid, buoyant flows
and conjugate heat transfer between the fluid and the solid, the
governing equations are:

- Mass conservation

vr
vt

þV,ðrUÞ ¼ 0 (1)
Wall treatment No-slip
- Momentum conservation
vrU
vt

þV , ðrUUÞ¼ �Vp0 þV ,
h
meff

n
VUþðVUÞT

oi
þ B (2)
- Energy conservation

Fluid phase: rCp

�
vTf
vt

þU ,VTf

�
¼ V ,

�
kfVTf

�
þbTf

Dp
Dt

þ t

: VU

(3)

Solid phase:
vðTsÞ
vt

¼V,ðksVTsÞ (4)

In equations (1)e(4), U represents the velocity vector, T stands
for the temperature and k is the thermal conductivity, where B is
the body force, p0 is the modified pressure, Cp is specific heat, t is
stress and meff is the effective viscosity.

meff ¼mþ mt (5)

The keu equation family models assume that the turbulence
viscosity is linked to the turbulence kinetic energy and turbulent
frequency via the relation.

mt ¼ rk=u (6)

In addition to the independent variables, the density r and the
velocity vector U are treated as known quantities in the Navier-
Stokes method.
3.1. Assumptions, boundary conditions and time interval

The primary cooling water of the SMR in this study was sub-
cooled water pressurized at an operating pressure of 15.5 MPa.
Since the shape of the SMR is symmetrical in each quadrant, as
shown in Fig. 8, the 3D numerical simulation was limited to one
quadrant of the structure. If the pressure device is ignored, the top
of the RV can be considered as the wall. All of the walls were
assumed to be insulated. In particular, for the core and SG, it was
assumed that the heat source and the heat sink were uniform,
respectively. The total amount of heat sink in the SG and the total
amount of heat generation in the core are the same. It was assumed
that there was no heat loss in the system. For the turbulent flow
calculation, the turbulence intensity and the turbulent viscosity
ratio were assumed to be 5.0% and 10, respectively. The static
pressure condition was applied at the exit's interface. No-slip
conditions were applied at all of the wall's interfaces, including
the reactor vessel. Water with a temperature of 25 �C was
employed as the working fluid in this system; to account for the
effect of buoyancy, gravity acted in the direction of the y-axis, and
water densities were considered from 25 �C to 360 �C at 155 bar
[14]. Table 3 summarizes the boundary conditions.
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In the CFD methodology, several requirements are necessary to
obtain acceptable results when analyzing the realized natural cir-
culation in the closed-loop SMR. A reasonable analysis interval
should be established with the use of fine grids in themodel. In this
study, an adaptive time step is applied. The maximum and mini-
mum time steps were determined to be 0.1 s and 0.001 s, respec-
tively, using a maximum Courant number of 5.
Table 4
Porous media coefficient.

Porous
Media

Momentum Energy

Permeability Inertial Resistance Volume
Porosity

a (m2) 1/a (m�2) C (m�1) g

Core 2.218E-06 4.508Eþ05 325.281 0.5529
SG 4.374E-06 2.286Eþ05 0.5294 0.5447
3.2. Discretization scheme, near-the-wall modeling and turbulence
modeling

In this study, a high-resolution systemwas used to discretize the
convection term. The discretization scheme implemented in ANSYS
CFX was applied in the following form:

фip ¼фup þ bVф,D r! (7)

where ip is the value of the upwind node, Vф is the slope of the
upwind node, and D r! is the vector from the upwind node to the
node ip. The formula b is based on the boundedness principles used
by Barth and Jesperson. The high-resolution scheme uses a special
nonlinear formula for b at each node, which is computed to be as
close to “1” as possible without introducing new extrema. The
advective flux is then evaluated using the values of b and Vф from
the upwind node [15,16]. The high-resolution scheme is both ac-
curate and bounded. Therefore, this scheme is employed for all
variables related to convection in this study. The keu SST model
based on the Reynolds Averaged Navier-Stokes (RANS) equations
was used to calculate the turbulent flow inside the SMR. In case of
k-εmodel is the most widely used turbulence model in engineering
and achieves better convergence than many other turbulence
models. In addition, this model is used inmany nuclear reactor flow
analyses [17,18]. However, the SSTmodel will likely achieve a better
flow prediction performance than the k-ε model for collisions and
reattachment, recirculated flow, and curved flow [19,20]. Also, in
the study of single-phase natural circulation dynamics in a vertical
loop by Luzzi et al. (2017) [4], a preliminary sensitivity to some
RANS models were performed, highlighting that the keu SST
model can be a good choice for the turbulencemodelling. In the SST
turbulent model, the turbulent eddy viscosity is computed from the
turbulent kinetic energy and turbulent frequency [16]. This model
was considered to be suitable for analysis implementing a flow skirt
under the core to optimize the internal flow of SMR. A detailed
description of the turbulence model can be found in the ANSYS
CFX-Solver Theory Guide. No-slip wall conditions and an automatic
near-wall treatment were applied to the wall boundary layer. The
SST model was designed to provide a highly accurate prediction of
the onset and amount of flow separation under adverse pressure
gradients by including transport effects in the formulation of the
eddy viscosity. Three types of wall treatments are provided in
ANSYS CFX: a standard wall function, a scalable wall function, and
an automatic near-wall treatment. Standard and scalable wall
functions are difficult to handle and require a highly refined near-
wall grid resolution to model low-turbulent-Reynolds-number
flows, increasing the required numerical effort and numerical
instability. The automatic near-wall treatment is available for all u-
equation families (SST, standard and BSL model), which automati-
cally switches from a low-Reynolds-number formulation to a wall
function based on the grid spacing and allows a gradual switch
betweenwall functions and a low-Reynolds-number grid without a
loss in accuracy. From a best practice standpoint, this wall treat-
ment is considered to be the most desirable in this study, as it
provides the optimal boundary condition for a given grid [16].
3.3. Porous media assumption (core and SG)

The core and SGs were expected to have complicated internal
flow fields due to the complexity of the shapes on account of the
numerous pipe tubes and supporting structures. It was difficult to
model this shape in detail in the initial concept design stage. This
complex shape (core and SG) was modelled by porous media, and a
preliminary evaluation was performed for the definite shape of
each part before performing flow analysis and determining the
pressure loss coefficient. The correlation between the velocity and
pressure loss for a complex shape, such as porous media, is well
known as Darcy's law, as shown in equation (8) below:

vP
vx

¼ �
�
m

l
vþC

1
2
rv2

�
(8)

where x is the flow direction, l is the permeability [m2], C is the
inertial resistance factor [m�1], and m, r, and y are the viscosity,
density, and velocity, respectively. It ignores convective accelera-
tion and diffusion in standard flow equations and adds momentum
sources by using porous media. In the core area where heat is
generated, the flow rises vertically through the narrow channels
between the fuel rods by buoyancy. If there is only a main flow, a
momentum source associated with porous media is added to the
standard flow equation. In this SMR analysis, only the main flow
direction was considered in the core and SG, and the flow in the
radial direction was neglected by using a high permeability of 10�8

to ignore the flow in the other direction. The governing equations
for porous media were applied considering porosity and perme-
ability. Since porous media is a mixed area of fluid and solids, the
heat transfer should select the porosity (g) of equation (9) below by
appropriately evaluating the thermal conductivity of the two
phases.

keff ¼ gkf þ ð1�gÞks (9)

In a previous study, Kim et al. (2014) performed 2D CFD analysis
using the porosity (g) value was set to 1 assuming the main
working media of heat transfer was fluid [9]. In this study, the
porosity (g) of the core and SG was applied by evaluating the
detailed values of the initial conceptual design and presented
Table 4. The core was supposed to use the standard PWR nuclear
fuel assembly (17 � 17) developed by Westinghouse. However,
since there are no detailed design data for the core shape, the
permeability and inertia resistance factor calculated based on the
flowanalysis data for the existing 16� 16 array were used. The each
fuel assemblies are nearly identical in their form of fuel
arrangement.

- Permeability (l): 2.218 � 10�6 [m2]
- Inertia resistance factor (c): 335.281 [m�1]

In case of SG, there were no detailed design data for the shape of
the SG; however, 1,500e1,800 heat transfer tubes were installed in
the SG. To place so many tubes in a confined space, a regular



Fig. 9. Pressure loss distribution of Core & SG.

Fig. 10. Pressure drop per unit length for mean velocity.

Table 5
Mesh sensitivity test variation of 1/4 (Pressure loss factor, mass flow rate).

Cases Mesh no. Avg. pressure loss coefficient
variation (%)

Avg. Mass
Flow rate variation (%)

Model 0 2,764,231 First trial First trial
Model 1 3,773,242 - 15 12
Model 2 5,223,674 - 1.3 1.3
Model 3 7,020,172 - 0.8 0.8
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triangle array was mounted instead of a square array. Assuming
that the same tubes are arranged at the same pitch interval in a
limited space, the shapes are expected to have the same structure.
Therefore, flow analysis in the main flow direction was performed,
assuming that the outer tube diameter was 20 mm and that the
pitch interval was 30 mm. Fig. 9 shows the pressure loss distribu-
tion in the core and SG tube, and Fig. 10 shows the pressure loss per
unit length for the mean velocity.

The pressure loss distribution, curve fitting value, and calculated
volume porosity from the analysis of each flow velocity are sum-
marized in Table 4.

3.4. Mesh sensitivity analysis

Since CFD analysis is sensitive to the model setup and grid, four
different mesh sizes were used in the mesh model for a mesh
sensitivity analysis. These models were individually analyzed for
each pressure drop and y plus values for each location according to
changed velocity. The mesh sensitivity analysis showed that the
difference in the average pressure loss coefficient and mass flow-
rate variation were reduced when the mesh density increased, as
shown in Table 5. Coarse mesh distributions can lead to inaccura-
cies in the prediction. However, there was no significant difference
in the pressure loss coefficients and mass flow rate between model
2 and model 3 with the largest mesh density. Model 2 was chosen
considering the analysis time. Mesh quality criteria of selected
model should bewithin correct range and loworthogonal quality or
high skewness values are not recommended [16]. As a result of
checking the mesh quality, orthogonal quality: 0.95 and Skewness:
0.27 were confirmed and all the other checklist items were within
the range of satisfaction. The CFX solver calculates 3 important
measures (Mesh orthogonality, Aspect ratio and Expansion factor)
of mesh quality at the start of a run and it showed good quality on
calculation.

The automatic wall treatment allows a consistent yþ insensitive
mesh refinement from coarse grids, which do not resolve the
viscous sublayer, to fine grids, placing mesh points inside the
viscous sublayer. For highly accurate simulations, such as heat
transfer predictions, a fine grid with a y þ value of approximately
“1” is recommended [16]. Fig. 11 shows the grid layout of model 2,
and the distributions of theminimumyþ values are summarized in
Table 6.
4. Flow analysis

In this study, the internal flow field of the natural circulation
SMRunder steady-state conditions was calculated using ANSYS CFX
V.16.1. In general, a spatial discretization with second-order accu-
racy is known to yield highly accurate calculation results [21]. In
this regard, the ANSYS CFX manual primarily considers the
convective terms of the momentum equation for higher-order ac-
curacy. Therefore, in this study, a high-resolution scheme was
applied to the momentum equation and the turbulence equation
for the differential accuracy of the convection term. It was judged
that convergence occurred when the root mean square error of the
individual equations was less than 1.0 E�4 and the change in major
variables was very small.
4.1. Core heat output value

The core value applied in this study used results from previous
studies on the boron-free small modular pressurized water reactor
(SMPWR) [22,23]. A new combustible absorber, a ring-type burn-
able absorber (R-BA) with Zre167Er, was used, and CASMO4e/
SIMULATE3 were used as the design code [24]. The initial



Fig. 11. Grid layout of model 2.

Table 6
Distribution of minimum y þ values of near wall for each location.

Location (Domain) Min. y þ value

Control Rod 1.09
CRDM 1.05
Riser 1.10
Downcomer 1.14
Lower Head 1.21

Table 7
The initial condition of the SMR core design.

Power density' 22.78 W/gU

FA type 17 � 17 Westinghouse
BA material Zre167Er
Fuel enrichment 4.9%
Number of FAs 37 ea
Active core height 2.0 m
Boron concentration 0 ppm

Fig. 12. Core loading model.
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conditions of the design are shown in Table 7. The heat output was
180 MW, and the power density was 22.784 W/gU, approximately
60% of that of a commercial reactor. This finding is based on a
17 � 17 array of nuclear fuel assemblies, which consists of 264
nuclear fuel rods and 25 guide tubes. The combustible absorber
used R-BAwith Er as a combustible absorber suitable for long-term
operation. Previously, the R-BA was a combustible absorber coated
with Zre167Er inside the cladding. Fig. 12 shows the loading model
of the core used in this SMR. The same fuel was loaded in the axial
direction, the maximum surplus reactivity of the core was 548 pcm,
and the cycle length was 18.04 GWd/MT, which was 798 days when
converted into effective output days. Fig. 13 shows the output of the
1/4 plane core axis direction at 100% output operation.
4.2. Implementing a flow leveling model

The core flow distribution analysis is an important issue for
nuclear reactor design, which will provide important input values
and parameters to thermal-hydraulic calculation and safety anal-
ysis of system [25]. As shown in Fig. 14 (a), the cooling water
flowing from the SG through the downcomer passed through the
gap between the core and the riser, which had little resistance to
flow at the lower head. To prevent this outcome, a flow skirt or flow
leveling plate was implemented, and flow analysis was performed
for various shapes. If the detailed design of the SMR from this study
is implemented, a flow leveling plate or a structure to promote
natural circulation should be installed. Additionally, due to the
characteristics of the SMR, which is an integrated structure, the
flow leveling device should adopt a simple and uncomplicated
shape that has a low flow resistance. The short riser of Fig. 14 (b) is
elongated in line with the hemispherical shape of the lower head,
and other partitions are installed with different heights at the
bottom of the core. In the case of a large PWR with RCP, flow dis-
tribution is controlled with adjusting the size of the flow hole on
the flow leveling plate. However, since there was no RCP in the
SMR, it was reasonable change the flow direction of the natural
flow. In Fig. 14 (c), the flow skirt of the lower head shows the model
with the best flow leveling through several model analyses.
Moreover, Fig. 14 (d) shows the flow of the lower head and the top
of the core when interpreted under the same conditions after
implementing the flow leveling device (i.e., flow skirt) in Fig. 14 (c).
It was confirmed that the fluid flow distribution in the lower head
and core was relatively uniform.



Fig. 13. Distribution of the output [W] of the 1/4 plane core at 100% output operation.

Fig. 14. Implementation of the lower core flow equalization.
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Fig. 15. Generation of the analytical boundary conditions for the SMR model for the evaluation of the natural circulation performance.

Fig. 16. Flow field analysis after 600 s for core outputs of 1%, 2%, and 4% (from top to bottom).
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4.3. Evaluation of natural circulation performance

To analyze the flow characteristics of the natural circulation
with only the initial heat output source of the core, three initial core
output conditions with 1% (0.45 MW), 2% (0.89 MW) and 4%
(1.8 MW) performance were evaluated. Since the final steady-state



Fig. 17. Core temperature changes and output distribution [W].

Table 8
Steady-state main temperature (K) distribution for each output.

Power (%) Riser SG top SG exit Thot Tcold

1 304.2 304.1 301.1 304.5 299.5
2 308.2 307.8 302.1 308.5 301.8
4 316.6 316.0 305.3 316.1 304.9
7 325.7 325.0 311.5 326.4 310.7
12 340.5 339.7 321.1 341.3 320.2
20 364.2 362.9 339.7 366.3 337.4
30 392.3 390.8 360.1 393.5 359.2
40 420.5 418.5 383.5 421.5 382.2
50 448.5 447.0 406.3 451.5 405.5
60 475.5 437.5 428.8 479.5 428.5
70 503.4 501.8 452.8 403.4 452.4
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temperature for each output was known from the preliminary
evaluation, the initial temperature of the cooling water in the SMR
was set to be close to the steady-state temperature to shorten the
analysis time. Considering the heat transfer time from the core to
the SG, the negative heat output from the SG was set with a short
time delay to start after the core's operation. Fig. 15 shows the
boundary condition setting of the 1/4 plane analysis module. Each
of the left- and right-side faces formed a symmetrical or adiabatic
condition depending on the position, each column output value
was individually set in 13 cores associated with the area partitioned
by the 1/4 section of a total of 37 loaded cores. These 13 cores
performed heat transfer to the coolant as a heat source.

Fig. 16 shows the flow fields of the internal coolant of the SMR
after 600 s for core outputs of 1%, 2%, and 4%, correspondingly, from
top to bottom. It shows the internal flow vectors of the heat source
and heat sink thermal equilibrium state after the SG was employed.
The local eddy phenomenon at low power was mainly formed in
places where the shape was complicated or where there was no
place to guide toward the vertical direction. As the output power
increased, the eddy gradually decreased. This indicates that much
of the eddy disappeared when 4% of the total output power, i.e., the
natural circulation flow, was formed.
80 530.3 527.6 477.2 530.3 476.3
90 557.5 556.2 501.5 557.6 501.1
100 583.5 582.6 527.4 584.9 527.1

Fig. 18. Steady-state temperature for each output.
4.4. Determination of the steady-state flow analysis and thermal
margin

The departure from nucleate boiling ratio (DNBR) is used to
monitor whether a DNB is reached during the operation of a nu-
clear power plant. As the DNBR increases, the core becomes
increasingly distant from the DNB state. The DNBR is defined as the
ratio of the heat flux at the time when the DNB occurs to the
maximum local heat flux, and a domestic nuclear power plant is
designed to have a DNBR of 1.2e1.3. The factors that reduce the
DNBR are pressure, flow, and temperature. The DNBR decreases as
the surface temperature increases, the pressure decreases, and the
flow rate decreases.

The core surface temperature was measured at the maximum
output (180 MW) of the natural circulation SMR for this study;
several temperature trends according to the core location are
shown in Fig. 17 (a). Additionally, the core numbers 3(¼8), 4 and 7
represent the highest power output and power distribution layout
in Fig. 17 (b). The maximum temperature of the core was 310.5 �C
(583.6 K) when the core entered the 100% output operation regime.
For normal 100% output operation, the heat source and heat sink
were balanced and showed a constant value without a further
increase in temperature. The saturation temperature of the non-
boric acid water at an SMR operating pressure of 155 bar was
approximately 342 �C (615 K). Therefore, it was evaluated that this
natural circulation system has a sufficient thermal margin.

The temperature distribution at each position in steady state
according to the output change was confirmed. Table 8 shows the
main steady-state temperature distribution values for each output,
and Fig. 18 shows the steady-state temperature trends. The



Table 9
Heat transfer time (s) inside the SMR due to initial output condition changes.

Power (%) Core Top CRDM Middle Riser Middle Riser Top SG Top SG
Middle

SG
Exit

DC Top Lower Head

1 41.8 109.1 23.1 370.3 442.1 640.3 836.7 1191.6 1390.1
2 33.5 81.9 175.3 296.8 327.3 481.4 636.8 829.6 1031.6
4 26.1 64.2 136.7 235.4 257.3 373.9 490.1 672.3 765.2
7 21.2 51.2 105.2 192.9 215.1 305.6 401.7 502.3 586.8
12 17.4 39.9 96.5 165.2 175.2 231.9 286.6 340.4 384.3
20 12.5 33.1 67.4 124.7 139.9 147.1 161.2 168.8 173.4

Table 10
Mass flow rate values at each position.

Location Mass flow
rate (kg/s)

Converted mass flow rate
(same area) (kg/s)

Comparative
flow rate(%)

Deviation(%)

1 6.83 13.66 97.72 �2.28
2 6.86 13.71 98.09 �1.91
3 7.00 14.01 100.21 0.21
4 3.56 14.23 101.77 1.77
5 13.98 13.98 Standard Standard
6 13.73 13.73 98.18 �1.82
7 14.16 14.16 101.31 1.31
8 7.01 14.02 100.30 0.30
9 13.75 13.75 98.33 �1.67
10 14.09 14.09 100.76 0.76
11 7.11 14.23 101.77 1.77
12 13.79 13.79 98.64 �1.36
13 6.87 13.74 98.27 �1.73
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temperatures of Thot and Tcold are the highest and lowest temper-
atures in the system. It was confirmed that there is a sufficient
thermal margin. Table 9 shows the heat transfer time due to the
internal flow at each point in the SMR when the initial core output
conditions change. As the output power increased, the coolant
moving from the top of the core to the SG through the CRDM and
the riser accelerated the heat exchange in the SG. As a result, nat-
ural circulation was formed.

4.5. Transient flow analysis

A fully implicit second-order backward Euler scheme was used
for the transient calculations until all root mean square values were
below the convergence limit of 1.0 E�4. The initial rate of increase of
the output and the timing of the SG intervention are critical for
creating maximum output operating conditions inside the SMR.
Fig. 19. The heat source and sink intervention timing.
The total amount of internal fluid in the 1/4 flow analysis model is
approximately 20.14 m3, and a total energy of 23 � 106 kJ is needed
to increase the cooling water temperature from 25 �C (298.15 K) to
275 �C (548.15 K). This should take approximately 511 swith the full
power of the 1/4 full core output (44.99 MW). Transient analysis
requires that the total amount of energy applied to the system is
appropriately increased over time.

Therefore, the intervening time of the SG, which is a heat sink,
was determined considering the heat transfer rate and rate of the
temperature increase of the fluid when sufficient energy was
applied to increase the temperature of the cooling water. Fig. 19
shows the speed of the power increase, the timing of the inter-
vention of the SG, and the rate of the heat sink increase. Fig. 20
shows the results of the natural circulation flow analysis of the
nonboric acid water in the SMR with the temperature changing
over time and 100% core output operation.

After approximately 1,500 s of flow analysis time, the fluid
temperature of the CRDM and the riser section increased to
approximately 308.5 �C (581.7 K). The SG began to intervene
gradually from 1,025 s to 1,500 s. Negative thermal equilibrium
with the same magnitude as the core output was achieved with an
SG output at approximately 1,500 s. The cooling water cooled by
heat exchange with the SG passed through the core again to the
upper part of the riser and circulated continually. At approximately
1,550 s, the coolingwater temperaturewasmaintainedwithout any
further increase. The fluid temperature at the lower part of the SG
and the lower part of the core was approximately 247.8 �C (521 K),
and the temperature difference in the SG by heat exchange was
approximately 61 �C. This temperature is close to the Thot and Tcold
difference value of 50 �C, which is the target of the SMR conceptual
design. However, the absolute values of the low and high temper-
atures of the system were slightly below the designed values. In
addition to the numerical accuracy of the model itself, this differ-
ence is related to the timing of the SG operation.
4.6. Analysis of internal flow characteristics of full 3D model

In chapter 4.5, This flowanalysis model was also confirmed to be
close to the expected performance of the conceptual design.
However, this model was not a full 3D model of the SMR system.
Instead, a porousmediawas used for ease of analysis. Therefore, the
gross state of the actual internal flow can be similarly simulated,
but there is a possibility that the appearance of the local flow is
different from the actual one. In particular, the recirculation caused
by the eddy phenomenon at the top of the core at low power and
the instability of the internal flow are known from several previous
studies on natural circulation. For the accuracy of internal flow
analysis, it is necessary to accurately measure and apply factors
(shape, flow velocity, etc.) that affect the initial flow characteristics.
In order to know the K-factor values of the SG, Core parts and etc.,
the analysis of the Full 3D model for each part was analyzed ac-
cording to the flow velocity.

Since the conceptual design SMR is amodel that implements the



Fig. 20. Temperature distribution for 100% output operation.

Fig. 21. Full 3D model of conceptual design SMR.

Fig. 22. Mass flow distribution measurement positions.

Table 11
Steady-state arrival times for each output.

Power(%) Time(sec) Comparison of Porous media model(sec)

1 2,721 þ210
2 2,510 þ77
4 2,404 þ53
7 2,267 þ22
12 2,175 þ5
20 2,087 þ2
100 1,500 �1
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natural circulation loop of a closed loop, it is very important to
understand the characteristics of internal flow at an initial low core
power. Therefore, as shown in Fig. 21, a full 3D model was
completed in which both the steam generator and the core were
implemented close to the actual model. Various flow analyses using
a full 3D model were performed, and the results were compared
with those of the porous media model.

In order to confirm that the performance of the flow leveling
structure in themodel implementedwith the porousmedia had the
same performance as the full 3D model, the internal flow charac-
teristics of full 3D model were analyzed at 100% core output power
under the same conditions as the porous media model. The dis-
tribution of the mass flow rate at the top of the core that had the
most significant influence on the formation of internal flow fields
was verified. Fig. 22 shows the location of each measurement to
verify the distribution of the mass flow in 100% power output.

Table 10 describes the measurements of the mass flow at each
location. It also specifies the valuewhen converted to the same area
for comparison of the size per unit area of mass flow. As a result, the
deviation of the mass flow rate was only ± 2% or less. This result
was a value similar to that of the porous media with the same



Fig. 23. Eddy generation and disappearance at 1% output operation.
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analysis conditions.
To analyze the internal flow characteristics of the concept design

SMR in detail during the power start up, the analyses of internal
natural circulation characteristics about the eddy phenomenon
check as well as the flow evaluation at low power (1, 2, 4, 7, 15, 20%)
and maximum power (100%) were performed. Steady-state arrival
times for each output are shown in Table .11. Compared with the
results of the porous media model, this result shows that the
steady-state attainment rate of natural circulation at low power is
relatively slow due to an internal flow instability. Fig. 23 shows the
eddy generation and disappearance at 1% output operation.

This eddy phenomenon is considered to be a factor that impedes
the attainment of natural circulation at low power. Table 12 shows
the flow analysis for each output and summarizes the steady-state
temperature at each location. Compared with the results of the
porous media flow analysis, the natural circulation temperature of
Table 12
Steady-state temperature (K) at each location according increased power steps.

Power(%) Riser SG top SG exit Thot Tcold Core

1 302.85 302.65 298.38 305.4 298.4 309.7
2 306.55 306.15 299.95 309.6 301.5 313.6
4 313.35 313.35 303.15 317.3 302.2 320.3
7 323.05 322.35 309.15 327.2 309.6 329.5
12 337.85 337.05 319.25 341.8 319.6 343.7
20 361.55 360.25 337.1 366.9 337.1 368.4
100 582.8 582.1 528.2 585.1 527.0 586.5
the coolant at the initial low power was relatively low and the core
temperature was relatively high. The core temperatures increased
by about 3e4�C than in the case of the porous media analysis.
However, this phenomenon occurred only at a low power of 10% or
less, and since the temperature as much lower than the saturation
temperature at this time, there was no effect on the SMR's system
stability (DNB, etc.). This analysis identified three phenomena as
follows:

- In the low power state, the eddy was formed at the top of the
core, which inhibited the smooth natural circulation inside the
SMR.

- This eddy phenomenon in the natural circulation internal flow
led to the delay of a steady state arrival time of the porousmedia
under the same condition (low power only).

- From upper than 12% of output, the steady statewas reached at a
time similar to that of the porous media model.
5. System code modeling & analysis

After modeling the system with RELAP5/Mod3.5, which is the
optimal system code for safety analysis of nuclear power plant,
implementing the SMR's design data, the natural circulation results
for each output condition were obtained. Fig. 24 shows the RELAP
nodal results of the natural circulation SMR and the K-factor values
for some typical positions (junctions of RELAP5) at 100% core
output are presented. The internal temperature distribution and



Fig. 26. Mass flow rate comparison for each output (CFX & RELAP).

Table 13
Decay heat of the nuclear fuel over time.

Elapsed time after the trip Decay heat (% of full power)

1sec 6
30min 2
1hr 1.6
8hr 1

Fig. 24. RELAP nodal results of the natural circulation SMR.
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mass flow values for each core output calculated with the imple-
mented system code are shown in Figs. 25 and 26 are compared
with the normal status analysis results of CFX, which is the com-
mercial code for CFD. Then, the comparison of the RELAP5 results
and the CFX results analyzed through a formulation with three-
dimensional precision was evaluated. The results are similar to
the normal state analysis values of the CFX model, although the
temperature and mass flow values are slightly higher. Since the
optimal system analysis code and CFD are complementary, it is
possible to predict the results in a short time with RELAP5 Mod3.5
when much more time and high-performance hardware are
needed to obtain a solution with 3D precision. For example, a CFX
model with three-dimensional precision can accurately derive the
k-factors of various complex shapes and feed the k-factors to the
Fig. 25. Comparison of the temperature distribution for each output (CFX and RELAP).
system code RELAP. Conversely, as the core output increases, it is
possible to examine quickly a case of interest by using RELAP such
as determining whether the intervention of the heat sink (SG) is
appropriate at a certain time.
5.1. Internal flow change in the case of a heat sink loss accident

In the case of 100% normal circulation (steady natural circula-
tion), the loss of a heat sink (SG) due to an accident of the secondary
side was applied to the SMR model, and the changes of the cooling
water inside the SMR were observed. Table 13 shows the different
decay heat data for the elapsed time of a typical core after the trip
48hr 0.6
∞ e

Fig. 27. Internal temperature change after the trip.
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(unexpected system shutdown of SMR). According to Table 13, in
the SMR, 6% of the decay heat was supplied to the system within
the first second after the trip, and 2% of the decay heat lasted for
30 min (1800 s) afterwards. As time went on, the decay heat
weakened rapidly [26]. In the CFDmodel analysis, the SMR reached
1800 s after reaching steady state (1,600 s after the initial start-up)
and stabilized for approximately 200 s. At this time, by setting the
heat exchange effect between the output of the core and the heat
sink (SG) to “0”, a reactor shutdown due to the secondary-side heat
sink loss was realized. Fig. 27 shows the internal temperature
change after the SMR trip. The analysis of this model involved a
total simulation time of 800 s after the SMR trip. Inside the system,
immediately after the trip, 2% of the decay heat continued to
emerge from the core; therefore, the high-temperature section
(riser) tended to rise after a sudden temperature drop. The low-
temperature section (downcomer) passing through the SG and
toward the core exhibited a gentle increase in temperature due to
the heat transfer of the cooling water that did not lose heat in the
SG. The temperature increase of the low-temperature region was
more irregular than that of the high-temperature region, which
indicated the complexity of the internal flow.

Furthermore, as time passed, the temperature converged to a
equal to that of the high-temperature section, and the overall
temperature of the SMR cooling water continued to increase until
the heat sink was restored or the residual heat removal systemwas
activated.

6. Summary and conclusions

In this study, the conceptual design of a natural circulation SMR
was implemented in three dimensions using a CFD commercial
code. Themodeling analysis values obtained from the CFD code and
conceptual design values were compared. Additionally, the results
of the CFD model analysis for the natural circulation SMR were
compared with the results of the optimal nuclear power analysis
code RELAP5. The following conclusions were obtained through
various steady-state flow tests and transient analyses:

(1) A detailed CFD model was developed to simulate the basic
design and internal flow characteristics of an SMR (180 MW).
The core and steam generator parts, which caused a time
delay due to the complicated structure, were converted into
porous media, and an optimal model was implemented by
calculating the pressure loss data and volume porosity.

(2) The initial conceptual design of the SMR showed that the
flow characteristics were unstable, because the internal
structure was not explicitly and optimally designed. This
produced an eddy in a constant flow field and reduced the
efficiency of the overall flow. As a solution to this uneven-
ness, SMR-specific flow leveling structures, instead of
structures such as a flow skirt or the core support structure of
a general PWR nuclear power plant, were optimally applied
in lower head design through various tests.

(3) In the steady-state analysis, the temperature distribution and
heat transfer speed at each position for increased steps in the
core output power were obtained. During the stable condi-
tion (normal operation) of 100% output operation, the tem-
perature at each position in the internal flow was analyzed,
and it was confirmed that the conceptual design of the SMR
has a sufficient thermal margin (31.4 K) for natural
circulation.

(4) Since the initial rate of increase of the output and the steam
generator intervention time are important for achieving
maximum output operating conditions inside the SMR, the
intervention time of the steam generator was determined
considering the heat transfer rate. A transient analysis model
with output powers ranging from 0% to 100% was imple-
mented, and from the simulation, the obtained values were
close to the value (Thot and Tcold temperature), which was
estimated in the conceptual design of the SMR.

(5) Simulations of the power increasing operation were per-
formed near the average temperature of the conceptually
designed hot and cold legs by activating natural circulation
flow inside the SMR, increasing the core output, and con-
trolling the intervention timing of the steam generator. Using
this result, the necessary information (e.g., K-factor) for
RELAP5, which is the optimal analysis code of nuclear power
system, was acquired and applied to the SMR nodal analysis
design implemented with RELAP5.

(6) The SMR system model was implemented with RELAP5
Mod3.5 and an analysis of the system behavior based on
various rates of change of the reactor output showed that the
results of the CFD model of the natural circulation SMR
closely coincided with the flow analysis results of RELAP5.
The results of the two codes, which modelled the same nu-
clear power plant, were almost similar to conceptual design
values and could be used complementarily. In particular, this
approach is useful for a detailed study of the timing of steam
generator intervention when the SMR is activated.

(7) The full 3D model of the SMR was implemented to verify the
flow leveling device's performance and to compare the re-
sults with the preliminary analysis of the porous media
model. Mass flow analysis through a full 3D CFD model has
confirmed similar results with the model using porous
media.

(8) In the case of the full 3D CFDmodel, recirculation occurred at
the top of the core in a power operation simulation. In low
power operations (1, 2, 4, 7%), recirculation occurred due to
the eddy at the top of the core at the beginning of the flow,
but disappeared when entering the internal flow stabiliza-
tion stage. In addition, the core temperature increased by
3e4 �C compared to the porous media model, but it was
confirmed that there were no abnormalities in the system's
safety (DNB, etc.). It was confirmed that there are differences
in the ability to analyze detailed flow characteristics at some
low power, but there are no significant differences in the
analysis of the thermal hydraulic characteristics in the
system.

Therefore, it is possible to analyze this concept design SMR's
characteristics by using the CFD model that employs porous media
when reflecting changes in the internal structure and detailed
characteristics of the core output.

In future design studies, CFD analysis can be used as a primary
tool for shaping the details of the internal structures of an our
developing SMR.
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