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Abstract: The core inlet flow distribution in the APR1000 reactor is critical for ensuring
the reactors safety and efficient operation by maintaining uniform coolant flow across fuel
assemblies. Previous studies, though insightful, faced challenges in fully replicating reactor-
scale flow conditions due to technical and economic constraints associated with scaled-
down experimental models and the limited numerical validation methodologies. This study
addresses these limitations by developing and validating a robust computational fluid
dynamics (CFD) methodology to accurately analyze the core inlet flow distribution. A 1/5
scaled-down experimental model adhering to similarity laws was employed for validation.
CFD analyses using ANSYS Fluent and CFEX, combined with turbulence model evaluations
and grid sensitivity studies, demonstrated that the SST and RNG k-¢ turbulence models
provided the most accurate predictions, with a high correlation to previous experimental
data. Full-scale simulations revealed uniform coolant distribution at the core inlet, with
peripheral assemblies exhibiting higher flow rates, consistent with previous experimental
observations. Quantitative metrics such as the coefficient of variation (COV), relative error
(RD), and root mean square error (RMSE) confirmed the superior performance of the SST
model in CFX, achieving a COV of 7.993% (experimental COV: 5.694%) and an RD of 0.047.
This methodology not only validates the CFD approach but also highlights its applicability
to reactor design optimization and safety assessment. The findings of this study provide
critical guidelines for analyzing complex thermal-fluid systems in nuclear reactor designs.

Keywords: APR1000 reactor; 1/5 scale-down model; core inlet flow distribution; computa-
tional fluid dynamics (CFD); grid sensitivity; turbulence model sensitivity

1. Introduction

The APR1000 (Advanced Power Reactor 1000) is a next-generation pressurized light
water reactor that is being developed to reflect the latest technologies and requirements
based on the OPR1000, a Korean standard nuclear power plant [1,2]. The stability and
efficient operation of the APR1000 reactor are primarily determined by its cooling per-
formance, which effectively removes the heat generated from nuclear fuel. The cooling
performance is a critical factor in ensuring reactor safety by reliably removing thermal
power from the reactor and controlling the temperature of nuclear fuel [3-5]. A decline
in cooling performance can lead to severe safety incidents such as core damage and core
melt. Notably, the majority of the heat generated in the reactor originates from the nuclear
fuel within the core. Therefore, the flow distribution within the core and the heat transfer
efficiency of the coolant are major concerns in the thermal-hydraulic design and analysis of
the reactor.
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A key variable influencing the cooling performance is the core inlet flow distribu-
tion, which determines whether the coolant is uniformly distributed to each fuel assembly
(FA) and channel [3-5]. If the uniformity of the coolant flow is not maintained, excessive
heat accumulation (local hotspots) may occur in specific channels, significantly increasing
the risk of thermo-mechanical damage. Thus, accurately analyzing the core flow distri-
bution and optimizing it during the design phase are essential processes in the stable
operation of the reactor. However, precisely measuring complex thermal-fluid interac-
tions under actual operating conditions is challenging due to experimental, technical, and
economic constraints.

To overcome these limitations, an approach combining experimental research and
numerical analysis is employed. Kim et al. [1,2] designed and fabricated a scaled-down
model to experimentally obtain the core inlet flow distribution of the APR1000 reactor.
This scaled-down model reflects the thermal-hydraulic characteristics under the high-
temperature and high-pressure operating conditions of the reactor. To ensure geometric
and hydrodynamic similarity, the design concept of the ACOP (Advanced Core Flow &
Pressure) experimental facility was applied [6]. The primary objective of this experimental
setup was to accurately capture the core inlet flow distribution, aintaining geometric
similarity to the reactor core. The linear dimensions of the reactor were scaled down by a
factor of 1/5 to allow for geometric similarity, and 177 core simulators were installed to
replicate the fuel assembly arrangement of the APR1000 reactor. Additionally, to achieve
hydrodynamic similarity, the coolant velocity was reduced to half compared to the full-scale
reactor, and experiments were conducted accordingly [1,6,7].

While scaled-down model experiments provide valuable data and insights, achieving
perfect similarity with actual reactor conditions is difficult, and there are limitations in
terms of time and cost. As a complementary approach to these experimental methods,
computational fluid dynamics (CFD) analysis has emerged as a flexible and powerful
alternative capable of analyzing thermal-fluid behavior under various operating conditions.

CFD analysis technology is being applied across various fields, including mechanical,
architectural, food, medical, and oil industries [8-18]. Since its introduction to the nuclear
field in the mid-1990s, CFD analysis has been widely utilized in reactor design, operational
optimization, and safety analysis [19-23]. CFD analysis offers the high-resolution analysis
of flow fields and heat transfer, and can simulate complex geometries and diverse operating
conditions. However, CFD results can be highly sensitive to factors such as the grid resolu-
tion, turbulence models, numerical schemes, and software used. Therefore, establishing
appropriate analytical methods and validating them against actual data are essential for
reliable CFD analysis.

In this study, we aim to develop a robust CFD analysis methodology for evaluating
the coolant flow distribution at the core inlet of the APR1000 reactor and to validate this
approach effectively. To achieve this objective, CFD analyses were conducted on both
scaled-down and full-scale models of the reactor. The validation of the analytical methods
was performed by comparing the CFD results from the scaled-down model with available
experimental data, addressing the lack of experimental data for the full-scale APR1000
model. This validation process ensured the reliability of the CFD methodology, which was
subsequently applied to analyze the core inlet flow distribution of the full-scale APR1000
model. To guarantee the accuracy and reproducibility of the CFD results, comprehensive
analyses were undertaken, including grid sensitivity studies, turbulence model evaluations,
and cross-comparisons using different commercial CFD software packages. These steps
are critical in establishing confidence in the simulation outcomes. The validated CFD
methodology provides essential fundamental data that supports the stable operation and
design optimization of the APR1000 reactor. Furthermore, the findings offer valuable
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insights for optimizing reactor design and enhancing safety assessments by confirming the
high reliability of analysis of the full-scale model analysis through comparisons with scaled-
down experimental results. Additionally, the CFD analysis methodology developed in this
study is versatile and can be extended to other reactor designs and complex thermal-fluid
systems, serving as a pivotal guideline for future design and analysis efforts.

This manuscript is organized as follows. First, the development of the analysis models
is detailed, and both the scaled-down and full-scale APR1000 reactor models are introduced.
Second, the analysis methods are described, covering the numerical techniques, mesh gen-
eration, and boundary condition settings used for the CFD simulations. Third, the results
from the scaled-down model analysis are presented and compared with experimental data
to validate the analytical methods. Finally, the analysis results of the full-scale model are
discussed, providing an in-depth examination of the core inlet flow distribution in the
APR1000 reactor.

2. APR1000 Reactor

The APR1000 reactor is designed as a pressurized water reactor (PWR), which reli-
ably remove heat generated from nuclear fission reactions through heat exchange with
the coolant. The reactor is equipped with a total of 177 fuel assemblies arranged in a
15 x 15 configuration (HIPER16). Each fuel assembly consists of fuel rods, spacer grids,
upper and lower nozzles, and guide tubes. The fuel assemblies transfer the heat generated
from the fission reactions to the coolant, which absorbs the heat and continuously removes
it by circulating along the flow paths.

To maintain the uniformity and stability of the coolant flow, the APR1000 reactor is
designed to optimize the interactions between major components. The coolant enters the
reactor through four cold legs (CLs), forming a descending flow along the downcomer
(DC) (Figures 1 and 2). The downcomer stabilizes the descending flow of the coolant and
delivers it to the lower plenum, ensuring uniform distribution to the fuel assemblies. The
uniform distribution in the lower plenum guarantees that each fuel assembly is evenly
cooled, preventing local overheating within the assemblies. The fuel assemblies located in
the core transfer the heat generated from fission reactions to the coolant, which is heated as
it absorbs the heat. The heated coolant then moves to the upper plenum and is discharged
outside the reactor through the hot legs (HLs). Subsequently, the coolant releases heat
in the steam generator (SG) and is cooled before being supplied back to the cold legs via
the reactor coolant pumps (RCPs), ensuring continuous and stable heat removal from
the reactor.

To further ensure the uniformity and stability of the coolant flow, the APR1000 reactor
incorporates a core bypass flow path. The core bypass flow path directs a portion of the
coolant to bypass the fuel assemblies, ensuring balanced coolant flow distribution and
preventing local heat accumulation in specific channels. Structures such as alignment keys,
a core shroud annulus, and outlet nozzle gaps are designed to naturally distribute the
coolant flow, maintaining the overall flow stability and enhancing the flow balance within
the entire system.

The APR1000 reactor includes multiple safety systems to ensure stable heat removal
even under emergency conditions. Among these, the emergency core barrel duct (ECBD)
plays a crucial role by directly supplying coolant to the fuel assemblies during emergencies,
assisting in heat removal. The ECBD provides an additional critical pathway for core
cooling, thereby maintaining the cooling performance and enhancing reactor safety.
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Figure 1. CFD analysis model for APR1000 reactor: (a) full scale model; (b) 1/5 scaled-down model.
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Figure 2. Schematic of coolant flow path of APR1000.
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3. CFD Analysis Methodology
3.1. CFD Analysis Model and Grid System

Based on the design data of the APR1000 reactor, a three-dimensional full-scale geomet-
ric model was created for CFD analysis (Figure 1a). Since this study focuses on analyzing
the core inlet flow distribution of the APR1000 reactor, the flow path from the cold leg to
the core inlet was constructed by nearly 100% reflecting the geometric information of the
structures. In contrast, the flow path from the core inlet to the upper plenum, including
the hot leg, was not an exact replicate of the geometric details of the structures. Regions
such as the area containing the 177 fuel assemblies, the tube bank region, and the upper
guide structure (UGS) region within the core were modeled using a porous media model
during the CFD analysis to simulate axial and lateral pressure drops without detailed
geometric considerations. If these regions were modeled with full geometric detail, the
complexity would significantly increase the required number of grids, resulting in excessive
computation time. The scaled-down model was fabricated as a 1/5 scale model, consistent
with Kim et al. [1,2], and was linearly scaled down (Figure 1b).

The grid system for the full-scale APR1000 reactor CFD analysis was developed using
the fabricated three-dimensional full-scale geometric model. To maintain grid consistency,
the grid system for the scaled-down model was created by scaling down the full-scale
grid system (Figure 3). During the grid generation, a combination of tetrahedral and
hexahedral grids was used to account for the complexity of the geometry. Finer grids
were applied in regions with expected significant variations in their physical quantities
to enhance the accuracy of the analysis. As previously mentioned, CFD analysis results
can be influenced by the grid used; therefore, to evaluate the grid sensitivity, three grid
systems (coarse: y+ = 370, intermediate: y+ = 300, fine: y+ = 100) were created based on the
average y+ obtained through preliminary analysis. The grid densities of each grid system
are summarized in Table 1.

3.2. CED Analysis Conditions

The conditions applied to the full-scale and scaled-down models of the APR1000
reactor during CFD analysis are presented in Tables 2 and 3, respectively. Each model was
established under different thermal-hydraulic conditions to simulate the actual operating
thermal-fluid behavior of the full-scale model and to validate the CFD analysis methodology
using experimental data from the scaled-down model.

Table 1. Grid density for each region in 1/5 scaled-down model.

Grid Density (no. of Cells/m?)

Region Coarse Intermediate Fine
(y+ = 370) (y+ = 300) (y+ =100)
Cold Legs 61,692,753 61,828,440 78,628,282
Downcomer 66,950,601 86,399,952 183,455,470
Lower Plenum 110,066,770 129,389,836 263,751,298
Fuel Assembly 9,489,224 10,470,021 15,891,037
Upper Plenum 10,937,712 10,957,224 11,085,108
Hot Legs 11,753,197 12,627,618 19,415,999
Average 40,619,301 47,839,252 90,520,452
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Figure 3. Grid system for APR1000 reactor (1/5 scaled-down model, coarse grid system): (a) overall;
(b) lower plenum.
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Table 2. CFD analysis conditions for original and 1/5 scale models.
Full-Scale Model 1/5 Scaled-Pown Model
(Experiment [2])
Location
Flow Rate Temp. Pressure Flow Rate Temp. Pressure
(kg/s) (kg/s) Q) (MPa) (kg/s) (kg/s) (°C) (MPa)

CL1A 3827 100
Cold L CL2A 3827 - 100

15,308 . e — . -

old Leg CLoB 3807 295.8 100 400 60.0
CL1B 3827 100
HL1 7654 200
Hot Leg 15,308 - 155 — 400 - 0.2
HL2 7654 200
Alignment
Keys N/A i i i i i i
Core Outlet
Bypass Nozzle N/A 20y, * - - - - - -
yP Gaps
Core
Shroud N/A - - - - - -
Annulus

* Flow ratio compared to the total flow entering the reactor.

Table 3. Inertia resistance factors for porous media regions.

Full-Scale Model

1/5 Scaled-Down

Region Direction Model

(m-1) (m—1)

Core Axial 4,540 22.837

(FA) Lateral 108.960 548.088

Upper Plenum Axial 3.990 27.957
(Tube Bank and UGS) Lateral 3.990 27.957

For the full-scale model, the analysis conditions were based on the actual reactor

design operating conditions. The coolant enters through four cold legs (velocity inlet), each
with a flow rate of 3827 kg/s, resulting in a total inflow rate of 15,308 kg/s. The outflow
was set through two hot legs (pressure outlet), each with a flow rate of 7654 kg /s, balancing

the inflow and outflow rates. The coolant inlet temperature was set at 295.8 °C, and the

outlet pressure at 15.5 MPa, reflecting the reactor’s high-temperature and high-pressure

conditions. Additionally, the core bypass flow path was defined to include pathways such

as alignment keys, outlet nozzle gaps, and a core shroud annulus, with approximately 2%

of the total flow bypassing the core.

In CFD analysis, the core region is modeled as a porous medium by introducing a mo-

mentum source term in the momentum equations. This momentum source term accounts

for the resistance to fluid flow within the porous medium and consists of two components:

the viscous loss term and the inertia loss term. The viscous loss term represents resistance

due to fluid viscosity, while the inertia loss term accounts for resistance caused by changes

in fluid velocity. These terms are expressed as follows:

U 1
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In this equation:

e  S: momentum source term, representing the resistance force per unit volume acting
on the fluid due to the porous medium.

e  u: dynamic viscosity of the fluid (Pa-s), which represents the fluid’s resistance to shear
deformation;

e  K,: permeability of the porous medium (m?), which quantifies how easily fluid can
flow through the medium;

e  v;: component of the velocity vector in the i-th direction (m/s);

e K inertia resistance factor (1/m), which represents the contribution of inertia effects
to flow resistance;

e p: density of the fluid (kg/m?);

e |v|: magnitude of the velocity vector (m/s).

This approach is utilized to accurately model the resistance characteristics of fluid
flow within porous media. In this study, only the inertia loss term was considered for the
CFD analysis.

In the porous media region of the full-scale model, the axial inertia resistance coefficient
was set to 4.540 m~!, and the lateral inertia resistance coefficient to 108.960 m~!. For the
upper plenum, both the axial and lateral inertia resistance coefficients were uniformly set
to 3.990 m~!. These values were determined using design data and through preliminary
analysis. It was assumed that there was no heat release from the fuel assemblies within the
core region.

The scaled-down model applied simplified thermal-hydraulic conditions identical to
those used in Kim et al.’s experiment [2]. In the scaled-down model, coolant enters through
four cold legs, each with a flow rate of 100 kg /s, resulting in a total inflow rate of 400 kg/s.

The outflow was set through two hot legs, each with a flow rate of 200 kg /s, maintain-
ing a balance between the inflow and outflow rates. The coolant inlet temperature was set
at 60.0 °C, and the outlet pressure at 0.2 MPa, reflecting low-temperature and low-pressure
conditions imposed by experimental constraints. Similarly to the experiments, no core
bypass flow was included in the scaled-down model. In the porous media region, the axial
inertia resistance coefficient was set to 22.837 m 1, and the lateral inertia resistance coeffi-
cient to 548.088 m~!. For the upper plenum, both the axial and lateral inertia resistance
coefficients were set to 27.957 m~!. These values were determined based on the design data
of the scaled-down experimental facility and preliminary analysis. As with the full-scale
model, it was assumed that there was no heat release from the fuel assemblies within the
core region.

3.3. Numerical Method

In this study, CFD analysis was performed to analyze the core inlet flow distribution
characteristics within the APR1000 reactor. The fundamental equations used were the
continuity equation, momentum equation, and energy equation. To accurately represent
complex turbulence characteristics, the selection of an appropriate turbulence model is
essential. Based on existing studies [24-28], four representative turbulence models—the
standard k-¢ (or k-¢ in CFX), SST (shear stress transport), RNG k-¢, and RSM (Reynolds
stress model, LRR Reynolds Stress in CFX)—were applied to perform CFD analyses on both
the full-scale and scaled-down models. Each turbulence model was selected considering
the characteristics and computational efficiency under various flow and thermal-fluid
conditions. The standard k-¢ model is widely used due to its computational efficiency
and simplicity. The SST model was developed to enhance the accuracy near walls and
overall flow field predictions. The RNG k-¢ model is an improved model that is capable
of precisely simulating the detailed distribution of turbulent energy. The RSM directly
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calculates the Reynolds stress, allowing for a more accurate representation of turbulence
characteristics in complex flows.

To ensure the reliability and consistency of the CFD analysis results, analyses were
conducted using two commercial CFD software packages, ANSYS Fluent and ANSYS CFX,
under identical analysis conditions. In Fluent, the SIMPLE algorithm was used for pressure—
velocity coupling, and a second-order upwind scheme was applied as the discretization
method to enhance the spatial accuracy in the flow analysis. Conversely, using CFX, we
employed a pressure-based coupled solver, simultaneously solving pressure and velocity
equations to achieve fast and stable convergence. A high-resolution scheme was used for
discretization, and the time scale factor was set to 1.0 to ensure computational stability. For
both CFD software packages, the convergence criteria were set such that all residuals were
below 1073, ensuring the accuracy and stability of the analysis.

4. Results and Discussion
4.1. 1/5 Scaled-Down Model

Figure 4 presents the CFD analysis results obtained for the scaled-down APR1000
reactor model using the k-¢ turbulence model in CEX with a coarse mesh system. To
visually represent the coolant flow characteristics within the APR1000 reactor, the results
are divided into the (a) overall coolant flow and (b) coolant flow in the lower plenum. The
overall coolant flow illustrates the entire flow path, showing coolant entering through the
cold legs, passing through the downcomer (DC) and lower plenum, flowing through the
fuel assemblies, and finally exiting through the hot legs. It is evident that the coolant is
uniformly distributed within the reactor and flows along the designed paths. Specifically, it
is clear that the coolant entering the lower plenum is uniformly distributed before flowing
to the fuel assemblies.

Fuel assembly

Velocity [m/s] ',5“
Q

6.0
I 8
K}
[

5.0

Flow path

4.0

Raised bottom
plate

Bottom plate

ICl Nozzle
support plate

ICI Nozzle
©

(a) (b)

Figure 4. Coolant flow in the reactor: overall flow and lower plenum distribution in the 1/5 scale-
down model. (a) Overall coolant flow; (b) coolant flow in lower plenum.

The coolant flow in the lower plenum provides a detailed view of the flow distribution
before the coolant is delivered to the fuel assemblies. After entering through the cold
legs, the coolant is distributed along structures such as the flow skirt, bottom plate, and
raised bottom plate within the lower plenum. These structures are designed to induce
flow uniformity, and the changes in the flow velocity along the flow paths are visually
observable. The velocity distribution within the lower plenum ranged from 1.0 to 5.0 m/s,
indicating the formation of a uniform flow distribution. Additionally, localized increases
in the flow velocity were observed as the coolant passed through structures like the ICI
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CL1A

0°
= — —

nozzle support plate. These results demonstrate the effective operation of the structures
designed to ensure uniform coolant distribution within the reactor. Particularly, the process
of uniformly dispersing the flow as it passes through the complex structures of the lower
plenum plays a crucial role in optimizing the cooling efficiency.

To evaluate the grid sensitivity in the scaled-down model of the APR1000 reactor, CFD
analyses were performed using three grid resolutions—coarse, intermediate, and fine—
within Fluent. Figure 5 visually depicts the flow distribution at the core inlet, showing
an increasing trend of coolant flow toward the core periphery under each grid condition.
While there are local differences in flow distribution across all grid conditions, the overall
distribution remains uniform, effectively reflecting the key features of the core design and
flow distribution. These results confirm the effectiveness of the structures designed to
ensure the even distribution of coolant throughout the core.
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Figure 5. Core inlet flow distribution across different grid resolutions. (a) Coarse; (b) intermediate;
(c) fine.

Figure 6 graphically represents the dimensionless flow distribution at the eighth row
and eighth column to provide a more detailed view of the flow distribution data presented
in Figure 5. This graph clearly shows the changes in flow distribution along specific paths,
confirming that the overall trend of flow distribution remains consistent across all grid
conditions. These results indicate that the grid resolution does not significantly impact the
main characteristics of the flow distribution, providing sufficient evidence that the method
used herein accurately captures the overall flow trends.

Non-dimensionalized flow [-]

Position of core [-] Position of core [-]
—A—Intermediate -©-Fine -8-Coarse  —A-Intermediate -©-Fine

(a) (b)

Figure 6. Comparison of core inlet flow distribution along the eighth row and column across different
grid systems. (a) Eighth row; (b) eighth column.
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Table 4 summarizes the statistical characteristics of the flow distribution for each grid
resolution. The minimum and maximum flow rates remain consistently within the range
from 0.685 (0.703) to 1.385 (1.386), indicating a minimal impact of the grid resolution on
extreme values. The coefficient of variation (COV) was 15.80% for the coarse grid and
16.28% for the fine grid, showing a slight increase with a higher grid resolution; however,
this difference does not significantly affect the overall flow trend. Overall, the primary
trends in the flow distribution are similar across all grid resolutions, confirming that the
coarse grid is a practically effective choice when considering computational efficiency.
This demonstrates that using a coarse grid for core inlet flow analysis in the APR1000
reactor is effective for design reviews and large-scale analyses, balancing computational
cost and accuracy.

Table 4. Grid sensitivity of core inlet flow distribution.

Coarse Intermediate Fine

Min. Flow Rate (-) 0.685 0.700 0.703
Max. Flow Rate (-) 1.385 1.390 1.385
Coefficient of 15.8 15.9 163

variation (COV) (%)

To evaluate the turbulence model sensitivity in the scaled-down model of the APR1000
reactor, CFD analyses were performed using four turbulence models: standard k-¢, SST,
RNG k-¢, and the RSM. By analyzing the differences in the core inlet flow distribution
resulting from the use of different turbulence models, the sensitivity of the turbulence
models was assessed. These analyses were conducted using both Fluent and CFX software
to compare results between the two platforms. Finally, the analysis results were validated
by comparing them with experimental data. A coarse grid was used in this process to
consider computational efficiency.

Figures 7 and 8 illustrate the core inlet flow distribution as visualized by Fluent and
CFX, respectively, for each turbulence model. These figures show detailed differences
in flow distribution depending on the turbulence model used. Overall, all turbulence
models exhibited an increasing trend in flow towards the core periphery, similar to the
experimental results (Figure 9). Specifically, the SST and RNG k-¢ models accurately
reproduced flow distributions that were similar to the experimental data compared to the
other turbulence models.

Figures 10 and 11 present the dimensionless flow distributions at the eighth row and
eighth column, quantitatively comparing the flow variations due to the use of different
turbulence models. Both software packages maintain consistent overall trends across
turbulence models, with local differences present but the general flow distribution shape
remaining similar. Figure 12 shows the experimental data-based flow distribution at the
same row and column positions, revealing differences in the central region but an overall
matching trend with the analysis results.
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Figure 7. Core inlet flow distribution according to turbulence models (FLUENT) in the 1/5 scale-down
model: (a) standard k-¢; (b) SST; (c¢) RNG k-¢; (d) RSM.
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Figure 8. Core inlet flow distribution according to turbulence models (CFX) in the 1/5 scale-down

model: (a) k-¢; (b) SST; (c) RNG k-¢; (d) RSM.
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Figure 9. Core inlet flow distribution from the 1/5 scaled-down model experiment [2].
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Figure 11. Core inlet flow distribution along the eighth row and column for different turbulence
models (CFX) in the 1/5 scale-down model. (a) Eighth row; (b) eighth column.
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Figure 12. Core inlet flow distribution along the eighth row and column from the 1/5 scaled-down
model experiment: (a) eighth row; (b) eighth column [2].

Table 5 summarizes the statistical characteristics of the flow distribution according
to the different turbulence models and software (Fluent/CFX) used, including compar-
isons with experimental results [2]. The minimum and maximum flow rates show slight
differences depending on the turbulence model but generally align with the experimental
ranges. The COV was 13.408-15.802% for Fluent and 7.760-8.214% for CFX, compared
to the experimental COV of 5.694%, indicating slightly higher variability in the analysis
results due to the turbulence models used and numerical constraints. Similarity evaluation
metrics—the relative error (RD), root mean square error (RMSE), mean absolute error
(MAE), and correlation coefficient (r)—were used, with both Fluent and CFX showing
relatively high correlations with the experimental results. Notably, Fluent’s SST and RNG
k-¢ models exhibited the highest similarity to the experimental data.

Overall, the choice of turbulence model and software affects the precision of the core
inlet flow distribution analysis, but the main flow trends are consistently reproduced across
all turbulence models. Both Fluent and CEX showed high consistency with the experimental
results, with the SST and RNG k-¢ models demonstrating the highest similarity to the
experimental data.
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Table 5. Comparison of core inlet flow distributions between turbulence models and CFD software
(FLUENT and CFX) in the 1/5 scale-down model with 1/5 scaled-down experimental data.

Fluent CFX
Exp. [2]
k-¢ SST RNG k-¢ RSM k-¢ SST RNG k-¢ RSM
Min.
Flow 0.685 0.632 0.561 0.683 0.838 0.846 0.837 0.834 0.878
Rate (-)
Max.
Flow 1.389 1.364 1.299 1.411 1.166 1.162 1.191 1.192 1.121
Flow Rate (_)
Coefficient
Of Varia-
tion 15.802 14.145 13.908 13.408 8.214 7.773 7.832 7.760 5.694
(COV)
(%)
RD (-) 0.105 0.093 0.085 0.085 0.047 0.045 0.046 0.046 -
. RMSE (-) 0.122 0.110 0.107 0.103 0.064 0.062 0.062 0.063 -
Similarity
MAE (-) 0.104 0.092 0.085 0.084 0.046 0.045 0.045 0.045 -
r(-) 0.737 0.686 0.704 0.695 0.631 0.609 0.624 0.597 -
4.2. Full-Scale Model
CFD analyses of the full-scale APR1000 reactor model’s coolant flow characteristics
were performed using Fluent and CFX, applying various turbulence models (standard k-¢,
SST, RNG k-¢, RSM). A coarse grid was used considering computational efficiency. This
study focused on evaluating the core inlet flow distribution and the uniformity of flow
within the lower plenum, with key results from CFX being presented in Figures 13-16
and Table 6. Figure 13 illustrates the overall coolant flow path within the reactor, showing
coolant entering through the cold legs, passing through the lower plenum, flowing through
the fuel assemblies, and being discharged through the hot legs. Within the lower plenum,
the coolant exhibited a tendency to be evenly distributed through structures such as the
flow skirt and bottom plate, demonstrating the effective operation of reactor structures
designed to induce uniform coolant distribution.
Fuel assembly £
L (1]
© o =
B = ©
= o
5 z
= 2
Velocity [m/s]
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120 l
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8.0
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ICl Nozzle

Raised bottom
plate

Bottom plate

ICl Nozzle
support plate

Figure 13. Coolant flow in the reactor: overall flow and lower plenum distribution: (a) overall coolant

flow; (b) coolant flow in lower plenum.
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Figure 14 shows velocity vectors and velocity distributions at specific heights within
the downcomer (DC 1 and DC 2). Both DC 1 (upper region) and DC 2 (lower region)
displayed flow adjustments to achieve uniform coolant distribution. Notably, some regions
exhibited higher velocities, attributed to structural design and flow path influences. The
flow distribution at the core inlet (Figure 15) maintained an overall uniform characteristic,
though some local velocity changes indicated the influence of detailed structural designs.
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Table 6. Effects of turbulence models on velocity and variation coefficients at DC1, DC2, and core inlet.

Velocity
Coefficient Of Variation (COV)
Model Location Avg. Max. Min. STD

(m/s) (m/s) (m/s) (m/s) (%)

DC1 6.848 11.762 2472 2.715 39.7

k-¢ DC2 8.103 11.500 0.173 2.327 28.7
Core Inlet 1.000 1.150 0.830 0.080 8.4

DC1 6.535 11.815 1.497 2.140 32.8

SST DC2 8.107 10.522 0.152 1.828 22.5
Core Inlet 1.000 1.170 0.840 0.080 8.0

DC1 6.488 11.942 1.362 2.427 374
RNG k-¢ DC2 8.093 11.066 0.164 1.922 23.7
Core Inlet 1.000 1.190 0.830 0.080 8.3

DC1 6.507 11.962 2.138 2.283 35.1

RSM DC2 7.943 9.848 0.082 1.728 21.8
Core Inlet 1.000 1.200 0.830 0.080 7.8

Figure 16 shows the downward velocity distribution along the central line at the
DC 1 and DC 2 positions based on the angle ®, showing tendencies of coolant flow
variation at specific angles. At DC 1, the velocity ranged from —2.5 m/s to —12 m/s,
while at DC 2, the velocity variation significantly decreased, resulting in more uniform
flow. The velocity changes at specific angles were interpreted as occurring during the flow
uniformization process.

Table 6 quantitatively compares the velocity characteristics at DC 1, DC 2, and the core
inlet for each turbulence model. The average velocity (avg.) was the highest for the standard
k-e¢ model at DC 1 and for the SST model at DC 2. Based on the standard deviation (STD) and
COV, the SST model exhibited lower variability compared to the other models, providing
relatively uniform flow distribution. At the core inlet, all turbulence models showed a COV
below 8%, confirming that the flow distribution remained generally uniform.

Overall, the structural design within the lower plenum effectively induced a uniform
distribution of coolant flow, and the flow distribution at the core inlet was stably maintained.
The SST and RNG k-¢ models demonstrated a relatively high accuracy and flow uniformity.

To evaluate the sensitivity of the flow distribution to the turbulence models in the
full-scale APR1000 reactor model, key results are presented in Figures 17-20 and Table 7,
comparing Fluent and CFX analyses. The Fluent analysis results (Figure 17) show distinct
flow distribution characteristics for each turbulence model. The SST and RNG k-¢ models
accurately reproduced high flow rates at the core periphery and low flow rates at the center,
effectively reflecting the uniformity and local features of the flow distribution. In contrast,
the standard k-¢ model and RSM exhibited similar main flow trends but showed some
discrepancies in local flow variations compared to the experimental results (Figure 9). These
findings indicate that the SST and RNG k-¢ models in Fluent most accurately reproduce
the core inlet flow characteristics. Similar trends were observed in the CFX analysis
results (Figure 18), with the SST and RNG k-¢ models showing the highest similarity.
Specifically, the SST model minimized the flow distribution variability and maintained an
overall uniform distribution, closely matching the experimental results. While the standard
k-¢ model and RSM produced similar trends to Fluent, they exhibited relatively larger
discrepancies in local flow variations. The CFX analysis results showed higher consistency
with the experimental results compared to Fluent.
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Figures 19 and 20 show the dimensionless flow distribution at the eighth row and
eighth column, respectively. Both Fluent and CFX showed that the SST and RNG k-¢
models had high similarity to the experimental data, with the SST model most accurately
reproducing both the local flow changes and the overall distribution. CFX demonstrated
lower variability than Fluent, resulting in a higher consistency with the experimental data.
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Figure 17. Core inlet flow distribution according to turbulence models (Fluent): (a) k-¢; (b) SST;
(c) RNG k-¢; (d) RSM.

The quantitative analysis results in Table 7 compare the flow distribution statistics
across the turbulence models and Fluent/CEX software. For the minimum and maximum
flow rates, Fluent reported ranges from 0.470 (0.537) to 1.304 (1.348), while CFX reported
ranges from 0.827 (0.845) to 1.154 (1.195). Compared to the scaled-down experimental data
(minimum 0.878, maximum 1.121), CFX showed higher accuracy. In the COV analysis,
Fluent’s SST model had the lowest COV at 14.164%, and CFX’s SST model had the lowest
at 7.993%, closely matching the experimental COV of 5.694%. This indicates that CFX
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better reflects the uniformity of flow distribution compared to Fluent. Similarity metrics
analysis showed that the SST and RNG k-& models had the highest correlations with the
experimental data. In Fluent, the SST model had a relative error (RD) of 0.089, an RMSE of
0.116, an MAE of 0.089, and a correlation coefficient (r) of 0.607, while the RNG k-¢ model
exhibited similar trends. In CFX, the SST model achieved an RD of 0.047, an RMSE of 0.064,
an MAE of 0.046, and an r of 0.623, demonstrating the best performance, with the RNG k-¢
model also showing high consistency with the experimental data.
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Figure 18. Core inlet flow distribution according to turbulence models (CFX): (a) k-¢; (b) SST;
(c) RNG k-¢; (d) RSM.

The scaled-down model experiments were conducted according to similarity laws,
ensuring meaningful comparisons between the experimental data and full-scale model
analysis results. Both the Fluent and CFX analyses using the SST and RNG k-¢ models
showed high similarity to the scaled-down experimental results, with CFX’s SST model
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providing the best agreement in terms of the minimum and maximum flow rates, COV, and
similarity metrics. Overall, the SST and RNG k-¢ models were deemed suitable turbulence
models for accurately analyzing the core inlet flow distribution of the APR1000 reactor
in both Fluent and CFX. CFX demonstrated higher accuracy compared to Fluent, and
the SST model proved to be the most reliable analytical tool. These findings provide
essential foundational data for optimizing reactor design and safety assessments and offer
a basis for validating CFD analysis methodologies through comparisons with scaled-down

experimental results.

1.6

14

? 1.2 :g 1.2
:;, 1.0 % 1.0 ~
"_é 08 E 08
§ g E E 0.6 i
. -90° +—————— 90 % 0o 180°
é 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 é 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Position of core [-] Position of core [-]
—8—k-e —A—SST —6—RNG k-8 --0--RSM —8—k-g —A—SST —6—RNG k-g --6--RSM
(a) (b)
Figure 19. Core inlet flow distribution along the eighth row and column for different turbulence
models (Fluent): (a) eighth row; (b) eighth column.
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Figure 20. Core inlet flow distribution along the eighth row and column for different turbulence
models (CFX): (a) eighth row; (b) eighth column.
Table 7. Comparison of core inlet flow distribution between turbulence models and CFD software
(FLUENT and CFX) with the 1/5 scaled-down model experimental data.
Fluent CFX
Exp. [2]
k-¢ SST RNG RSM k-¢ SST RNG RSM
k-¢ k-¢
Min.
0.537 0.489 0.470 0509 0.827 0.845 0.828 0.831 0.878
Flow Rate (-)
Flow Max. 1.348 1.308 1.304 1.340 1.154 1.174 1.189 1.195 1.121

Flow Rate (-)

Coefficient Of Variation

(COV) (%)

15307 14.164 14.332 13.726 8.370 7.993 8.250 7.787  5.694
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Table 7. Cont.
Fluent CFX
Exp. [2]
k-¢ SST RNG RSM k-¢ SST RNG RSM
k-¢ k-¢
RD (-) 0.100 0.089 0.087 0.085 0.049 0.047 0.049 0.047 -
RMSE (-) 0.126 0.116 0.118 0.112  0.066 0.064 0.066 0.065 -
Similarity

MAE (-) 0.100 0.089 0.087 0.085 0.048 0.046 0.049 0.046 -

r(-) 0.619 0.607 0.610 0.604 0.623 0.601 0.602 0.577 -

5. Conclusions

This study conducted CFD analyses of the core inlet flow distribution in the APR1000
reactor and validated the reliability of the CFD analysis methodology by applying various
turbulence models (standard k-¢, SST, RNG k-¢, RSM). The analyses were performed using
the Fluent and CFX software, and the validity of the analytical methods was verified
by comparing the results with experimental data from the scaled-down model before
extending the methodology to the full-scale model to analyze core inlet flow characteristics.

Comparisons with the scaled-down model experimental results revealed that the SST
and RNG k-¢ models exhibited the highest consistency with the experimental data. The SST
model minimized the flow distribution variability and accurately reproduced local flow
changes in both Fluent and CFX. Notably, CEX’s SST model showed the best agreement
with the experimental data in terms of the minimum and maximum flow rates, COV, and
similarity metrics (RD, RMSE, MAE, r). These results demonstrate that the SST model is
the most reliable turbulence model for analyzing the core inlet flow distribution of the
APR1000 reactor. The RNG k-¢ model also performed similarly to the SST model, making
both models suitable for extending the scaled-down experimental results to the full-scale
model. In contrast, the standard k-¢ model and RSM, while accurately reproducing main
flow trends, showed a somewhat lower performance in accurately depicting local flow
distributions compared to the SST and RNG k-¢ models.

In the full-scale model analysis, the SST and RNG k-¢ models accurately predicted the
core inlet flow distribution, maintaining uniformity between the core periphery and the
center. Within the lower plenum, the coolant exhibited a tendency to be evenly distributed
through structures such as the flow skirt, bottom plate, and raised bottom plate, confirming
that these structural designs effectively contribute to the uniform distribution of coolant.
Specifically, the analysis of the velocity distribution at the downcomer locations showed
that the process of flow uniformization within the lower plenum formed a stable flow
distribution at the core inlet. This indicates that the APR1000 reactor’s coolant design
effectively ensures uniform cooling for each fuel assembly.

The quantitative analysis results revealed that CFX showed higher correlation with the
experimental data compared to Fluent. When using the SST model in CFX, the COV was
7.993%, closely matching the experimental COV of 5.694%. Additionally, the SST model
in CFX achieved the lowest relative error (RD) of 0.047 and the lowest root mean square
error (RMSE) of 0.064, demonstrating high consistency with the experimental data. These
results indicate that CFX provides higher precision in simulating the complex thermal-fluid
characteristics of the reactor compared to Fluent.

The comparison with scaled-down model experiments played a crucial role in en-
hancing the reliability of the CFD analysis methodology. The scaled-down experiments,
conducted according to appropriate similarity laws, provided meaningful data that were
comparable to full-scale model analysis results. Both the SST and RNG k-¢ models showed
high similarity to the scaled-down experimental results in both Fluent and CFX, demon-
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strating that the same analytical methods could be reliably applied to the full-scale model.
Specifically, the scaled-down experimental data served as a useful benchmark for evaluat-
ing and validating the analysis results of the full-scale model, effectively complementing
the experimental limitations with CFD analysis.

In conclusion, the CFD analysis methodology established in this study was evaluated
as a reliable tool for analyzing the core inlet flow distribution of the APR1000 reactor. The
SST and RNG k-¢ models demonstrated high similarity with the experimental data in
both Fluent and CFX, with CFX’s SST model providing the most accurate analysis results.
These findings offer essential foundational data for optimizing reactor design and safety
assessments and confirm the high reliability of analysis of the full-scale model through
comparisons with scaled-down experimental results. The CFD analysis methodology
developed in this study can be extended to other reactor designs and analyses, serving as a
critical guideline for the design and analysis of complex thermal-fluid systems.
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