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A B S T R A C T

Understanding the thermal-hydraulic behavior of sodium-cooled fast reactors is crucial for optimizing their 
performance and safety. This study investigates the unique low Prandtl number properties of liquid sodium 
coolant, which influence heat transfer and fluid dynamics in turbulent flows within wire-wrapped fuel bundles. 
Using a combination of experimental data and high-fidelity Computational Fluid Dynamics (CFD) simulations, 
we analyzed key thermal-hydraulic characteristics for the ORNL 19-pin, Toshiba 37-pin, WARD 61-pin, and 
KAERI 61-pin fuel bundles under various heating and flow conditions. CFD simulations were conducted in STAR- 
CCM+ and ANSYS CFX and examined mass flow rates, pressure drops, and temperature distributions, validated 
against experimental data. Sensitivity analyses of turbulence models (SST, k-ε, and k-ω) indicated that the SST 
model best captured complex flow and three-dimensional vortical structures in SFR conditions, with edge sub
channels exhibiting enhanced heat transfer due to higher axial velocities. Code-to-code comparisons confirmed 
strong agreement in predicted results, with STAR-CCM + aligning more closely with experimental data in some 
cases. The study underscores the importance of advanced CFD techniques in accurately modeling thermal 
management in wire-wrapped fuel bundles, contributing to improved safety and efficiency in SFR systems.

1. Introduction

The Generation IV Sodium-Cooled Fast Reactor (SFR) leverages fast 
neutrons for fission reactions and uses liquid sodium as a coolant to 
effectively manage heat transfer. Research into the thermal-hydraulic 
characteristics of SFRs is crucial in nuclear engineering to understand 
how liquid sodium behaves as a coolant, focusing specifically on its heat 
transfer and fluid flow properties. Effective coolant circulation and heat 
transfer are essential to prevent overheating, which could otherwise 
lead to equipment failures and safety risks. Researchers utilize both 
experimental and computational approaches to explore the thermal- 
hydraulic performance of SFRs. Experimental studies test reactor com
ponents under various operating conditions to observe their real-world 
behavior, while computational studies use mathematical models and 
simulations to predict how the coolant and reactor components perform 
under different conditions. Of particular interest are the thermal- 
hydraulic characteristics of fuel bundles, which are commonly 
analyzed through Subchannel analysis codes and CFD methods.

Subchannel analysis codes divide the reactor core into smaller 

sections, or subchannels, to study the flow and heat transfer processes 
within each segment. This method enables accurate predictions of the 
coolant’s behavior throughout the reactor core. For example, Kim et al. 
(2002) validated the MATRA-LMR Subchannel code by varying flow 
areas within subchannels to model flow fields affected by wire spacers 
[1]. Memmott et al. (2010) developed a RELAP5-based model to assess 
Subchannel performance in advanced fuel designs, such as annular fuel 
rod arrangements [2]. Similarly, Sun et al. (2018) used the SUVAC 
Subchannel code to benchmark experiments involving the ORNL 19-pin, 
Toshiba 37-pin, and EBR-II SHRT-17 tests [3]. On the other hand, CFD 
codes allow for detailed modeling of complex flow patterns and heat 
transfer, such as turbulence, convective heat transfer, and coolant 
mixing in SFRs. For instance, Fricano et al. (2014) conducted a CFD 
benchmark study on the ORNL 19-pin sodium test assembly, performing 
sensitivity analyses on mesh size, turbulence, and wire contact models 
[4]. Additionally, Jeong et al. (2021) analyzed a JAEA 7-pin fuel bundle 
experiment using CFD and found that adjusting the turbulent Prandtl 
number to 0.02 based on heat transfer correlations improved predictive 
accuracy for complex heat transfer processes [5].
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The Prandtl number is a dimensionless factor that compares mo
mentum diffusivity to thermal diffusivity in a fluid. Sodium, with its low 
Prandtl number, is particularly suitable for SFRs due to its high thermal 
conductivity, low vapor pressure, and high boiling point, which allow it 
to transfer heat efficiently at elevated temperatures without boiling. 
This unique property enables effective heat transfer while minimizing 
momentum transfer, which is ideal for the wire-wrapped fuel bundles 
used in SFRs. Despite these advantages, using sodium as a coolant pre
sents specific challenges. Sodium’s reactivity with air and water neces
sitates stringent safety and maintenance protocols, and its low heat 
capacity can lead to rapid temperature changes, potentially causing 
thermal stress in reactor components. Nevertheless, sodium remains a 
promising coolant option, and ongoing research aims to address its 
challenges while maximizing its heat transfer potential. Studies on the 
heat transfer properties of sodium with a low Prandtl number have been 
extensive, focusing on factors such as heat transfer coefficients, flow 
characteristics, and pressure drops in high-temperature environments. 
For example, He et al. (2022) examined the heat transfer characteristics 
of sodium in a wire-wrapped fuel pin bundle, finding that the heat 
transfer coefficient increases with Reynolds number and that the wire- 
wrapped structure improves heat transfer efficiency [6]. Song et al. 
(2019) assessed various turbulence models for sodium’s heat transfer in 
wire-wrapped bundles, concluding that the k-ω SST turbulence model 
provided the most accurate predictions [7]. These studies emphasize the 
significance of understanding the heat transfer characteristics of sodium 
with a low Prandtl number in SFRs. By optimizing the design and 
operation of sodium cooling systems, it is possible to improve the effi
ciency and safety of SFRs, making them a sustainable and reliable energy 
source.

In this study, we aim to further examine the heat transfer charac
teristics of low Prandtl number fluids, with an emphasis on sodium, 
through a CFD benchmark study comparing experimental results with 
CFD-derived data. Datasets from established sources such as Oak Ridge 
National Laboratory (ORNL), Toshiba Institute of Nuclear Engineering, 
and the Westinghouse Advanced Reactors Division (WARD) were uti
lized. This study focuses on evaluating the accuracy of CFD models in 
predicting the heat transfer behaviors of low Prandtl number fluids, 
including comparisons across varying turbulent Prandtl numbers, ex
planations of CFD methodology (including governing equations, nu
merical methods, boundary conditions, and mesh configurations), and 
the effects of vortex structures on heat transfer. By examining the impact 
of turbulent Prandtl numbers on heat transfer in low Prandtl number 
fluids, the researchers aim to enhance the understanding of these heat 
transfer mechanisms and validate CFD models for such conditions. The 
findings of this research will provide valuable insights into the behavior 
of low Prandtl number fluids, contributing to the optimization and 
safety of sodium-cooled fast reactor designs.

2. Prandtl number

In SFRs, liquid metals like sodium are uniquely suited as coolants due 
to their low Prandtl number, which reflects a distinctive balance be
tween thermal and momentum diffusivity. This low Prandtl number 
arises from sodium’s high thermal conductivity, low viscosity, and high 
density, allowing it to transfer heat efficiently in high-temperature en
vironments while maintaining a stable flow. The resulting heat transfer 
behavior is characterized by a thicker thermal boundary layer compared 
to the momentum boundary layer, a feature that distinguishes liquid 
metals from conventional fluids such as air or water. Despite these ad
vantages, predicting and modeling turbulent heat transfer in low Prandtl 
number fluids presents significant challenges [8]. Standard turbulence 
models, which are designed for conventional fluids with Prandtl 
numbers near unity, fail to accurately capture the unique thermal and 
flow dynamics of liquid metals. For example, the Reynolds analogy, 
which assumes a similarity between momentum and thermal transport, 
does not hold for these fluids [9]. In traditional fluids, engineers often 

use a constant turbulent Prandtl number (Prt) of around 0.85–1.0 to 
simplify heat transfer analysis. However, for liquid metals with Prandtl 
numbers far below 1, such assumptions are unreliable and lead to 
inaccuracies in predicting heat transfer behavior.

Research has shown that the turbulent Prandtl number for liquid 
metals deviates significantly from the values used for conventional 
fluids. Numerical studies demonstrate that low Prandtl number fluids 
require tailored turbulence models that incorporate variable turbulent 
Prandtl numbers [10–13]. For instance, in analyzing a 37-pin 
wire-wrapped fuel bundle at the PLANDTL facility, researchers found 
that an optimal turbulent Prandtl number of 0.02 closely matched 
experimental data, significantly improving the accuracy of heat transfer 
correlations and radial temperature distribution predictions [14]. 
Commercial CFD codes, which often rely on constant turbulent Prandtl 
numbers, are inadequate for analyzing liquid metal flows, as they 
typically calculate turbulent viscosity using approaches like k-ε or k-ω 
turbulence models while assuming a fixed Prt value at the start of cal
culations. For liquid metals, this oversimplification neglects key factors 
such as buoyancy effects and the interplay of high thermal conductivity 
with low viscosity. Addressing these challenges requires the develop
ment of advanced turbulence models specifically tailored to the unique 
properties of liquid metals. Such models must move beyond constant Prt 
assumptions to accurately capture the distinct dynamics of liquid metals, 
incorporating variable turbulent Prandtl numbers and other relevant 
factors. These advancements are essential not only for improving the 
accuracy of heat transfer predictions but also for enhancing the perfor
mance, efficiency, and safety of next-generation nuclear reactors, so
lidifying the role of liquid metals like sodium as exceptional coolants in 
advanced reactor designs.

3. Methodology and validation of the test section

3.1. Introduction to testing facilities

3.1.1. ORNL 19-pin fuel assembly
The Oak Ridge National Laboratory (ORNL) conducted experiments 

on a 19-pin wire-wrapped fuel bundle at the Fuel Failure Mockup (FFM) 
facility, designed for high-temperature sodium testing of Liquid Metal 
Fast Breeder Reactor (LMFBR) fuel bundles [15]. The benchmark 
bundle, labeled 2A, consists of 19 simulated fuel rods arranged in a 
hexagonal duct. This setup uses electric heaters that mimic the power 
density and geometry of actual LMFBR fuel rods, allowing researchers to 
study the effects of power distribution across the bundle. Temperature 

Fig. 1. The ORNL 19-pin fuel bundle schematic shows the location of ther
mocouples and subchannel numbers (3, 6, 8, 16, 17, 27, 34, 35, and 36) and 
power skew regions (1–5).
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measurements are collected by two thermocouples per wire-wrap 
(providing 38 total measurements) and 11 additional thermocouples 
at the outlet. The FFM-2A experiment, which was selected as the 
benchmark case for this study, aims to determine the temperature dis
tribution within the load bundle, at the channel wall, and at the outlet. 
The fuel rod has a diameter of 5.84 mm and a pitch-to-diameter ratio 
(P/D) of 1.244. It is positioned at the center of a hexagonal duct, which 
has an internal flat-to-flat distance of 64.1 mm. The wire spacers have a 
diameter of 7.26 mm and a lead pitch of 304.8 mm. The heated length of 
the fuel rod is 533.4 mm, and it is heated under conditions of uniform 
heat flux distribution. Fig. 1 illustrates a schematic of the ORNL 19-pin 
fuel bundle showing the radial power (skew) distribution across the 
bundle. The design specifications for the 19-pin fuel bundle are sum
marized in Table 1. The facility allows independent control of heater 
groups, enabling various combinations to operate at power levels of up 
to 24.5 kW each. This setup enables the study of power distribution 
effects and power skew across the rod bundle.

3.1.2. Toshiba 37-pin fuel assembly
The Toshiba Institute of Nuclear Engineering conducted tests on a 

37-pin wire-wrapped fuel bundle using the Sodium Heat Transfer Test 
Loop (SHEL) to study heat transfer in LMFBR reactors under natural 
circulation conditions [16]. This setup is designed to evaluate the effects 
of buoyancy on heat transfer within the rod bundle and to validate the 
COBRA-IV-I code at low flow rates characteristic of natural circulation. 
Although the Toshiba test assembly differs in the number of rods 

compared to a typical LMFBR bundle, it shares similar thermal and 
hydraulic properties, enabling reliable comparisons.

In the Toshiba setup, electric heaters are utilized in the simulation of 
the fuel rods within the reactor. Each rod has a diameter of 6.5 mm and a 
P/D ratio of 1.21 and it is positioned in a hexagonal duct with a 64.1 mm 
flat-to-flat distance. Steel wire-wrap spacers of 1.32 mm diameter are 
arranged with a lead pitch of 304.8 mm, while the heated length of each 
rod extends to 1328 mm. The rods are heated with a chopped cosine heat 
flux distribution, with an average-to-maximum ratio of 1.21. Table 1
summarizes the design specifications of the Toshiba 37-pin fuel bundle 
test section. The test assembly is integrated into the primary sodium 
loop, transferring heat to a secondary loop through an intermediate heat 
exchanger. An air blast heat exchanger in the secondary loop serves as 
the final heat sink. Sodium circulation is managed by electromagnetic 
pumps, and three power control units independently supply power to 
designated regions within the bundle, generating a distinct radial power 
distribution. As illustrated in Fig. 2, this radial power skew within the 
rod bundle is achieved through the three divided regions.

3.1.3. WARD 61-pin fuel assembly
The Westinghouse Advanced Reactors Division (WARD) developed a 

61-pin fuel bundle for experimental analysis of thermal behavior within 
fuel assemblies [17]. This experiment focuses on the influence of 
inter-assembly heat transfer on peak temperatures and the effect of 
buoyancy on temperature distribution within the bundle. Each fuel rod 
in the WARD setup has a diameter of 13.18 mm and is arranged with a 
P/D ratio of 1.08 in a hexagonal duct with a 113.88 mm flat-to-flat 
distance. Steel wire-wrap spacers, 0.9398 mm in diameter, maintain 
rod spacing and promote effective coolant flow, with a lead pitch of 
101.5 mm. Each rod has a heated length of 1143 mm, designed to mimic 
typical reactor operating conditions. Table 1 summarizes the design 
specifications of the WARD 61-pin fuel assembly test section and Fig. 3
shows the radial power distribution within the fuel rod bundle.

3.1.4. KAERI 61-pin assembly
The Korea Atomic Energy Research Institute (KAERI) developed a 

61-pin fuel bundle as part of a conceptual design study for the Prototype 
Generation Sodium-Cooled Fast Reactor (PGSFR) [18]. This experi
mental setup is a downscaled model of the full-scale 217-pin PGSFR fuel 
bundle, designed to accurately replicate the original reactor’s 
thermal-hydraulic behavior while preserving essential hydraulic prop
erties. To ensure geometric and hydraulic similarity, the KAERI 61-pin 
bundle closely matches key parameters of the PGSFR design, including 
the pitch-to-diameter (P/D) and height-to-diameter (H/D) ratios. This 
approach ensures that the flow characteristics within the subchannels 
are representative of those in the larger PGSFR assembly. The funda
mental design parameters of this fuel are summarized in Table 1.

3.2. Computational grid system

In the benchmark experiments, thermocouples were used to pre
cisely measure the temperature at key points on the spiral wires, high
lighting the importance of accurately representing the wire’s helical 
geometry in simulations. Properly modeling the flow patterns within 
wire-wrapped fuel bundles is critical for simulating heat transfer 
mechanisms in SFR fuel assemblies. While most CFD studies and ex
periments focus primarily on hydraulic behavior, they often overlook 
the detailed characteristics of heat transfer. Wire-wrapped fuel bundles 
have complex geometries with numerous points and lines of contact 
between the pins and wrapping wires, making mesh generation partic
ularly challenging. To overcome this, a novel mesh generation technique 
was developed using a Fortran-based code [18], which enables the 
import of highly accurate wire geometries. This approach ensures that 
the actual wire shape is simulated without distortion, allowing for more 
precise predictions of the contact area between the wire and the fuel rod. 
Unlike conventional mesh generation tools, such as those in 

Table 1 
Geometric information of the test sections of the fuel assembly.

Geometry parameters ORNL 19- 
pin

Toshiba 37- 
pin

WARD 61- 
pin

KEARI 61- 
pin

Number of pins 19 37 61 61
Pin diameter (mm) 5.84 6.5 13.18 8
Pin pitch (mm) 7.26 7.87 14.26 9.12
Total Pin length (mm) 914.4 1328 1624 238.9
Wire diameter (mm) 7.26 1.32 0.9398 1
Wire lead pitch (mm) 304.8 307 101.5 238.9
Heated length (mm) 533.4 1328 1143 1500
Duct inside the flat-to-flat 

distance (mm)
64.1 50.4 113.88 150

Pitch-to-diameter (P/D) ​ ​ ​ 1.14
Height-to-diameter (H/D) ​ ​ ​ 29.86
Coolant Sodium Sodium Sodium Water 

(60 ◦C)

Fig. 2. The Toshiba 37-pin fuel bundle schematic shows the location of ther
mocouples and subchannel numbers at the top of the heated section and the 3 
power skew regions.
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STAR-CCM+, this method preserves the true wire shape, improving the 
accuracy of simulated contact areas. Simulation results demonstrate that 
this technique accurately predicts pressure drop and flow characteristics 
[18], and its implementation as a grid-based Reynolds-Averaged 
Navier-Stokes (RANS) method in CFX has successfully modeled pressure 
drop and heat transfer in wire-wrapped fuel bundles [19]. The setup 
distinguishes between the internal fluid domain, formed by the lattice 

around rods and wire spacers, and the external fluid domain. A 
conformal fluid-solid mesh interface allows for detailed modeling of 
heat transfer interactions. This advanced mesh system enables effective 
analysis of complex heat transfer phenomena in wire-wrapped fuel 
bundles and achieves convergence even with a limited number of mesh 
elements. Fig. 4 illustrates the CFD geometry, showing specific config
urations for different fuel bundles used in the study. Fig. 5 illustrates an 

Fig. 3. The WARD 61-pin fuel bundle schematic shows thermocouple locations and subchannel numbers at the top and middle of the heated sections.

Fig. 4. Perspective view of fuel assemblies used in the study.
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innovative grid generation method specifically for the KAERI 61-pin 
assembly. This assembly was tested solely for hydraulic behavior, 
without separate domains for rods and wires. It consisted of 26 million 
hexahedral elements and was utilized in STAR-CCM+ and ANSYS CFX.

3.3. Turbulence models

Turbulent flow fields can be simulated using three primary numeri
cal techniques: Direct Numerical Simulation (DNS), Large Eddy Simu
lation (LES), and Reynolds-Averaged Navier-Stokes (RANS) simulation. 
Each technique differs in terms of computational requirements and 
resolution. For accurate vortex behavior representation in turbulent 
flows, the grid must be sufficiently fine to either resolve (explicitly 
capture) or model (approximate) the behavior of vortices at different 
scales. In DNS, all time and spatial scales of turbulence, including the 
smallest vortex scales, are directly resolved by solving the governing 
equations without turbulence modeling. However, due to its extremely 
high computational cost, DNS is only practical for low Reynolds number 
flows and simple geometries [20]. In LES, larger vortices (those above 
the grid scale) are explicitly resolved, while smaller vortices below the 
grid scale are approximated using a sub-grid-scale (SGS) model [21]. 
LES is computationally more efficient than DNS but still demands sig
nificant resources, limiting its feasibility for complex engineering ap
plications. In contrast, RANS is widely used in engineering due to its 
lower computational cost. RANS solves time-averaged Navier-Stokes 
equations and approximates the effects of turbulence using turbulence 
models, which compute the Reynolds stress tensor resulting from tur
bulent momentum fluctuations. While RANS does not resolve individual 
vortex structures, it effectively models turbulence behavior for complex 
and practical applications without requiring highly refined grids [20,
21].

ANSYS CFX and STAR-CCM + offer various built-in turbulence 
models, including the k-ε, k-ω, Reynolds Stress, and Spalart-Allmaras 
models, each with strengths suited to specific flow conditions. The k-ε 
model performs well in predicting free turbulence in low-pressure 
gradient areas but struggles with boundary layer separation in near- 
wall regions and under large adverse pressure gradients. In contrast, 

Wilcox’s k-ω model excels in near-wall regions and accurately predicts 
separation caused by reverse pressure gradients but is highly sensitive to 
incoming turbulence levels [22,23]. To address these limitations, 
Menter’s SST (Shear Stress Transport) model was developed, 
combining the strengths of both k-ε and k-ω models [24,25]. Specif
ically, the SST model uses the k-ε formulation in free-stream regions and 
transitions to the k-ω formulation near walls, making it robust for 
handling wall-bounded turbulent flows.

3.4. Sensitivity studies of wall grid scales and turbulence models

In the previous study, a sensitivity analysis of turbulence models k-ε, 
k-ω, and SST was performed using ANSYS CFX solver [18]. The results 
showed that the friction factors from the SST model were 0.9 %–2.6 % 
higher than those from the k-ε model and 0.9 %–3.8 % lower than those 
from the k-ω model. Thus, the SST model’s friction factor falls between 
the values from the k-ε and k-ω models. To capture the transition from 
laminar to turbulent flow on the fuel rod surface, a minimum grid scale 
of 5.0 × 10¡7 mm was used, achieving a y+ value of approximately 2.5. 
The SST turbulence model was selected for this CFD analysis as it 
effectively balances resolution and computational efficiency, capturing 
both turbulent flow and heat transfer characteristics in SFR fuel bundles. 
Among the turbulence models tested, the k-ε model produced higher 
turbulent kinetic energy (TKE), enhancing thermal mixing caused by 
wire spacers. This resulted in more efficient thermal mixing across the 
system compared to other models. The differences in TKE predictions 
between the k-ε and k-ω models are primarily attributed to variations in 
their production terms [26]. For clarity, the transport equations for the 
k-ε and k-ω models are presented below:

For the k-ε model: 

∂
∂t
(ρk)+∇ ⋅ (ρk v)=∇ ⋅

[(

μ+
μt

σk

)

∇k
]

+Pk − ρ(ε − ε0) + Sk (1) 

∂
∂t
(ρε)+∇ ⋅ (ρε v)=∇ ⋅

[(

μ+
μt

σε

)

∇ε
]

+
1
Te

Cε1Pε − Cε2f2ρ
(

ε
Te

−
ε
T0

)

+ Sε

(2) 

Fig. 5. The computational grid system of the fuel assemblies used in the study (KAERI 61-pin assembly).
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For the k-ω model: 

∂
∂t
(ρk)+∇ ⋅ (ρk v)=∇ ⋅ [(μ+ σkμt)∇k] +Pk − ρβ*fβ* (ωk − ω0k0) + Sk

(3) 

∂
∂t
(ρω)+∇ ⋅ (ρω v)=∇ ⋅ [(μ+ σkμt)∇ω] +Pω − ρβfβ

(
ω2 − ω 2

0
)
+ Sω (4) 

Here, Pk is the production of turbulent kinetic energy due to shear strain, 
and Pε represents the production of the dissipation rate. Variations in 
production terms distinguish different model formulations, such as the 
Standard and Realizable k-ε models. These terms account for effects like 
buoyancy production (Gb) and compressibility modifications (γM):

For the Standard k-ε model: 

Pk = Gk +Gnl + Gb − γM (5)-1 

Pε = Gk +Gnl + Cε3Gb (5)-2 

For the Realizable k-ε model: 

Pk = fcGk + Gb − γM (5)-3 

Pε = fcSk + Cϵ3Gb (5)-4 

Here, Gk is turbulent production, Gnl is non-linear production, Gb is 
buoyancy production, and γM represents compressibility modification. 
where: 

Gk = μtS2 −
2
3

ρk∇ ⋅ v −
2
3

μt(∇⋅v)2 

Gb = β
μt

Prt
(∇T ⋅ g)

Gnl =∇⋅v 

γM =
ρCMkε

c2 

Similarly, the SST k-ω model modifies these terms, introducing spe
cific dissipation production (Gω) and cross-diffusion (Dω), for enhanced 
performance in diverse flow regimes. The production terms for the SST 
k-ω model are formulated as follows:

For the Standard k-ω model: 

Fig. 6. Comparison of friction factors for KAERI 61-pin fuel bundle using different turbulence models.

Fig. 7. Influence of axial grid spacing on friction factor predictions for KAERI 61-pin fuel bundle.
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Pk =Gk + Gb (5)-5 

Pω =Gω (5)-6 

For the SST k-ω model: 

Pk =Gk + Gnl + Gb (5)-7 

Pω =Gω + Dω (5)-8 

Here, Gω is Specific dissipation production and Dω is a Cross-diffusion 
term. where: 

Gk = μt fcS2 −
2
3

ρk∇ ⋅ v −
2
3

μt(∇⋅v)2 

Gb = β
μt

Prt
(∇T ⋅ g)

Gnl =∇⋅v 

Gω =

⎧
⎪⎪⎨

⎪⎪⎩

Standard k − ω : ρα
[(

α*S2 −
2
3
(∇⋅v)2

)

−
2
3

ω∇⋅v
]

SST k − ω : ργ
[(

S2 −
2
3
(∇⋅v)2

)

−
2
3

ω∇⋅v
] and 

Dω =2ρ(1 − F1)σω2

1
ω∇k⋅∇ω 

These modifications enable the SST model to resolve complex flow 
and thermal patterns in wire-wrapped fuel bundles accurately, making it 
particularly suited for the current study.

The current study focused on analyzing the sensitivity of STAR- 
CCM + to three turbulence models: k-ε, k-ω, and SST. The results 
were compared to experimental correlations, including the Rehme cor
relation [27], the Upgraded Cheng and Todreas Detailed (UCTD) cor
relation [28], and the Cheng and Todreas Simple correlation (CTS) [29]. 
Fig. 6 presents the CFD results for each model against the friction factor 
of the KAERI 61-pin fuel bundle. Across all Reynolds numbers, the error 
margin for all turbulence models with the UCTD correlation remained 
within 5 %, with the k-ω and SST models providing the highest accu
racy under actual operating conditions.

Further grid sensitivity studies were conducted to analyze the 
impact of axial grid spacing and wall-normal grid spacing (y+) on the 
simulation results. Figs. 7 and 8 illustrate the effects of varying y +
values and streamwise grid spacings on friction factor predictions for the 

KAERI 61-pin fuel bundle. Specifically, y + influences the calculation of 
the specific dissipation rate in the k-ω model, with finer grids (e.g., y+=

1.25) providing improved accuracy. Comparisons of different stream
wise and radial grid spacings revealed that coarser axial grids increased 
discretization errors, particularly in pressure drop predictions, where a 
normalized streamwise grid scale of 10 produced inaccurate results. To 
minimize these errors, a denser axial grid with a normalized 
streamwise grid scale of 5 was adopted as a practical compromise 
between computational efficiency and accuracy.

In this study, the SST turbulence model was chosen for CFD analysis 
due to its balanced performance and ability to resolve wall-bounded 
flows accurately. The grid resolution was set to a y+ value of 2 and a 
normalized streamwise grid scale of 5, which enabled detailed in
vestigations of 3-dimensional and vortical flow phenomena using both 
STAR-CCM+ and ANSYS CFX. Additionally, to capture the transition 
from laminar to turbulent flow on the surface of the fuel rod, the near- 
wall grid scale was set to 5.0 × 10− 7 m, ensuring the friction velocity 
parameter (y+) remained close to 1. This fine-grid resolution is critical 
for resolving near-wall turbulence behavior while maintaining compu
tational efficiency. A high-resolution scheme was applied to the 
convective term, and convergence was ensured by monitoring periodic 
pressure variations at the outlet domain of the 61-pin fuel bundle. The 
CFD results that most closely aligned with experimental data were 
used to study the flow behavior in detail. Based on the findings from 
the grid sensitivity studies, additional analyses were carried out on the 
ORNL 19-pin and Toshiba 37-pin fuel bundles to evaluate the effects of 
different turbulence models. As shown in Fig. 9, the CFD results 
demonstrated excellent agreement with the UCTD model, confirming 
the suitability of the SST turbulence model for accurate simulation 
under these conditions.

Therefore, in this study, steady-state RANS simulations were con
ducted using the SST turbulence model. The computational grid was 
configured with a y+ value of 2 (ensuring near-wall resolution) and a 
normalized streamwise grid scale of 5 to resolve three-dimensional flow 
structures and vortical phenomena in STAR-CCM+ and ANSYS CFX. A 
high-resolution numerical scheme was employed for the discretization 
of convective terms. Simulation convergence was determined by moni
toring periodic pressure fluctuations at the outlet of the 61-pin fuel as
sembly. Furthermore, CFD results exhibiting the closest agreement with 
experimental data were prioritized to analyze and interpret the under
lying flow mechanisms effectively.

Fig. 8. Effect of Wall-Normal Grid Spacing (y+) on Friction Factor Predictions for KAERI 61-Pin Fuel Bundle (Grid sensitivity test result).
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3.5. Code-to-code validation using KAERI 61- pin data

To validate the STAR-CCM + analysis results, a code-to-code com
parison was performed with ANSYS CFX. Both solvers employed the 
same boundary conditions and mesh configurations to ensure consis
tency. Previous studies have demonstrated the reliability of ANSYS CFX 
for high-fidelity CFD analyses of fuel bundles with varying pin counts, 
including 7, 19, 37, 61, 127, and 217 pins, validated against experi
mental data and established friction factor correlations [18]. In this 
study, the verified ANSYS CFX results served as the reference for com
parison with STAR-CCM + simulations. While both solvers used similar 
inputs, differences in automatic grid generation led to variations in mesh 
element types, which could impact numerical accuracy. Both solvers 
relied on the SST turbulence model to predict flow dynamics and pres
sure drops in the KAERI 61-pin fuel bundle.

3.5.1. Comparison of pressure drop
Pressure drops across the KAERI 61-pin bundle were predicted using 

STAR-CCM+ and ANSYS CFX and validated against experimental data 
and widely used friction factor correlations, including those by Rehme 
[27], Engel [30], and Cheng and Todreas (CTS and UCTD) [28,29]. 

Fig. 9. Pressure drop comparison of CFD results and experimental correlations for ORNL 19-pin and Toshiba 37-pin fuel bundles.

Table 2 
Application range and database for friction factor correlations.

Model Nr P/D H/D Reynolds 
number range

Uncertainty

Rehme 7–217 1.1–1.42 8.0–50.0 1000–3 × 105 ±8 %
Engel 19–61 1.067–1.082 7.7–8.3 All regimes (50- 

106)
±15 %

CTS 19–217 1.025–1.420 8.0–50.0 All regimes (50- 
106)

Not 
evaluated

UCTD 7–271 1.000–1.420 8.5–52.0 All regimes (50- 
106)

Not 
evaluated
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These correlations consider various parameters such as Reynolds num
ber, bundle geometry, and wire-wrap characteristics. The validity range 
of each correlation is summarized in Table 2. It is essential to select the 
appropriate correlation equation to accurately represent the behavior of 
SFR fuel rods. In this study, the pressure drop predictions from 
STAR-CCM+ and ANSYS CFX for the KAERI 61-pin bundle were 
compared against experimental data and these correlations.

Fig. 10 compares the CFD results for the 61-pin fuel assembly with 
established friction factor correlations. The CFD predictions align most 
closely with the UCTD correlation, which is widely recognized for its 
accuracy in modeling pressure drop behavior in wire-wrapped fuel rod 
bundles. At nominal operating flow conditions (Reynolds number, Re ≈
65,000), ANSYS CFX and STAR-CCM + overestimate the UCTD corre
lation by approximately 4 %. However, under low-flow-rate conditions, 
significant deviations from experimental correlations are observed, 
likely due to transitional flow regimes that challenge the predictive 
capability of standard turbulence models. Experimental data at the same 
flow rate recorded a pressure drop of 0.488 MPa [31], while the CFD 
simulations yielded 0.500 MPa, corresponding to a marginal error of 2.4 
%. This discrepancy highlights the limitations of current turbulence 
models in capturing complex flow transitions at reduced flow rates, 

underscoring the need for further refinement in low-flow predictive 
methodologies. Both solvers produced comparable results, confirming 
their ability to accurately simulate pressure drops in wire-wrapped 
bundles. Minor differences between the solvers were attributed to var
iations in mesh structure and solver-specific numerical algorithms.

3.5.2. Comparison of subchannel mass flow rate
Accurate prediction of subchannel mass flow rates is critical for 

understanding flow distribution in wire-wrapped fuel bundles. In this 
study, experimental data for the KAERI 61-pin bundle, obtained using an 
iso-kinetic sampling method, were compared with CFD predictions from 
STAR-CCM+ and ANSYS CFX to evaluate their performance. Subchannel 
positions and numbers were consistent with reference [32], ensuring 
accurate comparisons between CFD and experimental results. These 
comparisons are illustrated in Fig. 11, which shows the flow distribution 
across interior, edge, and corner subchannels. For interior subchannels, 
the CFD predictions showed strong agreement with experimental data 
from Ref. [32], with an absolute error of 7.63 % for STAR-CCM+ and 
9.34 % for ANSYS CFX. This consistency highlights the capability of both 
solvers to accurately capture flow behavior in regions where flow in
teractions are uniform and less influenced by boundary effects. The 

Fig. 10. Friction factors with different CFD code.

Fig. 11. Comparison of subchannel mass flow rate predictions for KAERI 61-pin bundle.

J. Mugabi et al.                                                                                                                                                                                                                                  Nuclear Engineering and Technology 57 (2025) 103686 

9 



findings align with those in Ref. [7], where the minimal influence of 
turbulence models on inter-subchannel mass flow differences was 
observed in the 37-pin bundle. Similarly, this study demonstrates that 
the SST turbulence model used in both solvers is robust for predicting 
interior subchannel flow distributions.

The differences in mass flow rate predictions between STAR-CCM+

and ANSYS CFX, despite both using the SST turbulence model, can be 
attributed to several factors. First, variations in grid generation tech
niques and numerical discretization schemes result in differences in 
mesh quality and resolution, particularly in complex flow regions such 
as edge and corner subchannels. Each solver employs proprietary algo
rithms for solving the Navier-Stokes equations, leading to differences in 
SST model implementation, including blending functions and wall 
treatment strategies. Additionally, the application of boundary condi
tions (particularly near walls) further contributes to discrepancies, as 
STAR-CCM+ and ANSYS CFX may handle flow transitions differently.

While both STAR-CCM+ and ANSYS CFX performed well in 
analyzing interior subchannels, discrepancies were noted in the edge 
and corner subchannels, as shown in Fig. 11. For the edge subchannels, 
STAR-CCM + exhibited an error of 9.10 %, while ANSYS CFX had a 
slightly higher error of 11.73 %. This overprediction aligns with the 
localized flow acceleration observed near the duct walls, which is 
challenging to model accurately. In the corner subchannels, the largest 
discrepancies were recorded, with STAR-CCM + showing an error of 
71.66 % and ANSYS CFX displaying an error of 82.09 %. These signifi
cant deviations are likely attributed to small geometric uncertainties, 
such as slight misalignments in rod positioning during testing, [32], 
which substantially impacts localized flow patterns in these regions. 
Table 3 highlights the absolute percentage errors for subchannel types, 

showing that STAR-CCM + had better accuracy, especially for interior 
subchannels. Both solvers effectively predicted mass flow rates for 
interior regions, aligning well with experimental results. However, dis
crepancies in edge and corner subchannels reveal challenges in 
modeling localized flow and the need for precise geometry. Fig. 11 re
inforces these findings and points to areas for improvement in peripheral 
subchannels.

3.5.3. Comparison of flow phenomena using vortical structures
Understanding the flow phenomena in wire-wrapped fuel bundles is 

essential for predicting their thermal-hydraulic performance, particu
larly the effects of vortical structures from the wire wraps. This analysis 
compares the STAR-CCM+ and ANSYS CFX simulations, both employing 
a high-resolution scheme and the SST turbulence model, to evaluate 
their effectiveness in capturing flow characteristics that impact perfor
mance. Using critical point theory, we identified vortex structures and 
their relationship to flow behaviors in each subchannel [18]. As illus
trated in Fig. 12, the edge, corner, and interior vortex structures vary 
periodically with the relative positions of the wire spacer and duct wall. 
Edge vortices exhibit higher axial velocities and form larger longitudinal 
vortex structures compared to the other subchannels. This strong lon
gitudinal vortex structure in the edge subchannel enhances heat transfer 
relative to the corner and interior subchannels. The CFD analysis in 
STAR-CCM+ and ANSYS CFX captured these vortex structures effec
tively. However, differences in vortex intensity were noted; STAR-CCM 
+ exhibited more defined vortex cores, while ANSYS CFX showed 
slightly diffused structures. Despite these variations, both solvers suc
cessfully captured the overall dynamics of the vortices and resolved 
secondary flow patterns crucial for fluid mixing and heat transfer.

Table 3 
Relative differences between CFD predictions and experimental data for subchannel mass flow rates in the KAERI 61-Pin bundle.

Subchannel 
Type

Experiment [g/ 
s]

Experimental Uncertainty 
(%)

CFD STAR-CCM +
[g/s]

CFD ANSYS CFX 
[g/s]

STAR-CCM + Absolute Error 
(%)

ANSYS CFX Absolute Error 
(%)

Interior 104.9 2.53 96.9 95.1 7.63 9.34
Edge 202.1 2.53 220.5 225.8 9.10 11.73
Corner 37.4 2.53 64.2 68.1 71.66 82.09

Note: Error = (CFD− EXP)/EXP × 100 %.

Fig. 12. Comparison of vorticity distribution predicted by CFD codes in the intermediate section of the KAERI 61-Pin Fuel Assembly.
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Fig. 13. Visualization of vortex core distribution and vorticity within the KAERI 61-Pin Fuel Assembly, illustrating periodic changes in vortex structures.
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Fig. 14. Comparison of velocity components and turbulence kinetic energy.
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Using Sawada’s vortex identification method, developed in 1995 
[33], vortex structures were visualized by coloring the vortex core with 
normalized helicity to indicate rotation direction. The normalized hel
icity (Hn) is defined as: 

Hn =
ζ
→ ⋅ ω→

|ζ| ⋅|ω|
(6) 

where ζ is the absolute vorticity vector and ω the relative velocity vec
tor. This parameter offers insights into the rotational direction, where Hn 
> 0 indicates rotation and axial movement following the right-hand 
rule, Hn = 0 indicates stagnation or rotation without axial movement, 
and Hn < 0 indicates rotation following the right-hand rule with 
movement opposite the axial direction. Fig. 13 illustrates the vortex 
structures within each subchannel, highlighting their periodic variations 
as the wire spacer’s position changes relative to the duct wall. These 
periodic changes in vortex structure are consistent with the observations 
discussed earlier in this section. Both STAR-CCM+ and ANSYS CFX 
successfully capture these periodic vortex behaviors and their relation
ship to flow dynamics, demonstrating their reliability for analyzing 
complex geometries like wire-wrapped fuel bundles. This reinforces 
confidence in the applicability of these commercial CFD tools for 
thermal-hydraulic simulations.

To further analyze solver-specific differences in flow phenomena, 
Fig. 14 compares the axial velocity components and turbulent kinetic 
energy (TKE) distributions between STAR-CCM+ and ANSYS CFX sim
ulations in the interior subchannel of the KAERI 61-pin bundle. The 
axial velocity profiles in both solvers exhibit nearly identical trends, 
with periodic low-speed regions emerging downstream of the wire 
spacer wake at peak points. However, minor discrepancies were 
observed in the transverse velocity components (u and v), with STAR- 
CCM + predicting slightly higher transverse velocity fluctuations. These 
differences correlate with higher turbulent kinetic energy pre
dictions in STAR-CCM + compared to ANSYS CFX, particularly near 
the wire-wrapped regions where secondary flows are dominant. The 
enhanced TKE distribution in STAR-CCM + suggests a stronger capture 
of flow instability and secondary motion effects, which could contribute 
to improved thermal mixing. This difference aligns with previously 
observed variations in solver-specific SST turbulence model imple
mentations, where blending functions and near-wall treatment strate
gies impact flow resolution and turbulence intensity.

These findings underscore the influence of solver-specific numerical 
formulations on predicting vortex-induced flow structures. While both 
solvers effectively capture large-scale vortices, STAR-CCM + tends to 
predict more intense turbulence characteristics, particularly in regions 
where wire-wrap interactions induce secondary flow structures. The 
higher TKE distribution in STAR-CCM + , as depicted in Fig. 14, 
suggests that it resolves smaller-scale turbulent eddies more effectively 
than ANSYS CFX. However, this also raises potential concerns regarding 
numerical diffusion effects in STAR-CCM+ and their influence on long- 
range turbulence transport. Further refinement of turbulence models 
and numerical schemes may be required to improve consistency be
tween solvers, particularly in regions of flow recirculation and 
transition.

4. Heat transfer result

The code-to-code comparisons conducted in Section 3 demonstrated 
strong agreement between the predicted results from STAR-CCM+ and 
ANSYS CFX, with STAR-CCM + exhibiting closer alignment with 
experimental data in most cases. This section presents an evaluation of 
the heat transfer characteristics essential for managing fuel bundle 
temperatures using high-fidelity STAR-CCM + CFD simulations. A 
comparative analysis is conducted between CFD-predicted temperature 
distributions and experimental data for three specific fuel bundle con
figurations: the ORNL 19-pin, Toshiba 37-pin, and WARD 61-pin 

assemblies. To ensure accuracy, validated turbulence models and 
detailed meshing techniques are employed to capture the complex 
thermal and flow behaviors within these assemblies. By comparing 
simulation results with experimental observations, the computational 
models are verified, providing insights into key heat transfer mecha
nisms and identifying potential improvements in simulation accuracy 
and thermal management strategies.

4.1. Computational Boundary Conditions

The CFD analysis used experimental data from the ORNL 19-pin, 
Toshiba 37-pin, and WARD 61-pin bundles with simulation parame
ters carefully aligned with experimental conditions as detailed in 
Table 4. The inlet boundary conditions were defined by varying mass 
flow rates to simulate different operational scenarios, and heat flux 
boundary conditions were applied to the inner cladding surfaces of the 
heated section, calibrated to reflect experimental thermal conditions. 
Heat generation varied between pins, with the specific distribution of 
heat (power skew) illustrated in Figs. 1–3.

During CFD Analysis, a 0 Pa pressure boundary was set at the outlet 
to simulate an unobstructed exit, while a no-slip condition with smooth 
surface roughness was applied to the surfaces of the rods and wire 
spacers to accurately capture fluid dynamics. The duct walls were 
modeled with no-slip, adiabatic conditions, assuming smooth surface 
interaction without heat transfer through the walls, ensuring thermal 
insulation. A summary of the Computational Boundary conditions is 
given in Table 5. The CFD methodology was validated previously using 
the KAERI 61-pin assembly, as discussed in the preceding section 4.2. A 
turbulent Prandtl number (Prt) of 0.02, previously validated, was 
adopted for these simulations [14].

Table 4 
Experiment condition of the ORNL 19-pin, Toshiba 37-pin, and WARD 61-pin 
bundles.

Experimental 
fuel bundle

Test No. 
(Run No.)

Inlet 
Temp. 
[◦C]

Flow 
rate 
[kg/s]

Power 
[kW]

Skew 
[Max/ 
Min]

ORNL 19-Pin Test 2. 
(109)

315.55 2.932 166.25 1.0:1

Test 3. 
(101)

315.55 2.932 166.25 1.2:1

Test 6. 
(102)

315.55 2.172 332.5 1.0:1

Test 14. 
(101)

315.55 2.932 166.25 3:1

Toshiba 37-Pin E37P02 211.3 1.612 53.58 1.0:1
C37P06 203.5 0.374 41.02
E37P13 206.4 0.105 13.40
E37P17 209.5 1.096 53.82 1.17:1
E37P20 204.6 0.358 53.82
F37P27 204.5 0.195 32.56
G37P22 205.8 1.074 54.57 1.34:1
G37P25 203.7 0.358 54.57
L37P43 205.1 0.163 34.13

WARD 61-Pin Test 223 315 2.005 260 2.8:1
Test 226 315 2.005 260 1.0:1
Test 403 315 2.005 264 2.0:1

Table 5 
Boundary conditions for CFD analysis.

Boundary Domain Condition Value

Inlet Constant velocity Various
Outlet Relative pressure 0 Pa
Rod outer/Wire outer No slip (Smooth wall) –
Duct wall No slip (Adiabatic) –
Heat source (clad inner surface) Constant heat flux Various
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4.2. Validation of experimental and CFD results

4.2.1. ORNL 19-pin configuration
The validation of the ORNL 19-pin configuration involved temper

ature verification at multiple subchannels (CH3, CH6, CH8, CH16, 
CH17, CH27, CH34, CH35, and CH36) using outlet data from experi
ments and CFD simulations. Four test scenarios, detailed in Table 4, 
varied flow rates, bundle power, and heating patterns to evaluate the 
thermal response and accuracy of the computational model. Fig. 15
compares experimental and CFD results across these tests, illustrating 
the varying degrees of accuracy, while Fig. 16 shows the temperature 
contours at the bundle outlet, highlighting the impact of heating pat
terns on thermal distribution.

In Test 2, where all pins were uniformly heated, the CFD and 
experimental results exhibited minimal discrepancies, with a maximum 
error of 10.8 % at subchannel CH34. This outcome demonstrated the 
model’s robustness in predicting uniform heat transfer trends. In Test 3, 
a mild heat skew (1.2:1) was applied, resulting in a maximum error of 
8.5 % at CH16. The agreement between CFD and experimental trends 
indicated reasonable predictive accuracy for small heat gradients.

In Test 6, where only pins 1–7 were heated, significant non- 
uniformities arose in the thermal field. This scenario exhibited the 
largest discrepancies, with a maximum error of 23.0 % at CH3. These 
errors were attributed to the challenges of capturing complex turbulent 
heat transfer under highly localized heating conditions. In Test 14, a 
substantial heat skew (3:1) was applied to specific pins, leading to 
considerable temperature variations among subchannels. The maximum 
error reached 24.5 % at CH27, underscoring limitations in turbulence 

modeling under extreme heat flux gradients. These findings emphasize 
the critical need for precise turbulence models and accurate boundary 
condition specifications, particularly for scenarios involving non- 
uniform heating. Such improvements are essential to enhance predic
tive accuracy in complex thermal environments.

4.2.2. Toshiba 37-pin configuration
The validation of the Toshiba 37-pin configuration involved tem

perature verification at multiple subchannels (CH1, CH4, CH8, CH17, 
CH26, CH42, CH43, CH56, and CH65) using outlet data from both ex
periments and CFD simulations. Test scenarios, detailed in Table 4, 
varied inlet temperatures, flow rates, power levels, and heating patterns 
to evaluate the thermal response and accuracy of the computational 
model. Fig. 17 compares experimental and CFD results across these tests, 
illustrating the model’s accuracy under different conditions, while 
Fig. 18 presents the temperature contours at the bundle outlet, show
casing the influence of heating patterns on thermal distribution.

In Tests E37P02, C37P06, and E37P13, all fuel pins were uniformly 
heated across three designated regions (Regions I, II, and III). The CFD 
and experimental results exhibited strong agreement, with a maximum 
error of 12 % observed at edge subchannel CH56 during Test E37P02. 
These results confirmed the model’s capability to predict uniform heat 
transfer trends accurately across a larger bundle. In Tests E37P17, 
E37P20, and F37P27, varying heat generation gradients were applied 
among the three regions, introducing moderate thermal non- 
uniformities. The maximum error was 9.6 %, observed at subchannel 
CH65 during Test E37P17. Despite these variations, the CFD model 
captured the general trends in temperature distributions with 

Fig. 15. Comparison of experimental results with CFD results for ORNL 19-pin fuel bundle.
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reasonable accuracy, demonstrating its robustness in handling moderate 
heat gradients.

In Tests G37P22, G37P25, and L37P43, extreme heat skew condi
tions were applied across the three regions. These scenarios resulted in 
significant thermal gradients and increased uncertainty in turbulent 
heat transfer predictions. The maximum error reached 18.2 % at sub
channel CH65 during Test G37P22, with notable discrepancies in edge 
subchannels CH56 and CH65. These errors highlight the challenges of 
modeling complex interactions between turbulence and heat transfer 
under conditions of extreme heat flux gradients. These findings 
emphasize the importance of incorporating advanced turbulence models 
and refining boundary condition specifications to improve predictive 
accuracy. Such enhancements are crucial for scenarios involving non- 
uniform heating, especially in larger fuel bundles where the 
complexity of thermal and flow behaviors increases.

4.2.3. WARD 61-pin configuration
The validation of the WARD 61-pin configuration involved temper

ature verification at multiple subchannels (CH1, CH4, CH8, CH17, 
CH26, CH42, CH43, CH56, and CH65) using temperature data collected 
at the top, middle, and bottom of the heated section during experiments. 
Test scenarios, detailed in Table 4, included varying pin skew ratios and 
flow conditions to evaluate the thermal response and the computational 
model’s accuracy. Fig. 19 compares experimental and CFD results for 
these tests, illustrating the model’s ability to capture complex thermal 
behaviors, while Fig. 20 presents the temperature contours at different 
sections of the bundle, emphasizing the effects of heating patterns on 
thermal distribution. In Test 226, where uniform heating was applied 
across all pins, the results displayed consistent temperature distribu
tions, with a maximum error of 10.1 % observed at subchannel 
CH47. This scenario demonstrated the model’s ability to accurately 
predict heat transfer trends under uniform heating conditions in a larger 

bundle, aligning with the trends observed in Sections 4.2.1 and 4.2.2.
In Test 223, a significant heat skew of 2.8:1 was applied, leading to 

substantial temperature variations among subchannels. At Level A, the 
temperature difference between CH47 and CH103 reached 88◦C, while 
at Level F, it reduced to 54◦C. The maximum error observed in CFD 
predictions was approximately 20.5 %, primarily due to variations in 
turbulent heat transfer caused by localized heating. These discrepancies 
underscore the challenges of accurately modeling extreme thermal 
gradients, as seen in previous non-uniform heating cases. In Test 403, 
characterized by a moderate heat skew of 2:0.1, significant tempera
ture differences persisted between edge and interior subchannels. The 
temperature difference between CH47 and CH103 reached 
approximately 76◦C at Level A. The CFD results captured the overall 
temperature trend, but discrepancies were noted in edge subchannels, 
where the maximum error was around 18.7 %. The primary sources of 
these errors were localized turbulence effects and geometric un
certainties in experimental setups, similar to the error trends in other 
non-uniform heating cases.

These findings highlight the critical need for advanced turbulence 
models to improve the accuracy of CFD predictions under complex heat 
flux conditions. Refining boundary condition specifications and incor
porating detailed geometry models can further enhance predictive per
formance, particularly for larger bundles with high thermal and flow 
complexity. Such improvements are essential for optimizing heat 
transfer and ensuring the safety and efficiency of sodium-cooled fast 
reactors.

5. Conclusion

In this study, the thermal and flow characteristics of wire-wrapped 
fuel bundles in sodium-cooled fast reactors (SFRs) were comprehen
sively evaluated using high-fidelity CFD simulations (STAR-CCM+ and 

Fig. 16. Temperature contour at bundle outlet of ORNL 19-pin fuel bundle.
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Fig. 17. Comparison of experimental results with CFD results for Toshiba 37-Pin fuel Bundle.
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ANSYS CFX). It examined various configurations, including the ORNL 
19-pin, Toshiba 37-pin, WARD 61-pin, and KAERI 61-pin assemblies, 
with results validated against experimental data. This systematic 
approach yielded valuable insights into the influences of geometry, 
heating patterns, and turbulence modeling on flow and heat transfer 
behaviors.

The key findings revealed that the SST turbulence model was the 
most reliable for predicting flow and thermal behaviors across different 
configurations, effectively balancing the strengths of the kk-ε and kk-ω 
models to resolve near-wall turbulence and bulk flow phenomena 
accurately. Uniform heating scenarios produced consistent errors of 
approximately 10 %, indicating the robustness of the computational 
model under standard operating conditions. In contrast, non-uniform 
heating conditions presented greater challenges, resulting in errors of 
around 20 %, particularly in edge and corner subchannels. These dis
crepancies were linked to complex turbulent interactions, localized 
thermal gradients, and the limitations of current turbulence models in 
extreme heat flux scenarios.

The significance of these findings lies in their potential to optimize 
SFR designs by enhancing the understanding of the unique thermal- 
hydraulic challenges posed by wire-wrapped fuel bundles. Accurately 
predicting heat transfer and flow characteristics is crucial for ensuring 
reactor safety, preventing localized overheating, and improving heat 
removal efficiency. The insights gained also highlight the value of 
advanced CFD techniques as essential tools in nuclear reactor 
development.

Challenges identified in the study include the need for more so
phisticated turbulence models to address non-uniform heating errors, 
the impact of geometric sensitivity in experimental setups, and en
hancements in turbulent heat transfer modeling for low-prandtl-number 
fluids like sodium under high thermal gradients.

Future research should focus on developing adaptive and hybrid 
turbulence models that integrate experimental data to better capture 
localized heating effects and extreme flow conditions. Targeted sensi
tivity studies on experimental and computational uncertainties, 
including mesh refinement and boundary conditions, are also recom
mended. Additionally, expanding CFD validation to encompass a 
broader range of operating conditions, such as transient scenarios and 
higher Reynolds number flows, will enhance model applicability to 
diverse reactor designs.

By addressing these challenges and building on the findings pre
sented, this research lays a foundation for more reliable and accurate 
CFD methodologies. These advancements will significantly contribute to 
the safer and more efficient design of sodium-cooled fast reactors, 
reinforcing their potential as a sustainable and reliable energy source for 
the future.
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