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Abstract

As a high-performance innovative fuel rod design, helical cruciform fuel (HCF) exhibits
significant advantages over conventional circular fuel rods, such as a larger heat transfer
area per unit volume, enhanced fluid flow and heat transfer characteristics due to its
helical geometry, and a periodic self-supporting configuration. These attributes make it
a highly promising option for future advanced reactor applications. Using the SST k-w
turbulence model, this study numerically investigates single-phase flow and heat transfer
in a triangularly arranged 7-rod compact HCF fuel bundle, focusing on the effects of
cross-sectional geometry and helical pitch on its three-dimensional flow and heat transfer
behavior. Numerical results indicate that reducing the concave arc radius R increases the
heat transfer surface area of the rod bundle, effectively enhancing heat transfer performance
and reducing wall temperature; decreasing the helical pitch substantially strengthens fluid
mixing. However, when the concave arc radius R becomes excessively small, the cross-
flow intensity exhibits a local minimum in the concave region, resulting in a significant
degradation of convective heat transfer capability in this area. These findings provide
valuable insights for the structural optimization and design selection of HCF.
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1. Introduction

The power output of a nuclear reactor is a critical metric of its overall performance,
being primarily constrained by the fuel inventory and fuel performance, whereas the
design of fuel structural parameters directly defines the performance limits of the reactor.
Although conventional cylindrical fuel rods have been widely used, their limitations have
become increasingly evident with the development of advanced reactor technologies. The
traditional cylindrical fuel rod bundle must rely on spacer grids to maintain the inter-rod
spacing and geometric arrangement within the reactor core, and this structural requirement
poses a significant engineering constraint in the tight lattice design of advanced compact
reactors and small modular reactors (SMRs). Furthermore, the smooth surface of traditional
cylindrical fuel renders the fluid in each subchannel relatively independent, with lateral
momentum exchange relying solely on turbulent diffusion, resulting in an inherently
weak inter-subchannel mixing capability. To overcome th is bottleneck, optimizing the
flow and heat transfer characteristics within fuel rod bundle channels to enhance fuel
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performance has become an important research direction in reactor design. In this context,
helical cruciform fuel (HCF) rods have emerged as a novel high-performance fuel element.
Their unique helical geometry offers several advantages, including a high surface-area-to-
volume ratio, a short heat conduction path, and enhanced fluid mixing, thereby providing
a new pathway for improving nuclear reactor performance and demonstrating broad
application prospects in the field of advanced reactors. However, despite these recognized
advantages, the thermal-hydraulic optimization of HCF geometric parameters remains
largely unexplored, particularly for compact reactor configurations where space constraints
demand hexagonal fuel arrangements rather than conventional square arrays.

The unique helical structure of HCF rods leads to thermal-hydraulic characteris-
tics that differ significantly from those of conventional round rods, prompting extensive
research worldwide. Existing studies can be categorized into three main areas: (1) single-
phase mixing and flow characteristics, (2) boiling heat transfer and critical heat flux (CHF)
behavior, and (3) experimental validation and pressure drop measurements. In the first
category, Xiao et al. [1] established a hybrid model combining fluid sweeping and turbulent
mixing for HCF assemblies, concluding that the mixing effect is governed predominantly by
forced fluid sweeping. Zhao et al. [2] performed numerical simulations on a 4 x 4 HCF rod
bundle, finding that cross-flow mixing is mainly concentrated in valley regions rather than
central subchannel areas. Chukhlov et al. [3] conducted numerical simulations on a single
petal-shaped fuel rod, finding that fin twisting induces transverse circulation with the
transverse velocity component reaching 5% of the axial velocity component. These studies,
however, were limited to square arrays with fixed geometric parameters. In the second
category, Shirvan et al. [4,5] at MIT employed level-set interface tracking to simulate bubble
behavior on HCF surfaces, demonstrating superior departure from nucleate boiling (DNB)
performance under low void fraction conditions. Cong et al. [6,7] observed high vapor
volume fractions at cruciform fin roots in a 2 x 2 HCF assembly, attributing this to localized
high heat flux and delayed void migration under swirling flow. Palumbo [8] performed
simulation analyses on U-70at%Zr HCF rods for CANDU reactors, identifying that heat
flux concentrates primarily at the root of the cruciform fins, suggesting that DNB-type CHF
is more likely to occur at this location. Cai et al. [9] investigated subcooled boiling and CHF
in a 3 x 3 HCF bundle under cosine heating conditions, finding significant void fraction
differences between peripheral and central subchannels. Du et al. [10] conducted numerical
simulations on the onset of nucleate boiling (ONB) in HCF rod bundles, finding that HCF
rods exhibit enhanced heat transfer capability and that predictions from existing ONB corre-
lations are generally lower than numerical simulation results. Notably, these boiling studies
focused primarily on thermal-hydraulic behavior under fixed geometric configurations,
leaving the geometric optimization for enhanced boiling performance largely unaddressed.
In the third category, Conboy et al. [11-13] conducted thermal-hydraulic experiments using
a4 x 4 square array facility, while Zhang et al. [14] performed pressure drop measurements
onab5 x 5 HCF assembly using particle tracing methods. Based on engineering experimen-
tal analysis, Lightbridge Corporation [15] demonstrated that HCF assembly can achieve a
power uprate of over 30% for PWRs. These experimental efforts, though valuable, were
restricted to specific geometries without systematic parametric variation. Moreover, most
geometric designs in these studies were based on minor modifications to the MIT PWR
HCF fuel geometric parameters, lacking systematic investigations on geometric parameter
variations for triangularly arranged HCF fuel in compact small modular reactors.

Domestic and international scholars have conducted extensive research on HCF, ob-
taining thermal-hydraulic and pressure drop characteristics of HCF. They also discovered
that HCF exhibits circumferentially non-uniform heat flux distribution and periodic vari-
ations in flow and temperature fields with helical pitch. However, existing studies on
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HCEF are largely limited to specific geometric cross-section dimensions, with assembly
arrangements being mostly in square arrays, offering limited reference value for compact
advanced reactors. Based on the practical engineering requirements of compact novel
reactors, this paper employs numerical simulation methods to investigate convective heat
transfer characteristics of HCF with different structural parameters using a 7-rod hexagonal
array assembly. The analysis includes the effects of geometric cross-section dimensions
and helical pitch on various parameters, such as pressure drop, flow field, temperature
field, and heat flux. Based on numerical simulation results, this paper evaluates the
thermal-hydraulic performance of HCF with multiple geometric structural parameters,
providing valuable insights for the structural design of HCF in compact advanced reactors.
To address these gaps, this study presents a comprehensive parametric investigation of
HCF rods using a 7-rod hexagonal bundle configuration, representing a geometry directly
relevant to compact advanced reactors. The specific objectives are: (1) to systematically
evaluate the effects of geometric cross-section dimensions (R = 0.07 D-0.28 D) and helical
pitch (L = 400-800 mm) on single-phase thermal-hydraulic performance; and (2) to identify
optimal geometric parameters that maximize heat transfer enhancement. The baseline
design of the geometric cross-section and helical pitch parameters in this study refers to
the helical cruciform fuel thermal-hydraulic experiments at MIT and the Russian PIK
test reactor. Furthermore, the single-phase baseline established herein provides essential
physical insight and validation foundation for subsequent boiling and CHF studies. To the
authors’ knowledge, this represents the first systematic optimization of HCF geometric
parameters for hexagonal arrangements, offering both immediate design guidance for
compact reactors and a fundamental basis for extending to two-phase conditions.

2. Geometry Model of the HCF Assembly and Numerical Considerations

In this study, geometric models of HCF rods with four cross-section dimensions and
three helical pitches were established for numerical simulation and analysis. This study
evaluated several turbulence models based on HCF pressure drop experiments from MIT.
The models included Standard k-w, Transition SST, SST k-w, and Realizable k-¢. Based on
the validation results, the SST k-w model was selected for numerical simulations. For mesh
generation, mesh independence verification was conducted, and it was determined that
the numerical simulation results stabilize when the mesh count reaches 11.16 million. CFD
simulations were performed using Fluent 2022 R1.

2.1. Geometric Model

Based on the engineering requirements of compact advanced reactors, this paper
conducts numerical simulation analysis on a 7-rod hexagonal array HCF rod bundle, with
the cross-section of the fuel assembly shown in Figure 1. The total heated length of the fuel
rods is 1.2 m, the rod-to-rod spacing is designed as P, the circumscribed circle diameter of
the fuel rod is D, the concave arc dimension of the HCF is R, and the convex arc dimension
isr.

To investigate the effects of geometric structure on flow and heat transfer character-
istics of HCF rods, this paper designs four geometric cross-section configurations and
three helical pitch configurations. Based on the premise of constant fuel pellet volume,
the four geometric cross-section designs modify the cross-sectional shape by adjusting
the concave arc dimension R and convex arc dimension 7, with a uniform helical pitch
of 600 mm and a twist angle of 720°, as shown in Figure 2. To maintain the geometric
periodicity of the fuel, the three helical pitch designs are 400 mm, 600 mm, and 800 mm,
corresponding to twist angles of 1080°, 720°, and 540°, respectively. All three designs adopt
the geometric cross-section with R = 0.19 D, as shown in Figure 3. The boundary conditions
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for the computational domain in this study are set as follows. A velocity inlet boundary
condition is adopted at the inlet, where the inlet flow velocity and fluid temperature are
specified to simulate the actual injection state of the reactor coolant. The outlet is set as a
pressure outlet boundary condition. For the interface between the fuel rod solid domain
and the fluid domain, a coupled boundary condition is employed, enabling real-time
mutual coupling and bidirectional transfer of the temperature field and heat flux between
the two wall surfaces. This ensures thermal continuity at the solid-liquid interface and
accurately reflects the actual heat transfer process from the fuel rod to the coolant. The
outer wall of the fluid domain is set as a no-slip adiabatic wall to simulate the thermal
insulation constraint of the assembly box wall on the external environment, eliminating the
interference of boundary effects on the flow field and temperature field in the rod bundle
region. Referring to the operating conditions of the Russian PIK test reactor, The same
boundary conditions are adopted for different geometric structures, as shown in Table 1.

o
VAE

Figure 1. Geometry parameters.

n. N
U

(a)R=0.07 D (b)R=0.14D (c)R=0.19D (d)R=0.28D

Py

Figure 2. Fuel geometric cross-section design.

(b) 600 mm

(c) 800 mm

Figure 3. Schematic diagram of helical pitch design.
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Table 1. Boundary conditions.

Pressure (MPa) Inlet Temperature (K) Velocity (m/s) Heat Source (MW/m?)
15.5 497.15 4.0 900

2.2. Model and Mesh Verification

The turbulence model significantly affects CFD flow and heat transfer simulations.
To investigate its impact, numerical simulations were performed using the Standard k-w,
Transition SST, SST k-w, and Realizable k-¢ models. These simulations were based on
the data and geometric model from the MIT HCF rod bundle pressure drop experiment.
Comparative analyses were conducted at five Reynolds numbers (Re = 8090, 13,530, 18,970,
24,410, and 32,070), with the results shown in Figure 4. The resistance coefficient f is

defined as:
B 2dy, APy

pv’Z

1)

where f is the friction factor, APy is the pressure drop across the rod bundle channel (Pa),
p is the fluid density in the rod bundle channel (kg-m~2), Z is the total length of the rod
bundle channel (m), dj, is the hydraulic diameter (m), and v is the flow velocity (m-s~1).
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Figure 4. Turbulence model validation.

The HCF rod bundle resistance coefficient decreases with increasing Reynolds number,
and all four models follow the experimental trend. The average relative errors of the
Standard k-w, Transition SST, SST k-w, and Realizable k-¢ models compared to experimental
values are 4.16%, 12.31%, 2.28%, and 53.81%, respectively. The SST k-w model shows
the best agreement with the experimental results; therefore, this model is adopted for
subsequent numerical simulations.

This study adopts the multi-block meshing method developed by KAERI and imple-
ments structured grid generation for the helical cruciform fuel assembly using ICEM. The
computational domain comprises the fuel pellet region, fuel cladding region, near-wall
fluid region, and outer fluid region. The fuel pellet region, fuel cladding region, and
near-wall fluid region are generated by rotational extrusion of two-dimensional grids,
while the outer fluid region mesh is obtained through two-dimensional grid extrusion.
Five boundary layer grids are set in the near-wall fluid region contacting the fuel cladding,
with a first-layer grid height of 0.001 mm and a near-wall y+ value of approximately 1,
satisfying the near-wall treatment requirements of the turbulence model. In this study, the
overall mesh generation for the compact fuel rod bundle assembly is divided into multiple
single-rod hexagonal computational domain meshes and outer fluid domain meshes; the
interfaces between meshes are handled through node merging to achieve grid stitching
across different regions. Through this multi-block partitioning approach, component-level
computational domains for 7-rod, 19-rod, and 37-rod assemblies can be assembled based
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on the grid partitioning of single-rod computational domains, significantly reducing the
meshing workload for helical cruciform fuel. The multi-block seven-rod bundle mesh
generation is shown in Figure 5.

(a) Single-rod mesh generation. (b) Seven-rod mesh generation.

Figure 5. Mesh generation of the compact multi-block seven-rod helical cruciform fuel assembly.

Five mesh schemes (3.84 million, 6.19 million, 7.82 million, 11.16 million, and
12.79 million cells) were employed for numerical simulation. Mesh independence was
verified by comparing the pressure drop between inlet and outlet, as shown in Figure 6.
The results indicate that the pressure drop reaches its peak with 11.16 million cells, with
deviations below 1% compared to both 7.82 million and 12.79 million cells; therefore,
11.16 million cells were selected for subsequent calculations.

15,600

]
— "y

15,200

14,800

Pressure drop (Pa)

14,400 -

14,000 L—1 : . : .
4 6 8 10 12 14

Mesh number (10%)

Figure 6. Mesh independence verification.

3. Results and Analysis
3.1. Geometric Cross-Section Analysis

Since the cross-flow field and temperature field of the HCF rod bundle channel reach a
steady state at a 90° twist angle, considering the geometric periodicity in the flow direction,
the computational results in this paper are presented at cross-sections with a twist angle of
180°. Under identical operating conditions, this section investigates the effects of different
geometric cross-section dimensions on the thermal-hydraulic performance of the HCF rod
bundle, including pressure drop, cross-flow, temperature field, and heat transfer coefficient.
Table 2 presents the comparison of pressure drop results for HCF with different geometric
cross-section dimensions at a 600 mm helical pitch. As the concave arc dimension R
increases, the pressure drop of HCF shows a decreasing trend, with a 6.36% reduction for
R =0.28 D compared to R = 0.07 D.

Figure 7 presents the cross-flow distribution contours and vector diagrams for rod
bundles with different cross-section dimensions at a twist angle of 180°. The HCF rods
twist counterclockwise, generating cross-flow on the rod surface that propagates along the
twist direction. The cross-flow is primarily concentrated near the concave arc of the HCF
rods, with the maximum cross-flow intensity occurring on the side of the HCF rod blade
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corresponding to the twist direction. The lowest average cross-flow velocity is observed at
the junction positions between HCF rods, with a mean value of 0.01 m/s. This is attributed
to the fact that at these junction positions, the cross-flow magnitudes from the concave arcs
on both sides are comparable but opposite in direction, resulting in counteracting effects
and forming a low-intensity valley region. Table 3 compares the maximum and average
cross-flow velocities for rod bundles with different cross-section dimensions at a twist angle
of 180°. As the concave arc radius R increases, the average cross-flow intensity of HCF
shows an enhancing trend.

Table 2. Effect of geometric cross-section on pressure drop.
No. Geometric Cross-Section  Pressure Drop (Pa) Relative Difference
1 R=0.07D 16,072.8 \
2 R=014D 15,679.1 —2.45%
3 R=019D 15,487.2 —3.64%
4 R=028D 15,051.2 —6.36%
y
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Figure 7. Cross-flow distribution of HCF with different cross-section dimensions (twist angle: 180°).
Table 3. Effect of geometric cross-section on cross-flow (twist angle: 180°).
No Geometric Maximum Relative Difference in Average Relative Difference in
’ Cross-Section Velocity (m/s) Maximum Velocity Velocity (m/s) Maximum Velocity
1 R=0.07D 0.1207 \ 0.05889 \
2 R=014D 0.1222 1.24% 0.05965 1.29%
3 R=019D 0.1231 1.99% 0.0609 3.41%
4 R=028D 0.1259 4.31% 0.06116 3.85%

Figure 8 presents the solid temperature distribution contours of the HCF rod bun-
dle with different cross-section dimensions at a twist angle of 180°. As the concave arc
dimension R increases, the average temperature in the solid domain of the HCF rod bundle
rises. This is attributed to the fact that with constant internal heat source volume, the
heat transfer area of the HCF rod decreases with the increasing concave arc R, resulting in
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weakened heat transfer capability on the fuel rod surface and elevated solid temperature.
Figure 9 shows the circumferential wall temperature distribution of the central rod with
different cross-section dimensions at a twist angle of 180°. The maximum circumferential
wall temperature of the HCF rod occurs at the concave arc position, while the minimum
wall temperature appears at the convex arc apex, with a maximum temperature difference
of approximately 12.4 K. As the concave arc dimension R increases, the maximum and
minimum fuel wall temperatures show minor variations; however, the geometric expansion
of the concave arc region leads to an enlarged peak temperature region on the fuel wall
surface, thereby raising the average wall temperature.

Temperature K]

513.0 517.0 521.0  525.0 529.0 533.0 537.0

A A A A
arva'® arva'®»
™ ™ ™ ™ M ™
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| bt | = b |
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(a)R=0.07 D (b)R=0.14D
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A" A A A A A
asPra®Prase aPgra@Prapgre
¥ _ ¥ _ ¥ w Yy . ¥
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(c)R=0.19D (d)R=0.28D

Figure 8. Temperature field distribution with different cross-section dimensions (twist angle: 180°).
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Figure 9. Circumferential wall temperature distribution of the central rod with different cross-section
dimensions (twist angle: 180°).

Figure 10 presents the circumferential heat flux distribution of the central rod with
different cross-section dimensions. It can be observed that the heat flux of the HCF rod
exhibits significant non-uniform distribution, and this non-uniformity intensifies with the
increasing concave arc dimension R. Taking the 0.28 D dimension at a 90° twist angle as
an example, the ratio of maximum to minimum heat flux reaches 2.36. The heat flux peak
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is located in the concave arc region of the fuel, while the minimum value occurs near the
convex arc. In the HCF rod bundle, the concave arc region exhibits high wall temperature
and strong cross-flow mixing near the wall, resulting in enhanced convective heat transfer
performance; conversely, the convex arc region shows low wall temperature and weak
cross-flow mixing, leading to inferior convective heat transfer performance, which causes
the circumferential non-uniform distribution of heat flux. For the R = 0.07 D dimension,
the heat flux in the entire concave arc region of the HCF bundle is significantly lower than
that of other dimensions. This is attributed to the significantly weakened cross-flow mixing
in the near-wall region of the concave arc at this dimension, resulting in degraded con-
vective heat transfer capability near the concave arc and forming a heat flux valley region.
Table 4 presents the comparison of maximum and average heat flux on the HCF rod wall
surface with different cross-section dimensions. As the concave arc dimension increases,
the heat flux of the fuel is significantly enhanced, with the maximum wall heat flux and
average heat flux increasing by 12.45% for R = 0.28 D compared to R = 0.07 D. Under
constant linear power density, the heat transfer area of HCF decreases with the increasing

concave arc dimension R, resulting in a significant increase in the average heat flux of the
rod bundle.

£~ 750,000
1

——R=0.07D —— R=0.14D
——R=0.19D —— R=0.28D

670,000

590,000 7

510,000

Circumferential heat flux (W-m

430,000 L L L
0 90 180 270 360

Twist angle (°)

Figure 10. Circumferential heat flux distribution of the central rod with different cross-section
dimensions (twist angle: 180°).

Table 4. Effect of geometric cross-section on cross-flow.

No Geometric Maximum Heat Relative Difference in  Average Heat Flux Relative Difference in
) Cross-Section Flux (W/m?) Maximum Heat Flux (W/m?) Average Heat Flux
1 R=0.07D 655,172 \ 549,357.1 \
2 R=014D 669,120 2.13% 569,519.1 3.67%
3 R=019D 672,320 2.62% 580,566.7 5.68%
4 R=028D 786,995 20.12% 617,738.1 12.45%

Figure 11 presents the circumferential distribution of the convective heat transfer coeffi-
cient on the central rod wall surface at the 180° cross-section. As shown, the convective heat
transfer coefficient distributions of helical cruciform fuel under different cross-section di-
mension parameters all exhibit pronounced non-uniform characteristics, which are closely
associated with the periodically transverse flow field structure induced by the helical
geometry, reflecting the significant variation in coolant lateral sweeping intensity at dif-
ferent circumferential positions. Taking the R = 0.19 D case as a quantitative example, the
maximum heat transfer coefficient on the central rod surface reaches 66,897 W-m~2-K~1,
while the minimum value is merely 28,395 W-m~2-K~!, yielding a ratio of maximum to
minimum heat transfer coefficient of 2.36, indicating extremely poor circumferential heat
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transfer uniformity for this dimension. Under the R = 0.07 D parameter, the circumferential
heat transfer performance in the concave arc region deteriorates more severely, with the
minimum heat transfer coefficient dropping to 24,076 W-m~2-K~1, which is 15.21% lower
than that of the R = 0.19 D case, demonstrating the significant detrimental effect of small
concave arc dimensions on local heat transfer. The underlying mechanism for this phe-
nomenon is as follows: at R = 0.07 D, the excessively small concave arc dimension restricts
the helical geometry’s guiding effect on transverse flow, resulting in flow stagnation zones
or low-velocity recirculation regions on the blade leeward side and in the concave arc area;
the emergence of these transverse flow depression zones substantially weakens the con-
vective heat transfer capability in this region. Meanwhile, due to the coupling relationship
between the heat transfer coefficient and wall heat flux, the extremely low heat transfer
coefficient at this location also causes the wall heat flux to be significantly lower than that
of other dimension schemes, creating a dual deterioration in heat transfer performance.
Furthermore, comparing different cross-section dimensions reveals that the circumferential
heat transfer non-uniformity is somewhat alleviated under the R = 0.28 D condition, indi-
cating that moderately increasing the concave arc dimension can improve circumferential
heat transfer uniformity to a certain extent by enhancing overall transverse flow mixing
and reducing the extent of local flow stagnation zones, which provides an important opti-
mization direction for the thermal-hydraulic safety design of fuel assemblies. This finding
reveals the regulatory mechanism of the concave arc dimension R on circumferential heat
transfer non-uniformity: excessively small R values exacerbate flow stagnation effects in
the concave arc region and expand the scope of heat transfer depression zones, not only
reducing local heat transfer coefficients but also potentially leading to excessively high wall
temperatures, posing a potential threat to the thermal safety of fuel elements. Therefore, in
geometric optimization design, the concave arc dimension must be sufficient to maintain
basic transverse flow mixing levels to avoid severe local heat transfer deterioration.

90 —— R=0.07D
—— R=0.14D
—— R=0.19D
R=0.28D

70,000 -

2 60,000 -

3 L
Z50,000 - 150
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40,000 [

50000 L 210 4 \ | 330

Convective heat transfer corfficient (W
[N
ed
[=3
(=]
(=]
T
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Figure 11. Convective heat transfer coefficient distribution of the central rod with different cross-
section dimensions (twist angle: 180°).

3.2. Helical Pitch Analysis

Since HCF rod bundles with different helical pitches have different twist angles at
the same cross-section height, identical flow channel flow fields and temperature fields
can only be obtained at the inlet and outlet positions. Therefore, the analysis of flow and
temperature fields for different helical pitches is primarily based on cross-sections at the
component outlet position. Table 5 presents the comparison of inlet-outlet pressure drop
for different helical pitches. As the helical pitch increases, the inlet-outlet pressure drop
decreases, with a 2.77% reduction for the 800 mm pitch compared to the 400 mm pitch.
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Table 5. Effect of helical pitch on pressure drop.
No. Helical Pitch (mm) Pressure Drop (Pa) Relative Difference
1 400 31,417.9 \
2 600 30,848.2 —1.81%
3 800 30,547 .4 —2.77%

Figures 12 and 13 present the cross-flow intensity distribution contours at the outlet
position and the variation in average cross-flow intensity along the flow path for different
helical pitches. It can be observed that the cross-flow intensity in the flow field decreases
significantly with increasing fuel helical pitch. Under the operating condition with an
inlet velocity of 4 m/s, the maximum cross-flow intensity is approximately 0.203 m/s
for the 400 mm pitch, while it is only 0.0964 m/s for the 800 mm pitch. On average, the
cross-flow intensity generated in the downstream region of the rod bundle for the 400 mm
pitch is approximately 0.105 m/s, which is 103.45% higher than that of the 800 mm pitch.
Meanwhile, due to the variation in helical pitch, the geometric period of HCF rods changes,

resulting in more rapid fluctuations of cross-flow intensity over shorter distances for the
400 mm pitch.
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Figure 12. Cross-flow distribution of HCF with different helical pitches (outlet cross-section).

e
]

——400mm ——600mm ——800mm

<o
(=}
T

(=
(=4
(=)

Average cross-flow vclocity (m's ™)
2
T

200 400 600 800 1000 1200
Axial position (mm)

o
(=4
=

(=}

Figure 13. Ariation of average cross-flow velocity along the flow path.

Figure 14 shows the circumferential wall temperature distribution of the central
rod at the outlet cross-section for different helical pitches. The trends of circumferential
wall temperature distribution are consistent across different pitches. As the helical pitch
increases, the wall temperature rises slightly, with the temperature difference between the
maximum and minimum circumferential temperatures remaining approximately 11.6 K
for all pitches. The helical pitch does not exhibit a significant effect on the circumferential
wall temperature distribution of the fuel rods. Figure 15 presents the circumferential heat
flux distribution of the central rod at the outlet cross-section for different helical pitches.
The trends of circumferential heat flux distribution are similar across different pitches. The
peak values of circumferential heat flux distribution are all located in the concave region of
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HCEF, while the valley regions appear in the convex area. The maximum circumferential
heat flux values show minor differences among different pitches; however, the 400 mm
pitch exhibits lower heat flux in the valley regions, with its minimum heat flux being 8.02%
lower than that of the 800 mm pitch. As the helical pitch decreases, the circumferential heat
flux distribution of the HCF rod becomes more non-uniform.

552

K)

= 548

Wall temperature

0 90 180 270 360
Twist angle (°)

Figure 14. Circumferential wall temperature distribution of the central rod with different
helical pitches.
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Figure 15. Circumferential wall heat flux distribution of the central rod with different helical pitches.

Figure 16 presents the circumferential distribution of the heat transfer coefficient for
the central rod at the outlet cross-section under different helical pitches. At the outlet
cross-section, the heat transfer coefficient for the 400 mm pitch is 2.75% higher than that for
the 800 mm pitch, indicating that a smaller pitch effectively enhances the local convective
heat transfer capability on the windward side through intensified transverse flow mixing.
However, this enhancement effect is primarily concentrated in the high heat transfer region
on the windward side, with limited improvement for the low heat transfer region on the
leeward side; overall, the circumferential heat transfer non-uniformity is not fundamentally
alleviated. In summary, reducing the pitch can achieve local heat transfer enhancement, but
may also exacerbate the distribution difference in circumferential heat flux. In engineering
design, it is necessary to balance the relationship between local heat transfer enhancement
and overall thermal load uniformity in conjunction with specific thermal-hydraulic safety
margin requirements, in order to determine the optimal pitch design parameter.
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Figure 16. Convective heat transfer coefficient distribution of the central rod with different helical
pitches (outlet cross-section).

4. Discussion

This study presents numerical simulations of single-phase convective heat transfer in a
7-rod compact helical cruciform fuel (HCF) assembly with systematically varied structural
parameters. The helical geometry induces periodic swirling flow that generates distinct
momentum and energy transport patterns compared to conventional cylindrical rods. By
analyzing pressure drop, cross-flow velocity fields, temperature distributions, and wall
heat flux under various geometric cross-sections and helical pitches, this work examines
the interplay between heat transfer area and flow mixing intensity that governs HCF
thermal-hydraulic performance.

(1) Geometric cross-section effects: As the concave arc dimension R increases, the flow
recirculation zone near the concave surface diminishes, reducing flow resistance and
thereby decreasing the inlet-outlet pressure drop. Simultaneously, the enhanced cross-
flow mixing promotes thermal boundary layer disruption, improving convective heat
transfer efficiency. However, a trade-off between hydraulic and thermal performance
emerges: the reduced heat transfer area leads to higher average wall heat flux and a
corresponding rise in wall temperature, which may affect fuel thermal margins under
high-power conditions.

(2) Optimal R selection: While reducing R enlarges the heat transfer area and reduces
average heat flux, a critical threshold exists at R = 0.07 D where the concave arc
region experiences insufficient cross-flow mixing, forming a stagnant zone that locally
degrades heat transfer performance compared to R = 0.14 D. This phenomenon reflects
the competition between helical-induced centrifugal force and viscous dissipation
in narrow gaps. Consequently, R = 0.14 D represents a balanced compromise that
maintains adequate flow mixing while preserving substantial heat transfer area.

(3) Helical pitch effects: Increasing pitch L reduces the helical curvature, weakening the
centrifugal pumping effect that drives cross-flow circulation. The cross-flow intensity
decreases substantially, particularly degrading the heat transfer performance in the
inner concave arc regions where transverse flow is most effective. With fixed internal
heat generation, the total wall heat flux remains constant; however, the local heat flux
redistributes circumferentially. As the cooling capability at the concave arcs weakens,
the local heat flux in these regions decreases, while the relative heat flux proportion at
the outer convex portions increases. Consequently, the circumferential difference in
wall heat flux between the concave and convex regions diminishes, resulting in a more
uniform circumferential heat flux distribution. The relatively minor wall temperature
variation indicates that the weakened cross-flow primarily alters the circumferential
heat flux partitioning rather than the overall thermal energy removal.
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Design recommendations: Based on the identified physical mechanisms, R = 0.14 D
is recommended as it avoids the insufficient mixing zone near the concave arc while
maintaining substantial heat transfer area. For helical pitch, a smaller L is preferred within
manufacturing constraints, as stronger cross-flow mixing enhances thermal boundary layer
renewal and improves overall heat transfer uniformity. However, this comes at the cost
of increased circumferential heat flux non-uniformity, which may induce higher thermal
stresses in the fuel cladding. These findings provide a physical basis for HCF geometric
optimization in compact reactors and establish a foundation for extending to two-phase
conditions where bubble dynamics and flow mixing interact.
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