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« Helical cruciform fuel (HCF) is being evaluated as an
advanced fuel geometry for potential light water reactor
(LWR) applications Displacer Fuel

 Adoption of HCF requires understanding the thermal-
hydraulic behavior of the fuel under representative reactor
conditions, including DBAs

 The developed surrogate model may support an ongoing
Phenomena Identification and Ranking Table (PIRT) activities

HCF cross section
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* Objective: develop and assess an equivalent RELAP5-3D
HCF model for preliminary PWR analysis




I 2. Development of RELAP5-3D Surrogate for HCF

« RELAPS5-3D cannot directly resolve the detailed 3D HCF geometry
* A surrogate representation is developed using equivalent hydraulic
and thermal parameters
« The surrogate must preserve the dominant system-level effects
relevant to PWR operation, e.g., stored energy, thermal conduction l
time scales, etc.
« Key modeling aspects:
* Friction factor / pressure-drop closures
« Thermal-response representation
 The surrogate is intended for system-level analysis, not a detailed

description
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Il 2.1 Friction Factor Closure

« RELAPS-3D compute pressure drops based on the Darcy-Weisbach equation:
(Vol 1 — 3.3.8)

j—P Pressure gradient
X
2
(ﬁ) _ As(Re))M; s  Fluid Friction factor
2

dx/.  2DpeA M¢ Fluid mass transfer rate

R peDvy D Hydraulic diameter

T or  Fluid density

- The Blasius correlation proves adequate for turbulent regime in HCF A Cross-sectional area

(Vol 4 —6.1.1) Re¢ Fluid Reynolds number
ve  Fluid velocity
0.316 ue  Dynamic viscosity
Af = Re0-25
f

IDAHO NATIONAL LABORATORY




- 2.1 Friction Factor Closure

« Comparison for friction factors (or pressure gradients)

MRE = — z
N

ABlasius — Aref Definitions:

Avef Aglasius Blasius friction factor

Friction factor from different

ABlasius — Aref ref  references in the literature

MaxRE = max
ref
Reference e MRE (%) MaxRE (%)
configuration

Kinsky et al. (2025) Square 9x9

Zhang et al. (2025) Square 4x4 0.2 0.5
Conboy et al. (2013) Square 4x4 2.7 2.7

Tang et al. (2023) Square 3x3 0.3 0.7

Results consider the range of 16,210 < Re < 50,000
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- 2.2 Heat Transfer Modeling

« An equivalent pin model preserve key HCF thermal
characteristics

« The surrogate model maintains consistency in both heat
structure volume and heat transfer area

« Cards 1CCCG101 through 1CCCG199 ensures consistent
volumes through radial discretization

« Cards 1CCCG601 through 1CCCG699 ensure consistent heat

transfer area

« The surrogate thermal response is evaluated against a full 3D

heat-conduction model of the HCF geometry
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- 3. Test Case and Simulation Details

PWR Steady-State Operation at Full Power

Power 2,300 MWth

Core mass flow rate 12,586 kg/s
Active fuel length 3.86 m
Fuel lattice Square -
# Subchannels 32,000 -
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3. Test Case and Simulation Details

Baseline pin fuel

Surrogate HCF

Full 3D HCF

RELAPS5-3D

RELAPS5-3D

STAR-CCM+

Simulated cases

Reference PWR core with
conventional UO, fuel

Reference PWR core with the
HCF surrogate fuel model

Full 3D HCF using boundary
conditions from the Surrogate
HCF case for surrogate
assessment

Compare the
conventional pin fuel
with the HCF in a full
power PWR operation

Validation — check the
adequacy of the HCF
surrogate approach
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- 3. Test Case and Simulation Details

Baseline pin fuel R, Surrogate HCF

\
\

R,

Dpin Lelad

Dpin Pin diameter 10.8 mm R, Lobe radius 1.5mm
Dy, Fuel diameter 9.0 mm R, Valley radius 3.6 mm
telad Cladding thickness 0.8 mm d Displacer side 2.0 mm
kyo, UO, thermal conductivity  MATPRO =3 X kyo,

ky_z-  U-Zr thermal conductivity Chen & Bai (2018)

* The HCF geometry may include other geometric parameters not consider in this work. IDAHO NATIONAL LABORATORY



3. Test Case and Simulation Details

Lobe and valley radii were conveniently selected

HCF cross-sectional area matches the reference UO, pin:

44an + 4(R; + Ry)? — R3

D2 ~ 1.0

Subchannel areas are also the same

HCF wetted perimeter increases:
R; lobe radius

R, valley radius
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- 3. Test Case and Simulation Details

« Afull 3D HCF model was developed in STAR-
CCM+ to validate the surrogate model
temperature solution

« Surrogate-model surface temperatures were
imposed on the 3D HCF model (only within the
fuel domain)

 The 3D HCF model uses the same total power
as the surrogate model

 Mesh convergence points to negligible result

changes beyond ~13 million elements
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3. Test Case and Simulation Details

The mesh refinement study confirms the
solution is in the asymptotic range, with a
marginal discrepancy from the Richardson-
extrapolated value
The fine mesh provides sufficient accuracy
for this work while avoiding the added cost
of tens-of-millions-cell meshes

Mesh sizes:

« Coarse: 0.88M elements

* Medium: 3.44M elements

e Fine: 13.4M elements

Maximum centerline temperature (K)

670.0 -

669.5 -

669.0 -

668.5 1

668.0 1

667.5 1

667.0 1

666.5 1

¢

oar

—@— Computed Tmax
---Richardson extrapolated Tmax
Fine-grid GCI band

Fine mesh Tmax = 666.95 K Fine
Fine-grid GCl = 0.10%

Approx. uncertainty = £0.68 K
Apparent order p = 2.09

24 22 20 18 16 14 12 1.0
Relative mesh size, h / h_fine
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Il 4. Results: Baseline pin fuel vs. Surrogate HCF

» Centerline axial temperature compared under reference normal-operation conditions
« Evaluation focuses on replacing cylindrical UO, fuel with the HCF surrogate

» Results showcase the thermal impact of the HCF surrogate replacement
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- 4. Results: Validation Against Full 3D HCF
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Temperature difference:
Surrogate — 3D HCF

Temperature contour on
Maximum absolute error:  31.9 K mid section of the HCF

Mean absolute error: 27.3 K
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Il Conclusion and Ongoing Work

Conclusions:

« HCF fuel reduces peak centerline temperature by 540 K compared with conventional UO,, fuel
« HCF surrogate agrees well with the full 3D heat conduction model, with a difference of ~30 K
« The Blasius correlation proves to adequately capture pressure drops in HCF geometries

« Current results support the surrogate approach for efficient HCF thermal-hydraulic analysis

Ongoing Work:
« Perform sensitivity analysis on key thermal, geometric, and material parameters
« Extend the work to LOCA conditions

« Assess surrogate accuracy and HCF performance under transient accident scenarios

IDAHO NATIONAL LABORATORY




Il References

[1] Hagrman, D. L., Reymann, G. A., & Idaho National Engineering Lab., Idaho Falls (USA). (1979).
MATPRO-Version 11: a handbook of materials properties for use in the analysis of light water reactor fuel
rod behavior

[2] Weiming Chen, Xian-Ming Bai, Temperature and composition dependent thermal conductivity model for
U-Zr alloys, Journal of Nuclear Materials, Volume 507, 2018, Pages 360-370

[3] N.E. Todreas and M.S. Kazimi. Nuclear Systems. Volume1: Thermal Hydraulic Fundamentals. CRC
Press, Taylor & Francis Group, second edition, 2012

[4] Matthew Kinsky, Hansol Kim, Dalton W. Pyle, Joseph Seo, Yassin A. Hassan, Experimental investigation
of flow regime transitions and frictional pressure drop in a 9x9 helical cruciform fuel bundle, Nuclear

Engineering and Design, Volume 438, 2025

IDAHO NATIONAL LABORATORY




Il References

[5] Qi Zhang, Haoyu Wang, Junlong Li, Quanyao Ren, Yile Zhang, Yi Zhou, Zengping Pu, Yongzhong
Huang, Hanyang Gu, Experimental study on flow resistance and phase distribution of gas-liquid flow in
helical cruciform fuel assembly, Annals of Nuclear Energy, Volume 210, 2025

[6] Conboy, T. M., McKrell, T. J., & Kazimi, M. S. (2013). Experimental Investigation of Hydraulics and
Lateral Mixing for Helical-Cruciform Fuel Rod Assemblies. Nuclear Technology, 182(3), 259-273.
https://doi.org/10.13182/NT12-58

[7] Renwei Tang, Hangbin Zhao, Nailiang Zhuang, Xiaobin Tang, Comparative study of flow and heat
transfer characteristics of HCF rod bundles in rectangular and triangular arrangement, Annals of Nuclear
Energy, Volume 199, 2024

IDAHO NATIONAL LABORATORY



https://doi.org/10.13182/NT12-58
https://doi.org/10.13182/NT12-58
https://doi.org/10.13182/NT12-58

	Slide Number 1
	1. Introduction
	2. Development of RELAP5-3D Surrogate for HCF
	2.1 Friction Factor Closure
	2.1 Friction Factor Closure
	2.2 Heat Transfer Modeling
	3. Test Case and Simulation Details
	3. Test Case and Simulation Details
	3. Test Case and Simulation Details
	3. Test Case and Simulation Details
	3. Test Case and Simulation Details
	3. Test Case and Simulation Details
	4. Results: Baseline pin fuel vs. Surrogate HCF�
	4. Results: Validation Against Full 3D HCF�
	Conclusion and Ongoing Work
	References
	References

