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1. Introduction

The use of liquid metal coolant is a critical eleria
many fast reactor technologies, emphasizing thal nee
for the development of appropriate modeling techegy
to enhance our understanding of liquid metal cdolan
Liquid Metal Fast Reactors (LMFR) are expected to
play a significant role in the future of nucleareegy
due to their exceptional heat transfer propertigse
availability, high power density, and improved s$gfe
Within the core of a nuclear reactor, heat gendrate
nuclear fuel initiates nuclear chain reactionsyisgr as
the source of nuclear fission energy. The reactoe ¢
typically consists of multiple fuel assemblies, leac

Nevertheless, it remains crucial to underscore that
methodologies developed based on CFD should
undergo rigorous validation against experimentdah.da
Unfortunately, due to limited availability and asseto
relevant experimental databases, achieving
comprehensive validation of modeling approaches
related to heat transfer poses difficulties. Momown
many cases, a lack of consideration for CFD vailtiat
and the absence of crucial information and solstiion
experimental data, make it virtually impossible to
recover omitted details. In this study, our objesetis to
acquire data from specific experimental reportneeit

for CFD-based research, and perform a comprehensive
and detailed analysis. By appropriately validatthgs

comprising numerous fuel rods. Wire spacers, wounddata, our research highlights the successful agifiic
around the fuel rods, are commonly used to maintain0f CFD methodologies developed and validated

separation between the rods and enhance heateransf Primarily

efficiency. This wire spacer design is standard in
sodium-cooled fast reactor (SFR) core configuration
and promotes effective coolant mixing. In this soém
sodium coolant enters through inlet nozzles, alssorb
heat from the fuel pins, rises along the wire spgce
circulates around the fuel pins, and exits throogtiets.
While the presence of wire spacers complicatefloine
behavior of liquid metal coolants, a comprehensive

using limited benchmark data for
investigating heat transfer phenomena.

A comprehensive analysis of thermal phenomena
within the fuel assembly involves evaluating selera
critical factors. These factors include assessoujum
pressure drops and temperature distributions under
normal operating conditions, investigating flow
phenomena under low-flow scenarios, including ratur
circulation, blockage effects, and boiling effecthe

understanding of heat transfer phenomena within thetemperature distribution within the fuel assembdy i

nuclear fuel assembly is essential for the oveealttor
design and safety assessment.

The evaluation of heat transfer within wire-wrapped
fuel bundles plays a crucial role in assessingtozac

influenced by various contributing factors, inchogli
axial and radial power distribution within the asddy,
mass flow distribution in each sub-channel, wiracgp
configuration, and the effects of turbulence andglingj.

design and safety. It directly impacts temperature Researchers Kabir and Hayafune analyzed cooling

distribution, thereby determining the maximum
temperatures of both the coolant and the claddimg.
this context, simulations of heat transfer withime t

water temperature distribution using low-flow
supercritical sodium boiling experimental data and
simulated Loss-of-Flow (LOF) events in the PLANDL

reactor core are of paramount importance for safetyfacility [2]. They also evaluated the predictive
assessment and reactor design. However, it is timisen capabilities of the SuperSystem Code (SSC) and

to recognize that applying experimental correlation
heat transfer behavior between liquid metal anduké
bundle often introduces significant uncertainties.
Conducting experiments in this field is challenging
primarily due to the high costs and substantial
experimental uncertainties associated with tectgieto
such as Particle Image Velocimetry (PIV), used to
detect velocity fields and precisely measure teaipee
distributions in liquid metal. To address these

challenges, experts in the nuclear industry are through

Subassembly Boiling Evolution Analysis (SABENA)
code using data related to radial temperature
distribution and boiling tests [2]. The PLANDTL
facility, detailed in the following section, wassiigned

to replicate the conditions experienced during asto
of-Piping-Integrity (LOPI) event in the MONJU react
with the aim of collecting thermal-hydraulic
experimental data for the fuel assembly. Conculyent
code analysis using SSC and SABENA, validated
these experiments, was conducted to

increasingly emphasizing numerical analysis methods investigate the performance during a temporary LOPI

especially simulation techniques such as CFD, whichevent. Subsequent experiments employed the vatidate
are becoming heavily reliant on numerical analysis SSC and SABENA codes to examine LOPI transients

approaches and Computationa| techno|ogy [1] within the MONJU reactor. The simulation of LOPI
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events predicted that sodium boiling would occur Fuel subassembl

within certain parts of the fuel assembly, even mvhe I‘! Handiing ﬂ

operating conditions were close to rated powerlgeve .
In this study, we conducted CFD simulations using O oo

the STAR-CCM+ simulation software, employing the /%H

Reynolds-Averaged Navier-Stokes (RANS) method. Scer i -

The primary objective of this study was to evaluthie r ;

capability of software in predicting heat transfer %’JE

phenomena within the MONJU reactor's 169-pin wire- L

wrapped fuel bundle. Our main goal was to assess th

fluid dynamics and heat transfer characteristicghef

MONJU reactor under specific operating conditions

using CFD. This assessment included a comparative

analysis to ensure the reliability and consisteotthe

results obtained from the CFD simulations.

ultimate aim of this investigation was to provide

The

valuable insights and recommendations for selectingFig. 1. 169-pin fuel assembly with sodium.

robust modeling tools for the design and operatibn
Liquid Metal Reactors (LMR).

Table |: Geometric parameters of fuel assembly.

Geometric paramete Value
2. Test section description Number of pin 169
Pin diamete 6.5 [mm
2.1 Test explanation Pin pitct 7.86 [mm
Spacer wire diamet 1.26 [mm
Experimental studies on the 169-pin wire-wrapped Spacer wire lead [mr 306 [mm’
fuel assembly were conducted within the Sodium P/D 1.21
Boiling and Fuel Failure Propagation test loop, wWno H/D 47.07
as SIENA, at the Oarai Engineering Center of PNC| \wrapper tube inner flat td
The primary aim of these experiments was to vadidat flat distanc 104.6 [mm]
the results of the experiment using multidimensiona \rapper tube thickne 3 [mm]
hydrothermal code AQUA [3]. Inlet unheated leng 350 [mm|
) Heated lengl 930 [mm
2.2 Test equipment Outlet unheated lenc 1459 [mm
Axial power profil¢ Uniform

Fig. 1 depicts the test section of the 169-pin fue

assembly [4]. The design specifications of the pBo- Table 2: Test conditions of 169-pin fuel assembly

fuel assembly are detailed in Table 1. This fuaidia

consists of 169 pins arranged in a hexagonal patte Heating V0|L"rfét,ic Inlet Inlet
with a pitch-to-diameter ratio of 1.21. The pins/éa Case ‘[’f‘\}\‘,‘]e flow rate Vﬁ'ﬁfs']ty tem{’g’]a‘“re
diameter of 6.5 mm and are centered within the [L/min]

hexagonal tubes with a flat-to-flat distance of .B0dm. MCH7-

Each 169-pin is surrounded by a wire spacer with a */8%8¢ | 2745 198.64 0.905 392.28
diameter of 1.26 mm and encapsulated by a 306 mnj

long cladding. The fuel rod length within the 168-p | "“gia < | 6863 59.83 0.273 392.54

assembly is 930 mm. Figure 1 illustrates the eilaity
heated segments of the 169-pin bundle located 350 m

3. Numerical analysis method
downstream from the entrance of the fuel assembly. 4

- 3.1 Test section for numerical analysis
2.3 Test conditions

Fig. 2 shows the test section with numerical anslys
conducted on the duct wall at the heated locations
within the hexagonal duct, along with an overviefv o
the heater pin arrangement in the MONJU 169-pith fue
assembly. Similar to Fig. 2, this CFD investigativas
conducted using the full-scale experimental facibf
the MONJU 169-pin fuel assembly. In particular, the
pressure distribution on the duct wall within theated
test section exhibits a periodic pattern in a $@hape,
matching the wire spacer lead pitch length. In sigly,

Test conditions are set in the range of 25 ~ 16&nwW/
line output, 50 ~ 1200 L/min flow rate, and 20000%
inlet temperature. A range of dimensionless numbrers
the test conditions performed is Re = 2,500 ~ 55,00
and Pe = 13 ~ 230. In addition, the test casestlaid
conditions to be used in the validation of the gsial
conditions are listed in Table 2.
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Table 3: Computational grids system.
Grid regior Cells Node:! Element
5 65[mm  7.86 [mm] Subchanne | 37,229,20 | 41,113,65 | 37,229,20
38 3 [mm] H H @ Heating pin Cladding 16,528,20 | 18,292,56 | 16,528,20
X OOOUOO(S)O@O@OOOOO O bummy pin Wire 2,754,701 3,353,63 2,754,701
g 0000000000 Total 56,512,10 | 62,759,84 | 56,512,10
00000000000
S
0000000000000 Table 4: Boundary condition of CFD analysis.
1106 11046 000000000000 00e Boundar
- A R I 1) ary Condition Value
§§ .o%%%%oooooooooooo. doma Constant
4 eesiceeiceiele Inlet onsan Various
3 velocity
s LOU00000 Relative
3 Outlet 0 [Pa]
&g pressur
i Rod oute No slip i
3 Wire oute (Smooth wall)
Fig. 2. Schematic of the 169-pin wire-wrapped fardembly. i
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Fig. 3. Computational grid systems of 169-pin winepped
fuel bundle.

Outer fluid region

rigorously simulated. Table 3 provides detailed
information about the computational grid system,
divided into two domains: the fluid section and the
structural section, facilitated by the internal mes
generation code. The total number of cells in the
computational grid within the system is approxinhate
6.39 x 10 cells. Table 4 outlines the computational
boundary conditions for the CFD analysis of the tes
assembly. The outer rod and outer wire are seave a

3D flow and vortex phenomena were examined using smooth roughness for non-slip conditions, and tinet d
RANS simulations with the Shear-Stress Transport ya|| s set to have a no-slip and adiabatic coaditThe
(SST) turbulence model. High-resolution schemesewer heat source is maintained constant over time, as

employed in these simulations to enhance accufidgy.

convergence of the simulations was monitored and
the periodic temperature 3 3 Turbulence modd

evaluated by observing
fluctuations at the outlet region of the 169-pirelfu
assembly.

3.2 Computational grids and boundary conditions

Fig. 3 illustrates the computational grid configioa

indicated in Table 4.

There are three main numerical analysis techniques:
Direct Numerical Simulation (DNS), Large Eddy
Simulation (LES), and RANS simulation. To accunatel
analyze the behavior of eddies in a turbulent fiblat
includes various scales of eddies, it is importamt

for the fuel assembly. An innovative grid genemtio ensure that the grid size is smaller than the minim
method was adopted using custom Fortran-based COd%patiaI scale of the eddy structure, and the titep s

[5]. To account for heat conduction-based heatsfean
in both the rod and wire, additional grids for the and
wire were created, replicating the experimentalset
and introducing two interfaces. This approach aflow
maintaining the actual wire shape without distartio
enabling a more accurate prediction of the cordaea
between the wire and rod.
Previous  simulations

using this

shorter than the minimum time scale of eddy
fluctuations. DNS directly solves governing equasio
based on spatial scales without relying on turbzden
models [7]. As a result, DNS is primarily suitalite
flows with low Reynolds numbers or relatively simapl
geometries but requires extensive computational
resources due to its resource-intensive nature. In

approach contrast, LES directly calculates eddies largen ttee

demonstrated the capability to accurately predict grig scale using spatially-averaged Navier-Stokes
pressure drops and analyze the flow within the fuel equations and employs subgrid-scale (SGS) models to

assembly [6]. In this study, the geometric detaflshe
fuel bundle, including the rod and wire diametersre

describe eddies smaller than the grid scale [8jvéler,
both DNS and LES require significant computational
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Fig. 4. Temperature field at top of heated section.

resources, making them
engineering applications.
In contrast, LES models the entire range of tuntiule

impractical for many

effects using time-averaged Navier-Stokes equations
LES provides coarser resolutions compared to DNS or

LES, but due to its practicality, it finds widesade
application in engineering scenarios. The advantige
LES lies in its ability to enhance computational
efficiency by not requiring high-resolution
computational grids, making it well-suited for adei
range of industrial and engineering applications.

The turbulence model used aims to calculate the
Reynolds stress tensor by accounting for turbulence

fluctuations in fluid momentum. Popular turbulence
models such as &-k-o, and SST have become industry
standards and are widely employed in various
engineering applications. However, it's importaat t
note that the le model has limitations when dealing
with high-pressure gradients, and the kaodel can be
overly sensitive to the characteristics of inletefstream
turbulence [9,10]. The SST model addresses thes
issues by smoothly transitioning between therkedel

in the freestream region and thewokimodel in the
viscous sub-layer [11]. To accurately capture the
transition from laminar to turbulent flow using t8&T

ay 9-10, 2024
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Fig. 5. Comparison of temperature distributionthattop end
of heated section.

14 16 18 20 22 24

turbulence model, a minimal grid scale of 5.0x10-7m
was used on the fuel rod walls to maintain a ficti
velocity (y+) close to 1.

4. Results

As shown in Fig. 4, to compare the results in each
radial direction, the mesh number was assigned
according to the position of the subchannel, arth ea
numbered mesh was analyzed. Fig. 5 shows the
temperature distribution of the numerical studyadtxd
using STAR-CCM+ and the experimental data. Since
the PNC report only provides results for the tophaf
heated section, the comparison with this CFD amalys
was made at the top of the heated section.

5. Conclusions

In this study, RANS based CFD methodology
validation was performed on MONJU 169-pin fuel
assembly experiment data for the high-precision CFD
analysis technique using STAR-CCM+ code. CFD
results are well matched with MONJU 169 pin fuel
assembly experiment data. In the future, we plan to
validate the reliability and consistency by compgri
eCFD resulting using the MARS-LMR code.
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