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Abstract

This thesis presents new developments of a coarse-grid CFD method
known as Subchannel CFD (SubChCFD) for the thermal-hydraulic anal-
ysis of nuclear reactors. The focus is on extending the capability of Sub-
ChCFD in capturing complex phenomena such as variable-property and
buoyancy effects under supercritical conditions, flow swirl phenomena in
wire-wrapped rod bundle configuration, and flow instabilities in the nat-
ural circulation loop (NCL). While traditional system and sub-channel
codes offer computational efficiency, they are not designed to resolve lo-
cal flow features. In contrast, high-fidelity CFD methods provide detailed
insights but are computationally intensive, particularly for large-scale con-
figurations. For supercritical conditions, developments include the imple-
mentation of empirical heat transfer and friction factor correlations for
mixed convection and entrance region effects. The developments are vali-
dated through comparisons with resolved CFD simulations and available
experimental data, showing reasonable accuracy across a range of oper-
ating conditions. Further developments are made to enable simulation of
wire-wrapped fuel assemblies by incorporating momentum source terms
to account for the influence of helical spacers. Furthermore, the Sub-
ChCFD is applied to natural circulation loop systems to assess its ability
to reproduce flow instabilities. In summary, the work reported herein has
extended the capability of SubChCFED to deal with a number of complex
flows encountered in nuclear reactors successfully, and has demonstrated
that SubChCFD captures key thermal-hydraulic features, such as heat
transfer enhancement and deterioration, secondary flow structures, and
oscillatory flow behaviour. This work further establishes SubChCFD as a

practical alternative for a nuclear thermal-hydraulic analysis tool.
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Chapter 1

Introduction

1.1 Background

The increasing demand for clean and reliable energy has highlighted the importance
of nuclear power as a stable, low-carbon energy source. Generation IV reactors are
advanced designs aimed at improving thermal efficiency, operational safety, and envi-
ronmental sustainability. One particularly promising concept within this generation
is the Supercritical Water-Cooled Reactor (SCWR), which operates at pressures and
temperatures above the critical point of water.

However, the thermal-hydraulic analysis of supercritical systems presents several
challenges. Near the pseudo-critical point, supercritical fluids exhibit drastic changes
in thermal physical properties with small temperature variations. In addition, buoy-
ancy effects can significantly influence bulk flow parameters in subchannel regions
and alter wall temperature distributions. Consideration of these phenomena is es-
sential for accurately predicting fluid behaviour and heat transfer performance under
supercritical conditions.

In addition, complex reactor geometries such as rod bundles with wire-wrap spac-
ers introduce further modelling challenges. Wire-wrap spacers are designed to en-
hance mixing and promote more uniform temperature distributions across subchan-
nels. However, they also induce secondary flows and lead to increased pressure losses.
Accurately capturing these effects is crucial for predicting flow distribution, pressure
drop, and thermal performance in wire-wrapped fuel assemblies.

Natural circulation loops (NCLs) represent another area of complexity, especially
in the context of passive safety. These systems rely on buoyancy-driven flow without
external mechanical or electrical power, making them sensitive to flow instabilities

and reversal phenomena. Examples of passive cooling systems include the Passive



Residual Heat Removal (PRHR) system and the Passive Containment Cooling Sys-
tem (PCCS) in the AP1000 reactor, as well as the Supercritical Pressure Natural
Circulation Loop (SPNCL) at Bhabha Atomic Research Centre. Accurate modelling
is essential to capture the complex fluid behaviours in these systems.

Traditional system and sub-channel codes offer computational efficiency but often
lack the spatial resolution required to capture local effects such as flow redistribution,
secondary flows, and entrance region behaviour. In contrast, high-fidelity Computa-
tional Fluid Dynamics (CFD) simulations can resolve these details but are typically
too computationally demanding for large-scale or engineering applications.

To address this gap, this PhD study adopts a coarse-grid CFD approach called
Subchannel CFD (SubChCFD), which combines the efficiency of sub-channel methods
with the conventional resolved CFD method. The study includes modelling method-
ology developments, coding and validations against experimental and resolved CFD
data.

1.2 Aim and Objectives

The primary aim of this research is to further develop SubChCFD to handle chal-
lenges, including variable thermal physical properties and buoyancy effects in super-
critical conditions, flow swirl in wire-wrapped rod bundles, and instability phenomena

in NCL systems. To achieve the stated aim, the following objectives are established:

e Further develop SubChCFD for supercritical thermal-hydraulic analysis, incor-

porating appropriate heat transfer and friction factor correlations.

e Extend the capability of SubChCFED to simulate wire-wrapped rod bundles by

introducing momentum source terms to represent wire-induced effect.

e Apply SubChCFD to natural circulation loops to evaluate its ability to capture

the instabilities;

1.3 Significance and Contributions

This research advances the field of nuclear thermal-hydraulic analysis by develop-
ing and applying the SubChCFD as a computationally efficient alternative to fully

resolved CFD simulations. The key contributions of this PhD work are as follows:



e Further development of the SubChCFD framework for the modelling of flow
and heat transfer in rod bundle geometries under supercritical conditions, ac-
counting for strong buoyancy effects and rapid variations in thermal physical

properties;

e Integration of empirical heat transfer and friction factor correlations to en-
hance the capability of SubChCFD in capturing buoyancy-influenced supercrit-

ical flows, including entrance-region effects;

e Introduction of momentum source terms to represent the influence of wire-wrap
spacers, enabling SubChCFD to simulate secondary flow structures in wire-

wrapped rod bundles;

e Application of the SubChCFD approach to NCLs, demonstrating its capability

to capture flow instabilities in passive safety systems.

1.4 Thesis Outline

This thesis is structured as follows:

e Chapter 2 - Literature Review: Reviews SCWR technology, thermal-hydraulic
modelling approaches, such as system code, subchannel code and the state of
the art in CFD. It also covers numerical and experimental investigations related
to mixed convection studies, wire-wrapped rod bundles and natural circulation

loops;

e Chapter 3 - Methodology: Describes the governing equations, turbulence
models, and numerical schemes used in the conventional CFD approach, as well
as the fundamental methodology of the SubChCFD framework.

e Chapter 4 - Development and Application of SubChCFD for Super-
critical Fluid Heat Transfer: Extends the SubChCFD approach for super-
critical conditions by implementing various heat transfer and friction factor cor-
relations. This chapter includes validation against CFD and experimental data,

and examines buoyancy-driven flow redistribution in rod bundle configurations.

e Chapter 5 - Development for the wire-wrapped rod bundles: Extends
the SubChCFD to model wire-wrapped fuel assemblies by incorporating mo-
mentum source terms to represent wire-induced effect. The approach is vali-

dated against experimental measurements and high-fidelity CFD simulations.



e Chapter 6 - Application of SubChCFD in Natural Circulation Loops:
Further develops and demonstrates the capability of the SubChCFD to simulate

flow instability phenomena in natural circulation loops.

e Chapter 7 - Conclusion and Future Work: Summarises the key findings

of the research and outlines potential directions for further development of Sub-

ChCFD.



Chapter 2

Literature review

2.1 Supercritical water-cooled reactor (SCWR)

2.1.1 Overview of SCWR

The Supercritical Water-Cooled Reactor (SCWR) is a Generation IV nuclear reactor
design that utilizes water as both a coolant and a moderator, designed to achieve
higher thermal efficiency, enhanced safety, and reduced environmental impact. It
integrates the principles of conventional Light Water Reactors (LWRs) with the high
efficiency of Supercritical Fossil Power Plants (FPPs). Operating at a core pressure of
25 MPa, the SCWR achieves a thermal efficiency of approximately 45%, significantly
higher than that of traditional LWRs which is typically around 30% [102].

Unlike traditional boiling water reactors (BWRs) and pressurized water reactors
(PWRs), which involve phase changes, SCWRs operate in a single-phase regime above
the critical point of water (22.1 MPa at 374°C). This ensures that no phase transition
occurs, eliminating the need for steam separators and dryers, thus simplifying reactor
design while improving thermal efficiency.

Figure 2.1 illustrates a typical SCWR system, where the coolant, heated by reactor
fuel, is directly supplied to the turbine to generate electricity. The absence of phase
change allows for simplified thermal management, leading to a more compact system
design [102].
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Figure 2.1: A typical SCWR system [102].

2.1.2 Design concept

An SCWR operates above the critical pressure (= 25 MPa) with single-phase super-
critical water, typically entering the core at 280-350°C and exiting at 500-625°C;
strong property gradients near the pseudocritical temperature (~ 390°C at 25 MPa)
make heat-transfer prediction challenging. Core mass flux is concept-dependent but
commonly 400-1200kgm—2s™ .

Several countries have contributed to the development of SCWR designs, each
focusing on different core configurations and fuel assemblies to optimize reactor per-
formance. These efforts can be categorized into two main types: pressure tube and

pressure vessel designs.

e Japan: One of the earliest SCWR designs was proposed by Oka et al. [95],
featuring a hexagonal fuel assembly with zirconium hydride (ZrH) moderators.
Later, American researchers assessed various moderators, ultimately selecting

ZrH, due to its superior neutronic performance [19].

e Korea: The Korean SCWR design incorporates square fuel assemblies with a

cruciform U/Zr solid moderator, which simplifies the water flow path. The fuel



enrichment varies axially and radially to enhance neutron economy. A power
plant with a capacity of 1400 MWe has been designed to operate at an outlet
temperature of 510°C [64].

e Europe (HPLWR Project): As part of the 5th Framework Program, Euro-
pean researchers have explored a pressure vessel-type SCWR. Their investiga-
tions focused on reactor feasibility at supercritical conditions, particularly at an

operating pressure of approximately 25 MPa and a coolant temperature range
of 280 to 500°C [113].

e Canada (AECL SCWR): Developed by Atomic Energy Canada Limited
(AECL), the Canadian SCWR follows the well-established CANDU reactor
principles, utilizing a pressure tube system. Its primary objective is electric-
ity generation, with additional applications in hydrogen production, process

heating, and water desalination [139].

e China (CSR1000 by NPIC): In 2014, the Nuclear Power Institute of China
(NPIC) proposed the CSR1000, a pressure vessel-type SCWR, operating in the
thermal spectrum. The reactor has a thermal power output of 2300 MW and an
electrical power output of 1000 MW, with a core inlet temperature of 280°C and

an outlet temperature of 500°C, achieving a thermal efficiency of approximately
45% [136].

2.1.3 Thermal-hydraulic challenges

Under supercritical conditions, the thermal-hydraulic behaviour of fluids differs from
that in subcritical regimes. In subcritical flows, phase changes occur, characterised
by the coexistence of liquid and vapour phases. This is evident in the tempera-
ture—entropy (T-s) diagram of water (Figure 2.2), where horizontal segments at con-
stant pressure represent the two-phase region bounded by the saturated liquid and
saturated vapour lines. However, above the critical point (22.1 MPa, 374 °C), these
discontinuities vanish, and water transitions smoothly from a liquid-like to a gas-like
state without a phase change. This continuous variation in thermal physical proper-
ties is a defining feature of supercritical fluids and is particularly relevant in SCWR

applications.
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Figure 2.2: T-s diagram of water [62]

In this single-phase supercritical flow regime, fluids exhibit strong variations in
their thermal physical properties near the pseudo-critical region. This behaviour
is illustrated in Figure 2.3, which presents the temperature-dependent variations of

water properties at 25 MPa.
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Figure 2.3: Variation of fluid properties near the pseudo-critical point at 25 MPa [46].

The drastic variations of thermal properties near the pseudo-critical region signif-
icantly affect flow and heat transfer behaviour. For instance, buoyancy forces can be
really strong due to the rapid decrease in fluid density, and heat transfer and flow
behaviour are also strongly influenced by rapid changes in thermal conductivity and
viscosity. The ability of fluid to absorb energy significantly increases near the pseudo-
critical point, as indicated by a pronounced peak in specific heat capacity (C,). These
strong property variations introduce challenges in predicting flow and heat transfer
behaviour under supercritical conditions.

Understanding and predicting the thermal-hydraulic phenomena under supercrit-
ical conditions are essential for the development of SCWRs and other applications
of supercritical fluids. Experimental studies play a crucial role in directly investigat-
ing the complex phenomena, enhancing fundamental understanding, and providing
essential data for numerical model validation. However, experimental facilities for su-
percritical conditions are expensive and challenging to operate. Therefore, numerical
methods are important as complementary approaches to investigate flow and heat
transfer behaviours in this area. Various approaches have been developed to model
and predict heat transfer and flow characteristics under these conditions. These meth-
ods broadly fall into three categories: system codes, sub-channel codes, and compu-

tational fluid dynamics (CFD) models. Numerical simulations face key challenges,



including managing rapid changes in fluid properties, analysing mixed convection
with significant buoyancy effects, and accurately modelling complex geometries like
wire-wrapped rod bundles. Additionally, thermal-hydraulic behaviour predictions in
Natural Circulation Loops (NCLs), which are relevant to the passive cooling sys-
tems, are also quite challenging. A literature review of numerical approaches and

experimental work related to different topics will be presented in later sections.

2.2 Thermal-hydraulic Analysis Methods

Thermal-hydraulic analysis plays an essential role in nuclear reactor design and opera-
tion. It evaluates key parameters such as critical heat flux (CHF), wall temperatures,
and coolant flow behaviour. These analyses are important under normal operating
conditions, as well as during transients and accident scenarios. To support this, a
range of computational tools, such as system codes, sub-channel analysis codes, and
CFD simulations are employed to model thermal-hydraulic behaviour with varying

degrees of resolution and fidelity.

2.2.1 System codes

System codes are numerical simulation tools used to analyse the behaviour of nu-
clear reactor systems under various operational conditions. System codes were first
introduced in the early 1960s to predict the overall behaviour of nuclear power plants
under different operational scenarios. Such codes typically involve lumped (0D) or
one-dimensional (1D) flow representations, empirical correlations, and engineering
approximations for heat transfer and pressure drop. Their primary purpose is to
support reactor safety assessments, design optimization, and licensing processes by
predicting key parameters such as temperature, pressure, and flow distribution.

Over the past few decades, system codes have undergone significant advancements,
improving their ability to model a wide range of physical phenomena in reactor sys-
tems. Some of the most well-known system codes include RELAP5, TRAC, and
ATHLET, which were developed for specific reactor designs and are widely recognized
as best-estimate system codes. These tools are extensively used for thermal-hydraulic
analysis in both research and industry [143, 18].

Although they have been extensively developed and are used widely, traditional
system codes are primarily 0D/ 1D. They cannot account for small-scale turbu-
lence and local flow variations which limits their ability to capture complex three-

dimensional (3D) flow phenomena. Validation of the codes against large-scale phe-
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nomena is essential to ensure the accuracy and reliability of the predictions. Many
researchers, including Sabundjian et al. [[106]], D’Auria et al. [32], and Misale et al.
93], have validated RELAP5 using experimental data obtained from scaled-down test
facilities. Additionally, benchmarking exercises conducted by Martin et al. [89] have
demonstrated that RELAP5/MOD3 can reasonably predict forced flow behaviour in
vertical channels.

Furthermore, multi-dimensional thermal-hydraulic system codes have been devel-
oped, incorporating advanced modelling techniques to improve fidelity. One example
is the MARS 1.3.1 code, developed by Jeong et al. [61], which integrates features
from RELAP5, a 1D system code, and COBRA-TF, which incorporates a 3D hydro-
dynamic model to enhance the simulation of multi-dimensional flow effects. These
improvements mark a significant step toward increasing the predictive capability of
system codes, making them more suitable for advanced reactor safety analysis and
design.

System codes reached a high level of advancement after decades of refinement,
and are now widely used for thermal-hydraulic analysis of nuclear reactor systems.
Although system codes have demonstrated considerable success, further improve-
ments in accuracy and standardization of validation procedures remain important
challenges. Currently, validation and qualification approaches vary across differ-
ent regulatory organizations, and international standardization has yet to be fully
achieved. Several international bodies, such as the OECD, CSNI, OECD/NEA, and
TAEA [80, 51, 57, 112], have systematically evaluated system codes to enhance their

accuracy and reliability for nuclear safety applications.

2.2.2 Sub-channel analysis codes

System codes, as discussed in the previous section, provide reliable predictions of the
overall thermal-hydraulic behaviour of nuclear power plants under various steady-
state and transient conditions. However, for more detailed analyses, results from
system codes often serve as boundary conditions for localized core or fuel-channel
simulations, which are traditionally performed using sub-channel codes[94]. These
sub-channel codes solve the conservation equations for mass, momentum, and energy
across discretized groups of flow channels, enabling them to estimate key safety pa-
rameters, such as Critical Heat Flux Ratio (CHFR), Critical Power Ratio (CPR),
centreline fuel temperature, cladding surface temperature, and coolant temperature

distribution. It divides the reactor core or the fuel channel /bundle into sub-channels,
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representing the flow regions surrounding and between fuel rods, simplifying the com-
plex interactions within the core.

Sub-channel codes solve the mass, momentum, and energy conservation equations
using a 1D framework, where control volumes are connected both radially and axially
to partially account for 3D flow effects [94]. To close the governing equations, these
codes rely on empirical correlations for pressure drop, heat transfer, and turbulent
mixing, derived from experimental data. While this approach enhances computational
efficiency and allows for rapid analysis, the 1D formulation limits the ability to resolve
complex 3D flow structures, localized turbulence, and secondary flow effects.

As illustrated in Figure 2.4, the fuel channel can be visualized as a repeated geo-
metric arrangement consisting of both coolant-centred and rod-centred sub-channels.
This representation is fundamental in the development of sub-channel codes and serves
as a critical framework in experimental research aimed at improving thermal-hydraulic

modelling.

Coolant
centered
subchannel

[ [
(] I
] I

Figure 2.4: Ilustration of the sub-channel concept [94].

Significant research efforts have focused on developing sub-channel codes for var-
ious reactor types to effectively predict the thermal-hydraulic behaviour of reactors.
For PWRs, the COBRA series of codes was created by the Pacific Northwest Labora-
tory (PNL) in the USA[34]. This series includes COBRA-I, COBRA-II, COBRA-III,
COBRA-IIIC, and COBRA-IV. The early versions, COBRA-I and COBRA-II, were
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limited to steady-state simulations because they did not account for transient mo-
mentum effects. Later, COBRA-III, developed by Rowe[105], introduced the ability
to predict transient low behaviour; however, it lacked heat transfer models and could
only calculate pressure gradients. To overcome this limitation, COBRA-IIIC [105]
and COBRA-IV [129] were further developed to incorporate heat transfer models,
enabling more accurate thermal predictions.

In addition to the COBRA series, several other sub-channel codes have been
developed. Chaudri et al. [24] introduced the Steady and Transient Analyser for
Reactor thermal-hydraulics (START), which uses a homogeneous model to simulate
both steady and transient conditions in PWRs with two-phase flow. Later, Yoo et al.
[34] developed MATRA, an efficient sub-channel code capable of predicting enthalpy
and flow distributions in both PWRs and Advanced Light Water Reactors (ALWRs)
under steady and transient conditions.

As next-generation nuclear reactors advance, new sub-channel codes have been
developed to address their distinct thermal-hydraulic characteristics. Deng et al.
[35] created a sub-channel code specifically designed for lead-cooled fast reactors,
which are part of the Generation IV reactor concept. Their model featured both
grid spacers and wire spacers to more accurately capture coolant flow behaviour.
Similarly, Liu et al. [87] expanded the COBRA-IV framework to develop COBRA-
LM, tailored for liquid metal-cooled fast reactors (LMFRs). Validation studies showed
that the predicted coolant and fuel cladding temperatures closely aligned with both
experimental data and CFX simulation results.

For SCWRs, Shan et al. [110] developed the ATHAS sub-channel code. This code
includes empirical correlations for heat transfer and friction factors under supercritical
conditions, which allows for accurate predictions of fuel cladding temperature and
coolant enthalpy distribution. Notably, ATHAS is suitable for both steady-state and
transient scenarios, making it a versatile tool for thermal-hydraulic simulations of
SCWRs.

In summary, while sub-channel codes are highly effective for reactor safety as-
sessments and operational predictions, their inherent limitations due to the nature of
1D representation require the use of higher-fidelity Computational Fluid Dynamics

(CFD) models when a detailed understanding of 3D flow physics is necessary.

2.2.3 Computational Fluid Dynamics (CFD)

System codes and sub-channel codes provide reasonable predictions of nuclear power

plant thermal-hydraulic behaviour at the system level and core level, respectively.
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However, their effectiveness is limited when resolving detailed sub-scale flow physics,
such as localized turbulence, flow separation, and small-scale mixing effects. The
significant advancements in computational power over recent decades have enabled
the application of CFD as an advanced tool for investigating complex coolant flow
phenomena in nuclear fuel channels. Unlike system codes or sub-channel codes, which
rely on simplified models and empirical correlations, CFD offers a high-fidelity ap-
proach by solving the Navier-Stokes equations directly or through turbulence models.
This enables a more detailed resolution of local flow structures, boundary layer effects,
and transient behaviours. [94].

In nuclear reactor thermal-hydraulics, particularly for SCWRs, CFD is an essen-
tial tool for predicting fluid behaviour. It captures strong buoyancy effects, variable
property changes near the pseudo-critical point, and complex flow interactions, pro-
viding deeper insight into heat transfer and flow behaviour. As shown in Figure 2.5,
CFD approaches vary in their level of physics resolution and computational cost,
ranging from Reynolds-Averaged Navier-Stokes (RANS) models, which approximate
turbulence effects and offer the most computationally efficient solution, to Direct Nu-
merical Simulation (DNS), which fully resolves all turbulence scales and stand out
as high-fidelity numerical experiments to provide detailed insight into the underlying
flow physics. But it is excessively costly for reactor-scale applications. Large Eddy
Simulation (LES) provides an alternative by resolving larger turbulent structures
while modelling only the smallest scales, achieving a balance between accuracy and
computational requirements. Hybrid RANS/LES methods combine the advantages of
both techniques, employing LES in essential flow areas and RANS in other regions to
enhance efficiency, making them an appropriate choice for complex flow simulations
in nuclear reactor applications.

CFD can be used to optimize reactor designs, improve safety evaluations, and
enhance efficiency predictions, complementing lower-order modelling approaches such
as system and sub-channel codes. Selecting an appropriate CFD approach is crucial
to balancing computational feasibility and accuracy.

For the application of CFD, as the demand for detailed physical insights in reac-
tor design and safety assessments continues to grow, CFD has become an essential
tool for simulating various nuclear reactor components, including single channels [31,
48], multiple channels [25, 85], rod bundles [1, 16], reactor core sectors [111, 118],
and plenum [66, 65]. A variety of CFD approaches have been applied, including
RANS [23], Unsteady Reynolds-Averaged Navier-Stokes (URANS) [91], LES [12],
and DNS [11]. For RANS and URANS, commonly used turbulence models include
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Figure 2.5: Computational cost and the level of physics resolution [104].

the k-e model [10] though k-w SST has been more and more widely used.CFD has
also been utilized to study different reactor types, such as PWRs [29], SCWRs [45],
and LMFBRs [42].

A key advantage of CFD is its ability to resolve near-wall flow characteristics,
particularly within the viscous sublayer [83]. This is achieved by employing highly
refined meshes in the near-wall region, ensuring an appropriate y* value when using
low-Reynolds-number turbulence models. Typically, y* ~ 1 is required for wall-
resolved simulations, while wall functions allow for coarser grids, reducing compu-
tational costs. However, achieving high-resolution CFD simulations demands sub-
stantial computational resources, as finer meshes are required to capture small-scale
turbulence structures and detailed thermal-hydraulic effects.

CFD has demonstrated the capability to provide detailed flow and thermal field
predictions with relatively minimal reactor-specific adjustments. However, due to
its high computational cost, CFD cannot fully replace system codes or sub-channel
codes. Instead, CFD is best suited for resolving localized flow phenomena, offering
high-fidelity insights that complement traditional thermal-hydraulic analysis meth-
ods. While CFD continues to evolve with advances in computational efficiency and

turbulence modelling, its practical implementation in full-core reactor simulations
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remains constrained by computational limitations. Future research should focus on
hybrid modelling approaches, high-performance computing, and improved turbulence

closures to enhance CFD’s applicability in nuclear reactor thermal hydraulics.

2.2.4 Coupling methods

As discussed in previous sections, system codes, sub-channel codes, and conventional
CFD each have distinct advantages and limitations. System codes investigate the
thermal-hydraulic behaviour over the entire reactor, while sub-channel codes enhance
resolution at the core level. CFD, on the other hand, offers high-fidelity insights
into localized flow phenomena. To utilize the strengths of these different approaches
and minimize their drawbacks, various coupling strategies have been developed. The
implementation of coupling can vary depending on the modelling objectives and the
numerical tools used.

At the system level, CFD can be integrated with system codes to enhance the
accuracy of specific regions that exhibit complex 3D flow phenomena. For exam-
ple, Toti et al. [117] developed and validated a coupling approach between the CFD
software ANSYS FLUENT and the system code RELAP5-3D, specifically for lig-
uid metal types of reactors. Their method demonstrated considerable accuracy in
analysing safety margins and showed reliable agreement with experimental data for
a loss-of-flow transient scenario.

Similarly, Bertolotto et al. [14] investigated mixing phenomena in a LWR by
coupling the system code TRACE with the CFD software CFX. Another notewor-
thy study by Anderson et al. [6] performed a thermal-hydraulic analysis of a Very
High Temperature Reactor (VHTR) by integrating RELAP5-3D with CED. In these
coupling approaches, system codes conduct global reactor calculations, while CFD
is applied to regions where system codes struggle to accurately capture complex 3D
effects, such as outlet plena and mixing zones. By combining these methodologies,
researchers achieve improved predictive capabilities while managing reasonable com-
putational costs.

The geometry of a nuclear reactor core is highly complex, consisting of many
fuel assemblies, each containing hundreds of fuel rods, which in turn create tens of
hundreds of flow channels. Running full-core CFD simulations can be extremely
demanding in terms of computational resources, making alternative coupling strate-
gies necessary for reactor-level analysis. One effective approach involves coupling

porous media models with CED codes, as explored in previous studies|27, 40]. This
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method enables efficient core-scale modelling by using the porous media approxima-
tion for bulk flow while applying detailed CFD to selected regions to capture finer-
scale physics. Zhang et al. [142] applied a porous media approach to represent the
PWR reactor core. The detailed rod bundle geometry was replaced with a distributed
resistance model, implemented as momentum source terms in the CFD simulation.
This method accounted for geometric, frictional, and permeability-based losses, ef-
fectively modeling the core as a porous region to reduce computational cost while
preserving the essential pressure drop characteristics.

Alternative coupling techniques have been proposed to improve thermal-hydraulic
analysis at the reactor level. Corzo et al. [30] developed a hybrid method that
combines a 1D finite-volume code with CFD model specifically for a Pressurized Heavy
Water Reactor (PHWR). In their approach, the 1D solver models the behaviour of
the fuel channels, while the 3D model captures complex flow phenomena in areas such
as the upper and lower plenum.

Coupling methods provide a practical solution to the limitations of system codes,
sub-channel codes, and conventional CFD. By integrating CFD with lower-order mod-
els, researchers can achieve higher accuracy in critical areas while maintaining com-

putational efficiency for large-scale reactor simulations.

2.2.5 Coarse Grid CFD

Alongside integrating low-cost simulation methods with CFD, another promising de-
velopment in thermal-hydraulic analysis tools is the application of coarse-grid CFD.
This technique has shown the capability to deliver high-quality results while notably
lowering computational expenses. Coarse grid CFD methods utilize traditional CFD
solvers combined with specialized techniques, enabling the use of a coarse mesh while
still achieving acceptable accuracy in predictions.

One of the early advancements in this field is the Low-Resolution Geometry Re-
solving (LRGR) CFD method, proposed by Roelofs et al. [103]. This method em-
ploys a coarse-resolution mesh while still effectively capturing significant large- and
medium-scale flow features in fuel channels, such as recirculation zones, which are
often difficult to predict using system codes or sub-channel codes. Unlike traditional
CFD, which requires high grid resolution to capture all flow features, LRGR CFD
strategically reduces mesh refinement while preserving critical flow structures that
influence overall thermal-hydraulic behaviour. The effectiveness of LRGR CFD with
coarse meshes is primarily due to the dominance of axial flow in heat transport,

meaning that fine-scale turbulence details, such as secondary flows, have a limited
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impact on overall temperature distribution. By neglecting small-scale turbulence and
localized flow variations, this method reduces computational cost while still providing
accurate temperature and bulk flow predictions. However, since it does not resolve
small-scale turbulence or cross-flow effects, it is best suited for analysing global flow
behaviour, blockage effects, and large-scale recirculation patterns rather than fine-
scale turbulence-driven phenomena.

Hu and Fanning [53] developed a three-dimensional momentum source model
(MSM) that enables coarse-mesh CFD simulations of wire-wrapped rod bundles with-
out explicitly resolving the wire geometry. Instead, volumetric body forces are in-
troduced to represent the effects of the wire-wrap spacers, including flow blockage,
induced swirl, and friction. These momentum sources depend on local flow velocity
and geometry, allowing accurate prediction of crossflow and pressure drop on a signif-
icantly coarser mesh, thereby reducing computational cost while preserving key flow
characteristics.

Bieder et al. [15] employed a low-resolution CFD approach to simulate the
thermal-hydraulic behaviour of a wire-wrapped rod bundle in LMFBR fuel assem-
bly. To enable the use of a coarse mesh, they simplified the model by reducing the
number of computational cells, particularly near solid walls, and applied wall func-
tions to approximate near-wall flow behaviour instead of resolving the boundary layers
explicitly.

Viellieber and Class [120] introduced a thermal-hydraulic simulation methodol-
ogy known as Coarse-Grid CFD (CG-CFD), which aims to enable full-core reactor
simulations with significantly reduced computational effort. Unlike subchannel anal-
ysis, CG-CFD does not rely on empirical correlations; instead, it solves the Euler
equations on a coarse mesh and incorporates volumetric source terms, representing
turbulence and viscous effects, that are pre-computed from high-fidelity CFD sim-
ulations of representative subdomains. These source terms are then parameterized
and applied throughout the coarse grid domain, allowing the method to capture key
flow features without resolving fine-scale structures. Although CG-CFD may require
a large number of initial detailed CFD runs for source-term generation, it enables
the simulation of complex geometries, such as full-core rod bundles, at a fraction
of the computational cost of full-resolution CFD. Moreover, by embedding physical
behaviour derived from resolved simulations, it is less dependent on empirical inputs
compared to traditional subchannel codes. This methodology offers an advantageous

balance between accuracy and efficiency in large-scale thermal-hydraulic analyses.
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2.2.6 Sub-channel CFD (SubChCFD)

A novel coarse-grid CFD approach, named Sub-channel CFD (SubChCFD), was pro-
posed by Liu et al. [83] to integrate the strengths of sub-channel methods and CFD
methodologies. SubChCFD is implemented within a conventional CFD solver while
utilizing a coarse mesh to significantly reduce computational cost. Similar to other
coarse mesh CFD approaches, closure modelling is required in SubChCFD to account
for wall effects. The potential accuracy loss due to the coarse resolution is com-
pensated through the implementation of well-validated sub-channel correlations to
model wall friction and heat transfer. By leveraging these correlations, SubChCFD
can maintain the accuracy of integral thermal-hydraulic behaviour predictions, even
with a reduced computational resolution.

The initial development and validation of this method were presented by Liu et al.
[83], where the thermal-hydraulic predictions of SubChCFD were compared against
both high-resolution CFD results and experimental data. The study demonstrated
that SubChCFD provides reasonable predictions of global and local flow characteris-
tics in fuel channels while significantly reducing the computational cost. Specifically,
the study was for a 5x5 bare bundle case based on the OECD/NEA MATiS-H bench-
mark. The case involved fully developed turbulent flow in a PWR rod bundle, with
water at an operating pressure of 1.5 bar and a bulk velocity of 1.5 m/s, corresponding
to a Reynolds number of 50250. A uniform heat flux of 200 kW/m? was applied to
evaluate heat transfer performance. The SubChCFD simulation used a significantly
coarser mesh of 1120 cells, compared to 54528 cells in the conventional CFD model,
enabling substantial computational savings. SubChCFD required only 1/60th of the
computational time per time step compared to conventional CFD. However, this ef-
ficiency gain is case-dependent and varies based on the specific flow conditions and
mesh configuration.

To further assess the applicability of SubChCFD in non-design operating condi-
tions, Liu et al. [83] investigated local blockage scenarios in a 5x5 rod bundle, where
a partial obstruction was introduced in one of the sub-channels. This blockage caused
significant flow redistribution, localized pressure losses, and enhanced inter-channel
mixing, making it a challenging test for coarse-grid CFD methods. The results showed
that SubChCFD could accurately capture form loss effects in the blocked region, pre-
dicting the pressure drop and lateral flow redistribution with reasonable accuracy
compared to resolved CFD. This demonstrated SubChCFD’s potential for complex

thermal-hydraulic simulations beyond nominal operating conditions.
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To enhance the predictive capability of SubChCFD, further developments have
been explored by coupling it with other CFD-based methods. In one approach, Sub-
ChCFD was coupled with embedded resolved CFD sub-models to refine simulations
and improve accuracy in selected regions of interest[83]. Another study integrated
SubChCFD with a porous media approach, expanding its modelling flexibility and
increasing its ability to handle sub-scale flow structures [84].

While previous studies have demonstrated the potential of SubChCFD, further
development and refinement remain necessary to extend its applicability to super-
critical pressure conditions and complex thermal-hydraulic phenomena. A number
of areas of study have been identified for the topics for this PhD research. The first
topic involves improving heat transfer modelling, particularly for mixed convection in
supercritical fluids, where incorporating improved Nusselt number correlations and
buoyancy corrections can enhance prediction accuracy. The second topic is the mod-
elling of the influence of wire-wrapped spacers in the SubChCFD framework, which is
important to accurately capture the secondary flow effects introduced by these struc-
tures. In addition to these developments, extending the capability of SubChCFD to
predict NCL behaviour has been selected as a useful development for SubChCFED.
This effort is useful for demonstrating the flexibility and potential of SubChCFD to
handle complex geometries and flow conditions, such as those encountered in passive

cooling systems.

2.3 Mixed convection in supercritical scenario

2.3.1 Physics overview of mixed convection

Mixed convection occurs when the flow is influenced by both forced convection and
buoyancy-driven natural convection [63]. This condition arises when the buoyancy
force is equivalent to or exceeds the inertial force, causing flow disturbances that can
either enhance or reduce heat transfer performance.

The influence of buoyancy in mixed convection depends on the interaction between
forced flow and gravity-driven effects. In a laminar flow, the influence of buoyancy is
relatively straightforward. When the buoyancy force acts in the same direction as the
main flow (buoyancy-aided flow, i.e., heated upwards flow or cooled downward flow),
it accelerates the near-wall fluid, enhances advective transport, and improves heat
transfer performance. Conversely, in buoyancy-opposed flow, such as heated fluid

flowing downward, the buoyancy force resists the main flow direction. This slows
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the near-wall fluid, reduces advection, and leads to deterioration in heat transfer
compared to forced convection.

In turbulent flow, however, buoyancy not only affects the mean velocity but also
significantly modifies turbulence production and structure. In buoyancy-opposed tur-
bulent flow (e.g., downward heated flow), the upward buoyant force increases the
near-wall velocity gradient, enhancing shear stress and promoting turbulence pro-
duction. This leads to stronger turbulent diffusion and improved heat transfer. In
contrast, in buoyancy-aided turbulent flow (e.g., upward heated flow), the buoyancy
force flattens the velocity profile near the wall (except right next to the wall where the
velocity gradient is increased but this does not affect turbulence production), thereby
reducing shear stress and suppressing turbulence production. As a result, turbulent
mixing weakens, and heat transfer deteriorates. [68]

This behaviour is illustrated in Figure 2.6, which shows the evolution of turbulent
shear stress distributions across the pipe radius with increasing buoyancy influence.
In an upward flow, turbulent shear stress near the wall progressively declines with
increasing buoyancy, leading to laminarization. With even stronger buoyancy, tur-
bulence can recover, resulting in improved heat transfer. In contrast, downward flow

shows enhanced turbulent shear as buoyancy increases, improving heat transfer.
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The effect of buoyancy on heat transfer can be observed in Figure 2.7 [59]. The plot
shows the Nusselt number ratio (Nu,/Nuy) as a function of a buoyancy parameter.
This figure complements the earlier discussion of turbulent shear stress by linking the

changes in flow behaviour directly to thermal performance.
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Figure 2.7: Effect of buoyancy on heat transfer for upward and downward flows [59].

For downward flow, buoyancy effect enhances near-wall shear stress and promoting
turbulence production. As a result, heat transfer performance improves steadily with
increasing buoyancy, with Nu,/Nuyg consistently above unity.

In contrast, upward flow shows a more complex trend. Initially, as buoyancy
increases, turbulence is suppressed due to reduced wall shear stress, leading to lam-
inarization near the wall and a significant drop in heat transfer performance. This
results in a region of heat transfer deterioration, where Nu,/Nuy drops below one.
As the buoyancy effect becomes stronger, it leads to a recovery and eventual enhance-
ment of heat transfer at higher buoyancy levels.

Understanding mixed convection is important in engineering applications such as
nuclear reactor cooling systems, high-performance heat exchangers, and atmospheric
flow analyses. In the context of nuclear reactors, mixed convection is relevant in
SCWRs. It is particularly important due to significant variations in thermal physical
properties and strong buoyancy effects resulting from large density gradients near
the pseudo-critical point, resulting in complex heat transfer behaviour that needs to

be carefully considered during reactor design and analysis. [2] As a result, extensive
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research has been conducted to investigate mixed convection in vertical tubes, annular
geometries, and fuel channels, both experimentally and numerically [101, 82].
Relevant experimental studies, numerical modelling and empirical correlation de-

velopments are present in the following sections.

2.3.2 Experimental studies

Experimental studies have played a crucial role in understanding heat transfer under
supercritical pressure conditions. Researchers have conducted extensive investigations
to explore the influence of buoyancy, turbulence, and thermal property variations on
heat transfer performance. These studies provide valuable insights for developing
reliable thermal-hydraulic models and improving the design of SCWRs.

The experimental investigation of heat transfer under supercritical pressure dates
back to the 1930s, with Schmidt et al. [107] conducting some of the earliest studies.
Their research focused on free convection heat transfer in fluids near the critical point,
where they observed that the heat transfer coefficient (HTC) reaches a peak value
in the near-critical region, highlighting the significant impact of thermal physical
property variations on heat transfer behaviour.

Subsequently, numerousus experimental studies investigated mixed convection in
supercritical heat transfer. Yamagata et al. [137] examined heat transfer deterioration
in the vertical tubes using water as the working fluid and found that strong buoyancy
effects led to turbulence suppression, reducing heat transfer efficiency in upward flow.
Yamagata et al. [137] observed a peak in the heat transfer coefficient appears at low
heat flux conditions. However, as the heat flux increases, heat transfer deterioration
sets in, resulting in a decline in heat transfer performance. Similar results are also
noticed in Swenson et al.’s experiment [115].

Jackson and co-workers [60, 59] conducted experimental studies on heat transfer
in supercritical fluids, primarily focusing on buoyancy effects in vertical heated tubes
using carbon dioxide at near-critical pressures. His experiments revealed that in
an upward flow, heat transfer deterioration occurred. In contrast, the downward
flow exhibited a more stable heat transfer performance. As shown in Figure 2.8, a
sharp localized peak in wall temperature is observed in upward flow. This sharp rise
in temperature indicates heat transfer deterioration, primarily caused by buoyancy-

induced laminarization. In contrast, downward flow does not exhibit this effect.
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Figure 2.8: Localized deterioration of heat transfer [59].

Kirillov et al. [70] investigated the radial cross-sectional temperature profile of
water flowing through a circular tube under subcritical and supercritical pressures.
Their findings indicated that at supercritical pressures and temperatures near the
pseudo-critical point, the temperature profile within the turbulent flow core follows
a logarithmic distribution. Yoshida and Mori [140] observed that supercritical heat
transfer is significantly influenced by rapid variations in thermophysical properties
with temperature changes across the flow. These variations lead to a peak in the
heat HTC near the pseudo-critical temperature at low heat flux. However, as the
heat flux increases, the peak HTC diminishes, highlighting the impact of heat flux on
supercritical heat transfer performance.

Experimental studies provide fundamental insights into supercritical heat transfer,
particularly regarding HTD, buoyancy-driven laminarization, and thermal physical
property variations. The results from historical and recent experiments demonstrate
the importance of considering buoyancy effects and heat flux variations in develop-
ing accurate thermal-hydraulic models for SCWR applications. While this chapter
presents only a selected set of experimental findings, it should be noted that an exten-
sive body of experimental research has been conducted over the past several decades.
For a more comprehensive overview, the reader is referred to the review by Rahman

et al. [?], which summarises experimental efforts related to supercritical water heat
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transfer. Experimental findings provide a foundation for further numerical simula-
tions and the development of heat transfer correlations, which will be discussed in

the following sections.

2.3.3 Numerical studies

In recent years, there has been growing interest in the numerical investigation of mixed
convection heat transfer at supercritical pressures, motivated by the complexity of the
fundamental physical phenomena. A major challenge is present in accurately captur-
ing these phenomena, such as strong variations in thermal physical properties near
the pseudo-critical point, buoyancy-induced flow instabilities, and the occurrence of
heat transfer deterioration. CFD has been widely used to examine velocity distribu-
tions, turbulence intensity, and thermal performance under supercritical conditions.
Numerical studies in this area are generally categorized into RANS, LES, and DNS;,
each offering different levels of accuracy and computational cost. Numerous stud-
ies also incorporate validation with experimental data and highlight the significance
of buoyancy effects and variations in thermal physical properties in influencing heat
transfer performance [97].

Kasagi and Nishimura [67] conducted one of the earliest DNS studies on mixed
convection, focusing on how buoyancy affects Reynolds stress distributions. By using
DNS, they were able to gather more detailed information about turbulence flow char-
acteristics compared to what is typically available from experimental research. Their
findings showed that buoyancy-driven flow significantly influences shear stress and
turbulence production, which results in heat transfer enhancement and heat transfer
deterioration.

You et al. [141] conducted DNS of turbulent mixed convection in fully developed
upward and downward air flows within a vertically heated tube, using the Boussinesq
approximation and assuming constant fluid properties. In upward flow, their results
showed that with increasing heat flux, the velocity near the wall initially decreased and
then increased, a trend also observed in the skin friction and heat transfer coefficients.
In contrast, for downward flow, both the velocity and skin friction remained nearly
unchanged, while the heat transfer coefficient increased with rising heat flux. These
findings highlight the significant impact of buoyancy direction on turbulence structure
and thermal transport in mixed convection.

Bae et al. [9] extended previous studies by performing DNS of turbulent heat
transfer in supercritical carbon dioxide flowing through vertical heated tubes, explic-

itly accounting for strong property variations near the pseudo-critical point. Both
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upward and downward flows were considered to analyse the influence of buoyancy on
turbulence and heat transfer behaviour. Their simulations captured key features such
as HTD in upward flow, associated with turbulence suppression near the wall, and
enhanced turbulence and heat transfer in downward flow.

In addition to the earlier DNS investigations, more recent studies by He et al. [49]
performed direct numerical simulations of heated pipe flow at supercritical pressure
and proposed a unified explanation for flow laminarisation. They showed that the
effects of buoyancy, changes in fluid properties, and flow development could all be
treated as similar to body forces. These forces reduce the effective Reynolds number
and lead to turbulence suppression. Their study clearly described how turbulence first
weakens, then disappears, and later reappears downstream. Similarly, Cao et al. [20]
conducted DNS of supercritical COy flows in heated micron-scale tubes, where the
pressure drop along the flow direction becomes significant. They found that flow
acceleration, combined with changes in thermal physical properties, had a strong
impact on turbulence and heat transfer performance. Together, these studies provide
a detailed understanding of turbulence development under supercritical conditions.

Within the RANS framework, early studies employed simple eddy viscosity mod-
els, where turbulent viscosity was calculated using basic algebraic equations. Al-
though these models lacked high accuracy, they offered valuable qualitative insights
into the heat transfer mechanisms at supercritical pressure. Recent advancements
in computational power have increased the use of refined turbulence models in nu-
merical studies.[101] Koshizuka et al. [71] carried out a numerical analysis on heat
transfer deterioration in a vertical tube by employing a low-Reynolds-number k-¢
model. The findings were compared with experimental data from Yamagata et al.
[137], and the results showed good agreement between them. In later study, Kim et al.
[108] evaluated over ten first-order closure turbulence models and concluded that the
RNG k-e model yielded the most accurate predictions for supercritical heat transfer.
Gu et al. [45] investigated HTD using six low-Reynolds-number turbulence models:
Abe-Kondoh-Nagano (AKN), Chien-Hsieh—Chen (CHC), Abe-Basley-Inagaki-Durbin
(ABID), Yang-Shih (YS), v?>-f, and Shear Stress Transport (SST). Their results
showed that all models captured the effects of buoyancy reasonably well, but the
v?~f and SST models demonstrated superior performance in predicting the onset of
HTD. Further assessment was conducted by He et al. [50], who compared several low-
Reynolds-number RANS models against DNS data for supercritical carbon dioxide
flow in vertical heated tubes. They found that models with damping functions highly

sensitive to buoyancy and flow acceleration—such as the Launder—Sharma (LS), Y,
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and AKN models—tended to over predict turbulence suppression. This resulted in an
exaggerated prediction of flow laminarization and, consequently, heat transfer deteri-
oration. In contrast, the v>~f model and other models with less responsive damping
functions more accurately predicted wall temperature profiles and turbulence recov-
ery, with the v~ f model showing the best overall agreement with DNS data. As v>-f
model can handle the near wall physics more realistically.

Numerical studies have played a critical role in advancing the understanding of
mixed convection heat transfer under supercritical conditions. In particular, they
have clarified the influence of buoyancy on turbulence behaviour and the mechanisms
leading to heat transfer deterioration. These studies have provided valuable data
that inform the development and refinement of heat transfer correlations, which will
be discussed in the following section. We have to note that there is a huge body of
literature on numerical studies of heat transfer to supercritical fluids and the above
review only serves an illustration of the capabilities and contributions of numerical
studies on this topic. Across studies, a consistent picture emerges: buoyancy, espe-
cially near the pseudocritical region, near-wall turbulence reduction under heating
and, together with strong acceleration, triggers heat transfer deterioration, acceler-
ation parameters, and proximity to T, correlate with onset and recovery. Common
future directions include standardizing HTD criteria across studies and building open
high fidelity (LES/DNS) datasets for calibration.

2.3.4 Correlations development

Empirical correlations are important tools for estimating heat transfer in mixed con-
vection flows, particularly under supercritical conditions. These correlations provide
simplified mathematical expressions based on experimental results or high-fidelity
simulation data. They allow for fast and practical estimation of key thermal-hydraulic
parameters, such as heat transfer coefficients and friction factors, which are especially
useful in engineering applications where detailed numerical simulations may be too
computationally expensive. In addition, empirical correlations are widely used in
the development of system codes and subchannel analysis tools, where efficient and
reliable empirical correlations are necessary for simulating the thermal-hydraulic be-
haviour of nuclear systems.

The complex interactions between buoyancy and inertial forces have led many re-
searchers to develop correlations that consider various parameters, including Reynolds

number, Grashof number, Prandtl number, and heat flux. These correlations offer
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powerful tools for the design and safety assessment of nuclear reactor systems, par-
ticularly SCWRs. Numerous empirical correlations have been developed to estimate
the Nusselt number in mixed convection. These correlations are derived from both
experimental and numerical studies to capture the key thermal-hydraulic effects [101].

The Dittus-Boelter equation [37] remains one of the most widely used empirical

relations for convective heat transfer, given by:

Nu = 0.023Re)® Pry-* (2.1)

However, this equation does not account for the significant variations in properties
that occur in supercritical fluids. To address these limitations, numerous researchers
have modified classical correlations to include additional terms that capture the influ-
ence of buoyancy. Bishop et al. [17] developed an empirical correlation that includes

a geometry factor to account for entrance effects.

0.43 D
Nuy, = 0.0069 Rej? Pry-%° (p—w) (1 + 2.4—) (2.2)
Pb x

This correlation also includes a correction based on the wall-to-bulk density ratio,
which reflects the impact of strong property variations near the pseudo-critical point.
Similar correction factors, particularly involving the density ratio, are commonly used
in empirical correlations.

In 2002, Jackson [58] refined previous models by developing an empirical correla-
tion for forced convection heat transfer at supercritical pressure. This correlation is
based on the work of Krasnoshchekow and Protopopov [73]. The model takes into
account variations in heat capacity near the pseudo-critical region by introducing a
baseline Nusselt number (Nwuy). This baseline is then adjusted using multiplicative

correction factors to account for additional effects.
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To account for buoyancy effects in mixed convection, Jackson and Hall proposed a
correction based on the dimensionless buoyancy parameter Bo*. Their model relates
the ratio of the Nusselt number for mixed convection (Nu) to that for forced con-
vection (Nuy) which is also Nu, mentioned in the early equations to the buoynacy
parameter (Bo*) through an implicit equation. There are a number of versions of the

correlation, and here we use one established in Li and Jackson [82]:

—2
1+2.5 % 10° Bo* (M>
NUf

0.46
Nu
NUf

(2.6)

In this expression, Nu represents the heat transfer under mixed convection con-
ditions, while Nuy corresponds to the heat transfer predicted from forced convection
alone (such as from Jackson’s correlation). The 4 or — sign is used depending on
whether buoyancy aids or opposes the main flow direction, respectively. The buoy-
ancy parameter (Bo*) is a dimensionless quantity that quantifies the relative impact
of buoyancy forces in the system and is defined as:

Gr*

Bo* = Ro3125 p 08’ (2.7)

where the Grashof number (Gr*) is given by:

PyD qu
vz
In these equations, Gr* is expressed as a function of applied heat flux (g,), rod

Gr* = (2.8)

diameter (D), and some fluid properties. f is the thermal expansion coefficient,
and ¢ is the gravitational acceleration. A denotes the thermal conductivity, and
v is the kinematic viscosity. The Prandtl number (Pr) characterizes the ratio of
momentum diffusivity to thermal diffusivity, playing a crucial role in defining thermal
transport characteristics. The correction (equation 2.6) captures the enhancement or
deterioration of heat transfer due to buoyancy effects.

Cheng et al. [28] introduced a dimensionless parameter, known as the accelera-
tion parameter (74), to represent the influence of flow acceleration in supercritical
fluids. This acceleration arises from strong density gradients along the flow direction,

particularly near the pseudo-critical point. The parameter is defined as:

Bor
o G

where 3 is the thermal expansion coefficient, ¢, is the specific heat, p is the fluid

TA =

(2.9)

density, and G is the mass flux. A high 74 value indicates strong acceleration effects
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due to thermal expansion. Based on this parameter, Cheng proposed a correction to

the classical Dittus—Boelter correlation to account for the acceleration effect:

Nu
F = = 2.1
002 R0 pA — 1 (M4) (2.10)

The correction factor F' is defined by a piecewise function, with the final form:

F= min(Fl, Fg) (211)
Fy = 0.85+0.776(m4 x 10%)** (2.12)
0.48 TA
= 1.21 11— 2.13
> (mapo x 103)15 * < WA,PC) (2:13)

This formulation avoids direct reliance on wall temperature, which enhances nu-
merical stability and allows the correlation to be applied consistently across both
normal and deteriorated heat transfer conditions.

Zhao et al. [144] further extended this approach by introducing the buoyancy pa-
rameter (7p), which captures the influence of density gradients in the radial direction

and is defined as:

pBD
k
where D is the tube diameter and £ is the thermal conductivity. This parameter

T = (2.14)

quantifies the effect of buoyancy forces on flow and turbulence structure. Based on
experimental data for downward supercritical water flow, Zhao proposed a modified

correlation:

Nu = 0.023Re*4Prl/3 . F (2.15)
F = min(F, Fy) (2.16)

Fy =0.624 0.06 - In(7p) (2.17)
(2.18)

Fy =11.46 - [In(xp)] "™ 2.18

In addition to heat transfer correlations, the prediction of frictional pressure loss
is a critical component in thermal-hydraulic analyses. For turbulent flow in smooth

pipes under isothermal conditions, the Blasius approximation [131] is widely used:

f=0.316-Re ®*, for 4 x 10° < Re < 1 x 10°. (2.19)

However, under supercritical conditions, the strong temperature dependence of

fluid properties such as density and viscosity introduces non-isothermal effects that
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influence wall shear stress and flow development. To address this, modified friction
factor correlations have been proposed.

Kirillov [69] introduced a correction based on the density ratio between the wall

and bulk fluid:

0.4
Faondiso = fiso (p—w) , for 8 x 10* < Re < 1.5 x 10°. (2.20)
Pb

Similarly, Yamashita et al. [138] proposed a viscosity-based correction:

L 0.72
fnon—iso == fiso (_w) . (221)
Kb

These corrections are designed to capture the influence of property variations
in non-isothermal flows, particularly near the pseudo-critical point. While they do
not explicitly account for buoyancy forces, the use of density or viscosity ratios can
indirectly reflect some effects associated with strong thermal gradients.

The correlations presented in this section are selected examples from a wide range
of models. While not comprehensive, they reflect key approaches used to account for
effects such as property variation, flow acceleration and buoyancy. These correlations
offer powerful tools for analysing thermal-hydraulic behaviour under supercritical
conditions.

A comprehensive research for supercritical thermal-hydraulic analysis relies on
the integration of experimental investigations, numerical simulations, and correlation-
based approaches. Experimental studies reveal key thermal-hydraulic phenomena and
provide high-quality benchmark data. Numerical simulations enable detailed analysis
of flow dynamics, turbulence behaviour, and heat transfer mechanisms under complex
conditions. Empirical correlations, derived from experimental and numerical findings,

serve as reliable tools for engineering design and analysis.

2.4 Wire-wrapped rod bundle

2.4.1 Overview of wire-wrapped spacer geometry and func-
tion

The wire-wrapped rod bundle is a common configuration for fuel assemblies used
in various advanced nuclear reactor designs such as the SCWR and LMFRs.(see
Figure 2.9) [26]

The wire-wrap spacers maintain the rod bundle’s geometric arrangement and im-

prove heat transfer and fluid mixing within the flow domain [75]. Wire wraps create a
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Figure 2.9: Wire-wrapped rod bundle schematic [26]

swirling motion in the coolant flow, which generates secondary flows that significantly
impact heat transfer characteristics. These secondary flows enhance thermal mixing
between adjacent subchannels, resulting in improved heat removal efficiency and a
more uniform temperature distribution within the bundle. This helps reduce the
risk of localized hot spots, which are among the major thermal-hydraulic concerns in
SCWRs due to their potential to raise cladding temperatures. The use of wire wraps
improves the safety margin by lowering peak cladding temperatures and producing a
more uniform temperature distribution along the fuel rods [101].

In addition to enhancing axial heat transfer, wire wraps induce cross-flow between
adjacent sub-channels, improving coolant redistribution. This lateral mixing enhances
cooling performance and helps ensure a more uniform distribution of coolant across
the fuel bundle. Overall, wire-wrapped spacers offer thermal-hydraulic advantages
that contribute to safer and more efficient SCWR core designs.

Below, we review experimental and numerical research that explores the complex
relationships among secondary flows, heat transfer enhancement, and pressure drop
characteristics in wire-wrapped rod bundles. These studies offer valuable insights for
optimising spacer designs and enhancing the overall efficiency and safety of SCWR

fuel assemblies.

2.4.2 Experimental studies

The flow dynamics in wire-wrapped rod bundles are quite complex, and experimen-
tal studies are essential for investigating the underlying physical phenomena. They
provide direct measurements of key parameters such as pressure drop, flow distribu-
tion, and heat transfer under realistic conditions. In addition to advancing physical

understanding, experimental data also serve as important benchmarks for validating

32



CFD models. To support these efforts, specialized test facilities are developed to
replicate the thermal-hydraulic conditions found in reactors employing wire-wrapped
configurations.

Li et al.[81] conducted experimental research on heat transfer characteristics using
a heated rod with a helically wrapped wire inside a square channel under supercritical
conditions. Their results indicated that while the wire-wrap spacer had minimal im-
pact on heat transfer under normal heat transfer conditions, it significantly enhanced
heat transfer within the pseudo-critical region. The findings also revealed that, at
lower supercritical pressures, the increased specific heat in the pseudo-critical region
improved heat transfer, while higher pressures delayed the onset of heat transfer dete-
rioration. Additionally, under strong buoyancy effect conditions, the wire-wrap spacer
helped delay heat transfer deterioration, demonstrating its potential to improve the
thermal performance of nuclear fuel assemblies.

Gang et al. [43] studied the heat transfer behaviour of supercritical water in annu-
lar channels equipped with wire-wrap spacers, focusing on the effects of heat flux and
mass flux near the pseudo-critical region. A key observation from their study was the
localised heat transfer enhancement induced by the spacers. The wire-wraps gener-
ated secondary flows that promoted coolant mixing and improved temperature unifor-
mity, particularly under stronger buoyancy conditions. Specifically, the spacer effect
was most pronounced at low mass fluxes (below 750 kg/m?-s) and high heat fluxes
(above 400 kW /m?), where buoyancy effects became stronger and turbulence levels
were insufficient. Under these conditions, supercritical flows are normally expected
to have localised overheating and reduced heat transfer performance. However, the
experimental results showed that wall temperatures remained relatively uniform near
spacer locations, indicating that spacer-induced mixing effectively mitigated HTD. Gu
et al.[44] conducted experiments using supercritical water in a 2 x 2 wire-wrapped
rod bundle. They found that the wire wrap also enhanced heat transfer compared to
a bare rod bundle under lower buoyancy effect conditions.

Wang et al.[124] investigated the circumferential temperature distribution in a 2 x
2 wire-wrapped rod bundle and found that the maximum wall temperature occurred
in the narrow gap between the heated rod and the ceramic flow tube. In contrast, the
lowest temperature was observed in the central sub-channel between the rods. The
study reported that the circumferential temperature gradient was more pronounced in
both low and high enthalpy regions, while it significantly decreased near the pseudo-
critical enthalpy zone. Additionally, when compared to a bare rod bundle, the wire-

wrapped configuration led to lower overall wall temperatures and significantly reduced
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circumferential temperature gradients. This improvement is attributed to enhanced
turbulence and mixing induced by the wire wraps, which promote more uniform heat
transfer around the rod surface and help mitigate localized hot spots. In a later phase
of the same study [54], the researchers also demonstrated that the presence of wire
wraps affected the uniformity of circumferential wall temperatures. The wire wraps
improved heat transfer, especially in the pseudo-critical region, by facilitating better
thermal mixing and redistributing the flow.

Hu et al. [55] investigated the heat transfer performance of a 2 x 2 wire-wrapped
rod bundle under supercritical conditions and found that the presence of wire-wrap
spacers enhanced heat transfer. Specifically, the heat transfer coefficient was observed
to be 8.4% higher compared to an equivalent bare rod bundle without spacers. This
enhancement was attributed to the swirl flow induced by the helical wire-wrap, which

promoted secondary flows and improved coolant mixing within the bundle.

2.4.3 Numerical studies

In recent years, numerical simulations have become a widely adopted tool for inves-
tigating cross-flow and heat transfer in wire-wrapped rod bundles. While traditional
system and subchannel codes have been widely used to analyse wire-wrapped rod
bundle configurations, their strength lies in evaluating overall thermal-hydraulic be-
haviour, such as average heat transfer rates and pressure drops at the bundle or core
scale. However, due to their reliance on simplified models and empirical correlations,
these tools have limited ability to resolve complex local flow phenomena, including
vortices, swirl, and secondary flows induced by wire-wrap spacers. In contrast, CFD
provides detailed resolution of the flow field. This allows for accurate prediction of 3D
flow behaviour and local heat transfer characteristics, making CFD particularly valu-
able for studying the effects of spacer-induced mixing and anisotropic flow structures
within wire-wrapped bundles.

Shan et al.[109] developed a sub-channel code for wire-wrapped SCWR rod bun-
dles using the ATHAS in-house code. Their results indicated that wire-wrapped
assemblies provide a more uniform coolant temperature distribution compared to
scattered grid assemblies, which leads to lower peak cladding temperatures. Addi-
tionally, these wire-wrapped assemblies have a lower pressure drop than grid-attached
configurations, potentially reducing the pump’s power requirements. The study also
emphasised the significant impact of wire-wrap pitch (the axial distance for one full

turn of the helical wire around a rod) on flow behaviour; a smaller pitch enhances
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cross-flow, promotes a more uniform coolant temperature distribution, and results in
a higher pressure drop.

Fischer et al.[41] conducted LES to investigate the flow behaviour in a wire-
wrapped fuel pin, applying periodic boundary conditions. Their results showed that
cross-flow velocities displayed a sinusoidal pattern. These findings from the LES have
since served as a reference dataset for validating turbulence modelling methods based
on RANS simulations. In CFD simulations, it is crucial to balance computational
cost and the level of detail flow feature capture.

Advanced models such as LES and DNS offer a more detailed representation of low
field characteristics, but the computing cost is often prohibitively high. the RANS
model is commonly used to capture the macroscopic distributions of three-dimensional
thermal-hydraulic parameters with a much reduced cost [127]. The performance of
RANS has been demonstrated to be effective in several research studies. Pointer
et al.[99] performed simulations of flow in a wire-wrapped 7-pin bundle using both
RANS and LES methods. Their findings demonstrated that the RANS-based CFD
approach was capable of accurately predicting cross-flow behaviour. Debbarma and
Pandey[33] conducted a numerical study on the proposed model HPLWR, focusing on
rod spacing and sub-channel behaviour within a rod bundle. Their analysis revealed
that the RNG k-¢ with enhanced near-wall treatment provided the most accurate
predictions for flow and heat transfer characteristics in sub-channels. Simulation re-
sults demonstrated that the inclusion of wire-wrapped spacers significantly enhanced
flow mixing while maintaining a relatively low-pressure drop across the assembly:.
Additionally, the simulations indicated that the temperatures stayed within material
limits, suggesting that the wire-wrapped spacer enhanced the safety design. Merzari
et al. [92] assessed RANS calculations from two independent research institutions in
comparison to LES simulations carried out by Argonne National Laboratory, which is
widely regarded as the reference data for wire-wrapped rod bundles. Among their var-
ious simulations, the k-w SST turbulence model demonstrated the highest accuracy,
making it the preferred choice in this PhD study. The same finding was demonstrated
in the work of the other group [145]. Leung et al.[79] investigated how sensitive CFD
predictions are to two turbulence models: k-w and v2f. The study found that the k-w
model consistently under-predicted wall temperature measurements across all three
experimental test conditions. In contrast, the v2f model under-predicted results in
subcritical conditions but over-predicted them in pseudo-supercritical and supercrit-
ical conditions. Additionally, the peak wall temperature in the wire-wrapped cases

was simulated to be lower than that observed in non-wired rod bundles. Furthermore,
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Podila and Rao’s study[98] concludes that the k-w SST turbulence model provided
the most accurate predictions against experimental data in pseudo and supercritical
conditions, while the v2f model performed better under subcritical test conditions.

Coarse-grid CFD approaches for wire-wrapped rod bundles have also been ex-
plored by Hu and Fanning [53] and Bieder et al. [15], as discussed in the previous
section. Their work demonstrated that with appropriate modeling strategies, such as
momentum source terms or wall function treatments, key thermal-hydraulic features
can be captured while significantly reducing computational cost.

Numerical studies on wire-wrapped rod bundles have highlighted both the strengths
and limitations of various turbulence models in predicting thermal-hydraulic be-
haviour. The presence of wire wraps significantly alters the flow structure by en-
hancing turbulence and promoting mixing, which leads to lower peak wall temper-
atures compared to bare rod configurations. While several turbulence models have
been applied to this geometry, capturing the detailed flow features often requires fine
meshes and results in high computational costs. One of the key research interests is
to develop computationally efficient methods that can accurately capture the essen-
tial thermal-hydraulic effects of wire-wrapped geometries without requiring excessive
computational resources. In this PhD study, a special approach will be considered
for SubChCFD to enable this coarse grid CFD method to effectively deal with wire

wrap spacers.

2.5 Natural circular loop system

2.5.1 Overview of natural circulation

Natural circulation loops (NCLs) are thermal-hydraulic systems in which fluid motion
is driven entirely by buoyancy forces, without the use of mechanical pumps. The
circulation arises from density gradients caused by temperature differences within
the loop. Typically, an NCL consists of a heat source and a heat sink: fluid in the
heated section becomes less dense, while fluid in the cooler section becomes more
dense. This density difference establishes a continuous natural flow cycle.

However, temperature-driven flow in NCLs can result in complex behaviour. Vari-
ations in density between the vertical sections of the loop can generate fluctuating
buoyancy forces that accelerate or decelerate the flow. When combined with frictional
losses and thermal dissipation, these fluctuations may lead to flow instabilities, includ-

ing oscillatory behaviour or even flow reversals [128]. Further modelling challenges
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arise from heat conduction through structural materials and transitions between lami-
nar and turbulent flow regimes at different locations in the loop. Accurately capturing
these effects is essential for reliable simulation and design of NCL systems.

Beyond their fundamental fluid dynamics, NCLs play a critical role in various
engineering applications, particularly where passive heat removal is required. They
are widely used in solar thermal systems, electronic cooling, and most notably, in
passive safety systems for nuclear reactors. In Generation IV reactor concepts, NCLs
are expected to enhance system reliability, reduce operational costs, and improve

safety margins by eliminating the need for active pumping [56].

2.5.2 Experimental studies

The study of natural circulation experimental loops attracts significant attention,
particularly concerning their stability characteristics under various operating condi-
tions, including those at supercritical pressure. Such systems are known to exhibit
unstable behaviour under certain thermal-hydraulic conditions. [21]

Some reduced-scale and simplified integral system test facilities have been estab-
lished globally to replicate and analyse natural circulation behaviour under controlled
conditions. These facilities contribute to the advancement of passive safety system
design by supplying experimental datasets that support numerical modelling and pre-
dictive simulations of natural circulation loops.

In the early time, Hallinan and Viskanta [47] conducted experimental investiga-
tions on natural circulation in a rectangular loop equipped with tube bundles where
one vertical section functioned as the heat source and the other as the heat sink.
Their results indicated that the transition from laminar to turbulent flow occurred
at a relatively low Reynolds number of approximately 340, which was attributed to
strong buoyancy effects under mixed convection conditions. Additionally, they found
that the friction parameter exhibited an approximately linear relationship with the
Reynolds number in the laminar regime, similar to trends observed in forced con-
vection. These findings offer valuable insights into the onset of turbulence and the
frictional characteristics of naturally circulating flows, enhancing the overall under-
standing of stability and performance in passive thermal-hydraulic systems.

Vijayan et al. [122] studied the frictional characteristics and overall hydrodynam-
ics of NCLs using a figure-eight-shaped experimental facility. Their findings revealed
that, for a given Reynolds number, the pressure loss coefficient under natural circula-
tion conditions was up to 30% higher than that observed in forced circulation. This

increase in pressure loss was accompanied by a notable enhancement in the Nusselt
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number, emphasizing the distinct thermal-hydraulic behaviour of NCLs compared to
forced-flow systems. These insights enhance the understanding of frictional effects
and heat transfer efficiency in naturally circulating systems. Following earlier studies
on heat transfer and frictional characteristics, Vijayan et al. [123] shifted their exper-
imental research focus to evaluating the instability behaviour of NCLs in rectangular
configurations. Their study analysed three geometrically similar setups, each featur-
ing heating in the lower horizontal arm and cooling in the upper horizontal arm, but
differing in tube diameters: 6 mm, 11 mm, and 23.2 mm. The experiments were
conducted over a wide range of heater power levels and coolant flow rates. No insta-
bilities were detected in the two smaller diameter loops across the tested conditions;
however, the largest loop exhibited oscillatory instabilities and flow reversals under
specific experimental conditions. These findings highlight the significant influence of
pipe diameter on system stability, suggesting that geometric parameters play a crucial

role in determining the dynamic behaviour of NCLs.

2.5.3 Numerical studies

Computational methods, including CFD and system codes (e.g. ATHLET, RELAP,
TRACE, and CATHARE), have been widely used to investigate the thermal-hydraulic
behaviour, stability characteristics, and transient responses of natural circulation
loops. These tools provide a flexible and efficient approach to analysing NCLs under
a wide range of conditions, including supercritical pressures and complex geometries,
which are challenging to capture through experiments alone. However, accurate nu-
merical prediction remains a challenge due to uncertainties in turbulence modelling,
heat transfer correlations, and fluid property variations, particularly in supercritical
conditions.

The initial phase of numerical investigations in this area begins with a 1D sim-
ulation approach. Vijayan et al. [121] emphasized the importance of frequently
switching frictional correlations between laminar and turbulent regimes when mod-
elling unstable oscillatory flow that involves repetitive low reversals. In their study,
the ATHLET code was used to solve 1D mass, momentum, and energy conservation
equations, along with a radial heat conduction model to account for wall damping
effects. To accurately model the changing flow regime, the laminar friction factor was

calculated as f; = while the turbulent friction factor was determined using the

16
[Re|?
Colebrook—White correlation. This implicit correlation accounts for the combined

effects of Reynolds number and relative roughness:
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where f is the Darcy friction factor, £/D is the relative roughness of the pipe, and
Re is the Reynolds number.
To ensure a smooth transition and avoid numerical instability, a simple switching

criterion was applied:

f=max(fi, f) (2.23)

where f; and f; are the laminar and turbulent friction factors, respectively. This
method avoids abrupt changes in the friction factor near the transitional Reynolds
number and helps maintain numerical stability during rapid oscillations. Their sim-
ulations showed reasonable agreement with steady-state experimental results [123],
although the predicted flow rates were slightly overestimated. The study also high-
lighted the importance of spatial resolution: fine nodalization was essential to accu-
rately capture instability growth, while coarse grids failed to reproduce the oscillatory
behaviour.

Mangal et al. [88] evaluated the performance of RELAP5 in modelling high-
pressure natural circulation loops and multi-channel heating systems. Their findings
highlighted that the choices made in nodalization and numerical discretization have
a significant impact on stability predictions. These are user effects, and they can be
minimised by using a standard input template, verifying mesh and time-step inde-
pendence, changing one setting at a time, and staying within model validity. One
limitation noted was the numerical diffusion caused by the first-order upwind scheme,
which resulted in artificially stable flow predictions, even in cases where oscillatory be-
haviour was expected. Additionally, inconsistencies were attributed to semi-empirical
equations, which may have led to deviations from experimental results. The stability
prediction for single-phase NCLs is highly sensitive to numerical factors and nodal-
ization strategies, as previously discussed.

Ambrosini and Ferreri [4] examined how grid resolution and discretisation methods
affect the stability for turbulent flow in a loop with a point heat source and sink. Their
findings emphasised that both grid size and the chosen numerical approach signifi-
cantly impact stability predictions. Among first-order methods, the explicit upwind
scheme demonstrated greater effectiveness than its implicit counterpart, maintaining
numerical stability. In their later research, the choice of friction correlations was

discovered to significantly affect the neutral stability curve. Ambrosini et al. [5]
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strongly recommended using accurately assessed wall friction factors, emphasising
the importance of properly capturing the transition between laminar and turbulent
flow regimes. Their findings demonstrated that improper modelling of friction can
lead to inaccuracies in stability predictions, highlighting the necessity of a precise
correlation accounting for frictional effects in numerical simulations of NCLs.
Experimental studies have shown that flow stratification and secondary flows oc-
cur in NCLs. These phenomena cannot be accurately captured by 1D analyses. This
limitation has been identified as a key reason why 1D codes sometimes fail to pre-
dict flow stability, leading to inconsistent results across various loop configurations,
as noted by Ambrosini[3]. To address these challenges, researchers have increasingly
turned to multi-dimensional models and CFD codes. These advanced tools provide
greater accuracy in capturing complex flow structures and stability characteristics
within NCLs. One of the earliest attempts to develop a 2D model for a toroidal
natural circulation loop was conducted by Mertol et al. [90] in 1982. Their study
utilized a finite-difference method to account for variations in flow both radially and

axially. They expressed friction and heat transfer relationships as a function of the

Graetz number (Gz = Re Pr %) The results showed that average velocity initially
increased with Gz, reached a peak, and then declined due to increased friction and
reduced temperature differentials at higher velocities. While their model successfully
predicted steady-state flow characteristics, it struggled to accurately capture flow
reversals, highlighting the limitations of early 2D approaches in modelling complex
behaviours of natural circulation loops. Recent research by Desrayaud et al. [36]
investigated the effects of Rayleigh number (Ra) and aspect ratio on the behaviour
of a rectangular NCL. The simulations utilized staggered, non-uniform 2D Carte-
sian grids to improve numerical accuracy. The study found that local vortices were
the main factor driving the growth of oscillations, emphasizing the critical role of
secondary flow structures in influencing loop stability and flow dynamics. These find-
ings provide valuable insights into the mechanisms causing flow instabilities in NCLs,
highlighting the importance of considering localized flow features in numerical mod-
elling. Subsequently, in Wilson et al.’s research [135], they conducted transient CFD
simulations on simplified 2D NCLs with varying aspect ratios and a range of Rayleigh
numbers. By employing an URANS approach, the simulations effectively captured
unstable flow behaviour, including persistent flow reversals, which were qualitatively
consistent with experimental observations. Furthermore, the steady-state predictions

closely matched existing empirical correlations. The study highlighted a significant
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sensitivity of flow stability to thermal boundary conditions and loop geometry, show-
ing that higher Rayleigh numbers and larger aspect ratios tend to promote instability
in NCLs.

With the increasing availability of computational resources, 3D simulations allow
for a more accurate evaluation of turbulent structures, instability mechanisms, and
localized heat transfer effects that are not well captured in lower-dimensional models.
Various three-dimensional numerical studies have been conducted to gain a better un-
derstanding of flow reversals and transition phenomena in NCLs. In early research,
Lavine et al. [77][76] developed a 3D steady-state model for a toroidal NCL. Their
model effectively represented streamwise flow reversal, secondary flow, and asymmet-
ric temperature distribution. The findings indicated that 1D and 2D models tend
to overestimate total buoyancy as they cannot represent 3D recirculations and cross-
flows, resulting in average axial velocity predictions that were 31% and 47% higher
than actual measurements, respectively. Recent observations have shown flow rever-
sal in the toroidal NCL, attributed to the formation of small-scale vortices, localized
recirculation zones, and helical flow motion within the bulk circulation. To enhance
the understanding of these complex flow dynamics, Ridouane et al. [52] developed a
more advanced 3D numerical model, focusing on a Rayleigh number range of 103-107.
This refined approach improved the visualization and analysis of vortex structures and
instability mechanisms, providing deeper insights into flow reversals and their effects
on NCL behaviour.

After this, Kudariyawar et al. [74] conducted 3D steady-state and transient
CFD simulations of the Bhabha Atomic Research Centre (BARC) NCL in a ver-
tical heater—vertical cooler (VHVC) configuration. Their study demonstrated strong
agreement with both experimental data and established correlations, highlighting the
accuracy and reliability of their CFD approach. The numerical methodology involved
solving the RANS equations using both the standard k- turbulence model with wall
functions and the low-Reynolds-number k-¢ model developed by Launder and Sharma.
The low-Re model proved particularly effective in capturing the complex flow struc-
tures and oscillatory instabilities characteristic of natural circulation loops, especially
under low-Reynolds-number conditions.

Wilson et al. [133] conducted a comparison between URANS models and LES
for simulating rectangular NCLs. Their study revealed that the Elliptic-Blending
Reynolds Stress Model (EB-RSM) exhibited the best agreement with LES results.
The Launder-Sharma (LS) k- model also performed well, accurately capturing key
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flow structures. In contrast, the k-w SST model tended to overpredict turbulence lev-
els, leading to excessive mixing and enhanced heat transfer, especially in the cooler
section, which resulted in a greater temperature drop and overall lower predicted fluid
temperatures compared to both experimental data and higher-fidelity models like
LES. Additional simulations using the LS k-¢ model showed a strong alignment with
experimental data and effectively captured flow trends. However, the study empha-
sized that consistent results with empirical correlations do not necessarily guarantee
the accuracy of the flow field. These findings highlight the effectiveness of URANS
models for simulating NCLs, providing valuable insights for the design and validation
of such systems.

Numerical modelling has greatly enhanced our understanding of NCLs by cap-
turing essential thermal-hydraulic behaviours, flow instabilities, and stability char-
acteristics. While 1D and 2D models provided initial insights, 3D simulations and
advanced turbulence models led to improved accuracy in predicting flow reversals and

secondary flows.
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Chapter 3

Methodology

3.1 CFD

As introduced in the literature review, CFD is a powerful approach for analysing com-
plex flow and heat transfer behaviours in nuclear systems, including those operated
under supercritical conditions.

This section outlines the fundamental methodology underpinning CFD analysis
relevant to the present study. It begins with the governing equations, followed by
the closure problem involving turbulence modelling and wall treatment. The finite
volume method (FVM) used for numerical discretisation is also briefly introduced.
The fidelity of CFD predictions depends on various factors such as numerical schemes,

grid resolution, and physical modelling, all of which are discussed in this section.

3.1.1 Governing equations

The behaviour of fluid flow and heat transfer is governed by the fundamental conser-
vation laws of mass, momentum, and energy. The resulting governing equations form
the basis of CFD analysis.
The continuity equation ensures mass conservation in a fluid flow and is expressed
as:
Ip

otV (pu) =0 (3.1)

where p is the fluid density, ¢ is time, and u is the velocity vector.

The Navier-Stokes equations describe the conservation of momentum for a New-
tonian fluid. They are derived from Newton’s second law of motion, which states that
the rate of change of momentum of a fluid element is equal to the sum of the forces

acting on it, including pressure gradients, viscous stresses, and external body forces
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such as gravity. These equations provide a mathematical framework for analysing
fluid motion by accounting for inertia, pressure forces, viscous effects, and external
body forces.

The general form of the Navier-Stokes equations in conservation form is given as:

ou
pajtpv-(u@u):—Vp%—V-T—l—pf (3.2)
where u = (u,v,w) is the velocity vector, p is the pressure, T is the viscous stress
tensor, and f represents external body forces such as gravity.

The viscous stress tensor 7 is defined as:
2
7=p(Va+vu') - gM(V ~u)l (3.3)

Here, p is the dynamic viscosity, and I is the identity tensor. The second term
accounts for the effect of volumetric expansion or compression.

The transient term paa—‘t‘ represents unsteady effects, the convective term pV-(u®u)
represents advection, the pressure gradient term —Vp accounts for pressure forces,
the viscous diffusion term V - 7 models viscous effects, and the body force term
pf includes external forces such as gravity. Together, these terms fully define fluid
motion under the continuum assumption.

The conservation of energy in the CFD solver is expressed as:

A(pcyT)
ot

where 7' is the temperature, ¢, is the specific heat at constant pressure, k is the

+ V- (pc,ul’) =V - (kVT) + ¢ (3.4)

thermal conductivity, and ¢ represents the volumetric heat generation.

3.1.2 Closure problem and turbulence modelling

The Navier—Stokes equations can describe the full behaviour of fluid flow, including
turbulence. However, turbulent flows exhibit complex, chaotic fluctuations across a
wide range of spatial and temporal scales. To capture all these details directly in a
simulation, extremely fine grids and small time steps are required, which makes the
computational cost prohibitively high for practical engineering problems.

DNS solves the Navier-Stokes equations without any turbulence modelling. It
resolves all scales of motion and provides very accurate results. However, DNS is
limited to simple geometries and low Reynolds number flows because of its high
computational demand. For this reason, it is mostly used in academic research or to

validate turbulence models as a numerical experiment.
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To reduce the computational cost, other approaches have been developed. LES
resolves the large-scale turbulent structures while modelling the smaller, subgrid-scale
motions. LES is based on the spatially filtered Navier-Stokes equations, where the

filtering operation introduces the subgrid-scale (SGS) stress tensor:

7595 = Wy — w4 (3.5)

which represents the effect of unresolved scales on the resolved flow. To close
the equations, this SGS tensor must be approximated using a subgrid-scale model.
Various SGS models have been developed for this purpose, and the choice depends
on the flow configuration and desired accuracy.

LES can capture important unsteady and three-dimensional features of turbulence
with better accuracy than simpler models, but it still requires relatively fine meshes
near walls and remains expensive for complex flows.

RANS is widely used in engineering applications, which is much less computa-
tionally expensive than DNS and LES. RANS solves time averaged Navier-Stokes

equations based one the following decomposition of the flow variables:

u=u+u, p=p+y

where u and p represent the mean velocity and pressure, while u’ and p’ denote
the fluctuating components.
When this decomposition is substituted into the Navier—Stokes equations and

averaged over time, new terms appear which are the so-called Reynolds stress tensor:

Tij = —Pm

These additional terms represent the influence of turbulence on the mean flow.
These new terms are additional unknown variables, which cannot be determined from
the RANS equations by simply introducing more equations, nor can they be derived
exactly from theory. These need to be represented using empirical turbulence models.
Hence this problem is known as the closure problem.

Most turbulence models are eddy viscosity type based on Boussinesq hypothesis
[119]. That assumes a linear relationship between the Reynolds stresses and the mean

velocity gradients. that is:

- 2
Ti]’ = 21/tSZ-j — gpk’(sw (36)
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Different turbulence models have different ways calculating the eddy viscosity 1.
The mixing length model due to Prandt is one of the most simple models [130], which

express turbulent viscosity is defined as:

dU
dy

where [, is the mixing length, representing the characteristic size of turbulent

Vt:lzn

(3.8)

eddies. While effective for simple shear flows, such as fully developed pipe flows, this
model lacks general applicability for complex geometries and highly unsteady flows.
In practice, the mixing length is often estimated based on the distance from the wall
or determined using empirical relations based on specific flow conditions.

Two-equation turbulence models introduce transport equations for turbulence
quantities, improving their accuracy over algebraic models. The most widely used
two-equation models are the k-e and k-w models. [119]

The k-e model provides a widely used solution to the closure problem by solving
two additional transport equations, one for turbulent kinetic energy (k) and one for

its dissipation rate (€). In the k-e model, the turbulent viscosity v; is modelled as:

Vy = Cﬂ? (39)

where C), is an empirical constant.

To determine k and €, the model solves two additional transport equations:

ak Uy

- . — L= P — 1

5w VE=Y (Uka)—i—  — € (3.10)
O i ave=v. (%ve)+ 0 lm— 0,5 (3.11)
ot ‘T P LRy '

where Py is the production of turbulent kinetic energy, and C;, Cs, oy, and o, are
model constants.

The k-e model is robust and computationally efficient, making it popular for many
engineering applications. However, it relies on wall functions for near-wall treatment
and may not perform well in flows with strong pressure gradients or separation.

The Launder-Sharma model is a modification of the standard k-e¢ turbulence
model, formulated to resolve low-Reynolds-number effects near walls without the need

for empirical wall functions. In this study, the Launder-Sharma model is employed in
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NCL resolved CFD simulations. It introduces damping functions that reduce turbu-
lent kinetic energy production and dissipation in the viscous sublayer, allowing the
model to be integrated all the way to the wall.

The transport equations for k and € are expressed as:

QE+u-Vk=V-(ﬁW%)+F%—e (3.12)
ot O

0 Ve (19e) + AP — Copy (3.13)
ot u €= o € llkk 22k: .

where f; and f, are damping functions introduced to model near-wall viscous

effects. These functions are typically expressed in terms of the turbulent Reynolds

number:
k?2
Re; = — (3.14)
ve
where v is the kinematic viscosity.
The damping functions are defined as:
Ret
= 3.15
fl Ret + 5 ( )
fom —— (3.16)
> 14 0.02Re, '

These functions reduce the turbulent viscosity and dissipation near the wall where
Re; is low, enabling accurate resolution of the laminar-to-turbulent transition and the
viscous sublayer.

The k-w turbulence model also solves a two-equation system, but instead of using
the dissipation rate €, it introduces the specific dissipation rate w = €/k as the second
transported variable.

The transport equations for k and w are given by:

Ok +u-Vk=V- (ﬁVk) + P, — [ kw (3.17)
ot Ot

% Vo=V (Lvw) a2 — B (3.18)
5 u-Vw= o w ak % w .

where v, = k/w , and «, B, 5%, 0%, and o, are empirical constants.
However, the k-w model can be overly sensitive to turbulence properties specified

in the freestream. To overcome the freestream sensitivity of the k-w model and
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improve performance in separated flows, the k-w SST (Shear Stress Transport) model
was developed. The SST model blends the k-w formulation near walls with the k-e
formulation in the far field, using a blending function to transition smoothly between
the two models.

Another key feature of the SST model is its modified definition of turbulent viscos-

ity, which includes a limiter on shear stress transport to better capture flow separation:

alk
max(aw, SFy)

(3.19)

Vg =

Here, a; is a model constant (typically 0.31), S is the magnitude of the mean
strain rate defined as S = /25;;5;;, and F; is defined as:

F, = tanh [max ( 2Vk 500”)] (3.20)

Brwy’ yPw

where y is the distance to the nearest wall, v is the kinematic viscosity, and g* is
a model constant.

This function returns values close to 1 near the wall, activating the viscosity
limiter, and approaches 0 in the freestream, where the limiter is turned off. It ensures
that the eddy viscosity is reduced in regions of high shear, preventing overprediction
of turbulence and improving accuracy in separated flow regions.

By combining the strengths of both the k-e and k-w models, the SST model
offers robust and accurate predictions across a wide range of turbulent flow scenarios.
Owing to its enhanced near-wall performance and reliability in separated and shear-
dominated flows, the SST model is selected in this PhD study for simulating mixed
convection under supercritical conditions, as well as flow in wire-wrapped spacer
geometries. For the coarse-grid CFD (SubChCFD), a simple mixing length turbulence
model is employed. Given the coarse mesh resolution, there is no significant advantage

in using more sophisticated turbulence models.

3.1.3 Wall treatment in turbulence modelling

Accurate near-wall treatment is important in CFD simulations to account for the near-
wall effects such as heat transfer and shear stress. The thermal boundary layer is the
near-wall region where the fluid temperature adjusts from the bulk value to the wall
condition. In internal flows it grows downstream from the inlet. The appropriate wall

treatment depends on the turbulence model employed and the grid resolution used
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near solid boundaries. The structure of the turbulent boundary layer is illustrated in
Figure 3.1.

Near the wall, the flow field differs significantly from the freestream due to the
presence of the boundary layer, where viscous effects become important. The bound-
ary layer is typically divided into two main regions: the inner layer and the outer
layer. The inner layer is directly influenced by the wall and can be further subdivided
into the viscous sublayer, buffer layer, and the log-law region. In the viscous sublayer,
viscous shear forces dominate and the velocity increases approximately linearly with
distance from the wall. The buffer layer provides a transitional zone between viscous
and turbulent effects. Further from the wall, in the log-law region, turbulent mixing
becomes dominant, and the velocity follows a logarithmic distribution. Above the
inner layer lies the outer layer, where the flow begins to approach freestream condi-

tions and is less affected by the wall, though still influenced by large-scale turbulent

structures.
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Figure 3.1: Structure of the turbulent boundary layer, showing sublayer, buffer layer,
and log-law region [7].

Two main strategies exist for handling the near-wall region in turbulence mod-
elling: wall functions and wall-resolved models. Wall functions rely on empirical
relations to represent the logarithmic law to bridge the near-wall and outer regions,
avoiding the need for an extremely fine mesh near the wall. They are valid when
the first grid point lies in the log-law region, typically for 4™ > 30. In contrast,
wall-resolved or low-Reynolds-number models resolve the entire near-wall structure,
including the viscous sublayer, by refining the mesh to ensure y*+ < 1. This provides

greater accuracy but at a higher computational cost.
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Figure 3.2 illustrates the velocity distribution across the near-wall region, classified

by y*.
A
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Figure 3.2: Velocity distribution in the near-wall region, highlighting different flow
layers and y* values. [72]

In the viscous sublayer (y™ < 5), the velocity profile is approximately linear:
Ut =yt (3.21)

where Ut = U/u, is the dimensionless velocity, y* = yu, /v is the dimensionless
wall distance, and u, = /7, /p is the friction velocity.
In the log-law region (y* > 30), the velocity follows the classical logarithmic

distribution: .
Ut == ln(er) + B (3.22)

K
where k ~ 0.41 is the von Karméan constant, and B =~ 5.0 is an empirical constant

[100, 130].

The buffer layer (5 < y* < 30) acts as a transition region between these two
behaviours.

These velocity profiles are empirical representations of the near-wall behaviour in
turbulent boundary layers and are widely used in CFD for two main purposes. First,
they provide guidance for near-wall mesh generation. In wall-resolved simulations,
such as those using low-Reynolds-number turbulence models, the mesh is refined
to ensure y* < 1 so that the viscous sublayer is fully resolved. In contrast, when

wall functions are used, the first grid point is typically placed in the log-law region
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(y™ > 30). Second, these profiles form the basis of wall function formulations in
RANS turbulence models. In such cases, they are used to approximate wall shear
stress and near-wall velocity or temperature gradients without explicitly resolving
the sublayer. Thus, the UT—y™ relations play a central role in both mesh design and
turbulence model implementation.

The effectiveness of each approach depends on mesh resolution, turbulence model
selection, and the flow regime. Figure 3.3 compares the use of wall functions and

wall-resolved approaches.
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Figure 3.3: Comparison of wall function approach and resolving the boundary layer
using a fine mesh.

Wall functions offer computational efficiency and are commonly used in turbulent
flow simulations when the near-wall mesh is relatively coarse, particularly when the
first grid point lies within the log-law region (typically y* > 30). However, they
may introduce errors in regions with flow separation, strong pressure gradients, or
significant heat transfer. Wall-resolved models, such as the low-Reynolds-number
Launder—Sharma and the SST model with sufficient near-wall resolution, are more
accurate but computationally demanding.

In this PhD study, wall-resolved turbulence models are employed in the resolved
CFD simulations to capture near-wall behaviour accurately. In contrast, the Sub-
ChCFD methodology adopts a different approach by modelling near-wall effects us-
ing empirical correlations for friction factor and heat transfer. The implementation
of these models is detailed in the SubChCFD methodology section.

3.1.4 Finite Volume Method

FVM is a widely used numerical technique for solving the partial differential equa-

tions (PDEs) governing fluid flow and heat transfer. It is particularly popular in
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CFD due to its local conservation properties and ability to handle complex geome-
tries and boundary conditions. Unlike the finite difference method, which discretises
derivatives at grid points, or the finite element method, which relies on interpola-
tion through shape functions, the FVM integrates the governing equations over finite
control volumes, ensuring strict conservation of mass, momentum, and energy within
each volume.

The computational domain is subdivided into discrete control volumes, with each
control volume enclosing a computational node. The governing equations are then
integrated over each control volume, transforming the differential form into a set of
algebraic equations. Figure 3.4 shows a structured Cartesian grid where P denotes

the control volume center and W, E, N, S represent neighboring nodes.
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Figure 3.4: Structured grid representation in the Finite Volume Method (FVM).

The integral form of a general conservation equation for a scalar variable ¢ is

written as:

2/p¢dv+7§p¢u-dA:j§Pv¢~dA+/S¢dv (3.23)
ot Jy A A v

where the terms represent transient accumulation, convective transport, diffusive
flux, and source contributions, respectively.

In Eq. 3.21, the original volume integrals for the convection and diffusion terms
have been converted to surface integrals using Gauss’s divergence theorem. The
discretised form of equation 3.21 requires the fluxes at control volume faces to be
approximated using interpolation or reconstruction schemes. The choice of spatial

discretisation scheme—such as upwind differencing for stability or central differencing
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and QUICK for higher accuracy—directly influences numerical diffusion and solution
accuracy.

In this PhD study, to ensure numerical stability during the initial stages of the
simulation, a first-order upwind scheme is used. Once the solution begins to converge
and the flow field stabilises, the simulation is restarted using a second-order upwind
scheme to improve accuracy while maintaining the robustness of convergence.

Time-dependent problems require temporal discretisation using either explicit or
implicit schemes, with the choice depending on stability requirements and computa-
tional efficiency. In contrast, steady-state simulations assume that time-dependent
terms are zero, and the solution proceeds iteratively until a converged stationary state
is reached.

Depending on the nature of the problem, either steady-state or transient (un-
steady) solvers may be employed. Steady-state simulations assume that all time
derivatives are neglected, allowing the solution to converge to a final state without
resolving temporal evolution. This approach is computationally efficient and suitable
for flows where transient behaviour is negligible. In contrast, unsteady solvers retain
the time derivative terms and resolve the flow field as it evolves over time. This is
essential for capturing time-dependent phenomena such as buoyancy-induced oscilla-
tions or flow instabilities. In this study, both steady and unsteady simulations are
used depending on the flow regime and objectives of each case.

Because the Navier—Stokes equations do not have an explicit equation for pressure,
a pressure-velocity coupling strategy is essential. SIMPLE (Semi-Implicit Method
for Pressure-Linked Equations) solves momentum with a guessed pressure, then ap-
plies iterative pressure corrections within each time step; it is robust but can damp
transients if under-iterated. PISO (Pressure-Implicit with Splitting of Operators)
uses one or more non-iterative pressure corrections per step; it typically gives better
time accuracy with fewer inner iterations. Projection (fractional-step) methods ad-
vance an intermediate velocity and then solve one Poisson equation to project onto
a divergence-free field; they are simple and accurate for unsteady flows but need
consistent pressure boundary conditions to avoid splitting errors.

Overall, the Finite Volume Method, together with appropriate discretisation schemes
and pressure-velocity coupling algorithms, forms the numerical foundation of most
CFD solver.
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3.1.5 Numerical platform: Code_Saturne

All CFD simulations in this study are performed using Code_Saturne, an open-source,
general-purpose CFD solver developed by EDF [8]. Code_Saturne is based on the
finite volume method and supports unstructured meshes, making it suitable for com-
plex geometries encountered in nuclear thermal-hydraulic applications. The solver
handles incompressible or weakly compressible flows and provides robust treatment
for turbulence, heat transfer, and source terms.

In this work, Code_Saturne is used to solve the RANS equations along with tur-
bulence models such as k~w SST and Launder—Sharma, depending on the case. For
near-wall modelling, both wall-resolved and wall-function approaches are supported
and selected according to the mesh resolution. Boundary conditions and initial fields
are defined using the graphical user interface (GUI), which also allows configuration
of solver parameters and numerical schemes. Gravity is included as a body force
in the momentum equations to represent the indirect effect of buoyancy. In combi-
nation with temperature-dependent fluid properties, this enables the direct effect of
buoyancy to be captured through density variations in the flow field. This is espe-
cially important in supercritical conditions, where fluid properties vary strongly with
temperature. Thermal physical properties can be assigned in two ways: the first is
defined directly through the GUI, and the second, for supercritical conditions, in-
volves implementing a user-defined Fortran subroutine to read from a pre-tabulated
property table.

The same solver framework also serves as the foundation for SubChCFD, where a
user-defined subroutine is implemented within Code_Saturne to extract subchannel-
level quantities from the computing mesh and apply empirical closure models for wall

friction and heat transfer.

3.2 SubChCFD

3.2.1 Overview

The fundamental concepts of SubChCFD have been introduced briefly in the liter-
ature review, and in this section, a detailed description of the numerical framework
and mesh strategy is provided.

As introduced in the literature review, SubChCFD is a novel coarse-mesh CFD
approach that integrates the advantages of both subchannel analysis and conventional

CFD methods. The computational framework consists of two levels: the computing
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mesh and the subchannel filtering mesh. The computational mesh is used to solve
the governing equations with a relatively coarse resolution compared to high-fidelity
CFD, enabling efficient numerical integration using the underlying CFD solver. The
resulting flow fields are then spatially averaged over each of the subchannels to ex-
tract bulk flow parameters such as velocity and temperature. Figure 3.5 illustrates
this structure for a 2 x 2 rod bundle. The grid represents the coarse computing mesh,
while each colored region represents one sub-channel. There are three different sub-
channel types: red for the central subchannel, beige for edge subchannels, and blue
for corner subchannels. Within each subchannel, the averaged flow quantities are
used to evaluate wall friction and heat transfer through empirical correlations. These
subchannel quantities are then used in the solution for the computing mesh as wall

treatments, replacing the standard wall functions.
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Figure 3.5: Ilustration of the subchannel meshing strategy for a 2x2 rod bundle case.

The workflow of SubChCFD is illustrated in Figure 3.6.
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Figure 3.6: Workflow of the SubChCFD methodology.

A key distinction between SubChCFD and conventional CFD lies in the approach
to near-wall modelling. Instead of relying on traditional wall functions embedded in
RANS turbulence models, SubChCFD computes wall friction and heat transfer using
empirical subchannel correlations. These quantities are then applied as boundary

conditions in the CFD solver over the computational mesh.

3.2.2 Numerical implementation

In SubChCFD, the RANS momentum equation is discretised using the FVM over

each control volume of the computing mesh, resulting in the following expression:

///ﬂ a%):) //Su@u.n)dA:—//gpndA+/[ga.ndA+///gzsudv (3.24)

where (2 is the control volume, S its surface, & the viscous stress tensor, and S,

external momentum sources such as gravity or flow resistance.
A key feature of the SubChCFD formulation is the treatment of the viscous stresses

differently for the interior and wall surfaces. This concept is illustrated in Figure 3.7.
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Figure 3.7: Decomposition of shear stress in SubChCFD: wall shear stress and internal
face shear stress.

The total shear stress contribution across the control volume surface is therefore

//Sa—-ndA://wa-ndAJr//S g-ndA (3.25)

where S, represents the wall surface, and Sy denotes internal faces between neigh-

rewritten as:

boring cells. The internal face shear stresses are modelled in a standard way as in

any CFD solver and can be expressed as:

//Sf GndA = //Sf(ﬂ + ) (Vu+ (V)T = (V-u) §)-ndA (3.26)

where 4 is the velocity vector, and 9§ is the identity tensor. p, is the eddy viscosity,

and when a mixing length model is used, it is expressed as:

25i;Si; (3.27)

With [,,, being the local mixing length and \S;; the strain rate tensor. In bundle-
type flows, the mixing length is approximated using a characteristic length scale given
by [83]:

L = 0.09 A (3.28)

where A represents the effective boundary layer thickness and is taken as half the
hydraulic diameter in this study.
In contrast, the wall shear stress is modelled using the Darcy—-Weisbach Equation

based on the subchannel bulk flow quantities [22]:

1 1
// o-ndA = ——f‘ _pbﬂb|ﬂb| // dA (329)
Su 4= 2 .
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where f is friction factor, and py, u, are the bulk density and bulk velocity of the
subchannel, respectively.

For PWR fuel channels, the friction factor is evaluated using an empirical corre-
lation in the baseline SubChCFD implementation [83]:

P P 2
a+ b (5-1)4-[)2(5—1)

where the coefficients a, by, by, n depend on the subchannel type and are given in
Table 3.1.

f= /Re" (3.30)

Table 3.1: Cheng and Todreas subchannel friction factor correlation constants.

Subchannel type a bl b2 n
Interior (laminar) 35.55  263.7 -190.2 1
Edge (laminar) 44.40  256.7 -267.6 1

Corner (laminar) 58.83  160.7 -203.5 1

Interior (turbulent) 0.1339 0.09059 -0.009926 0.18
Edge (turbulent) 0.143  0.04199 -0.04428 0.18
Corner (turbulent) 0.1452 0.02681 -0.03411 0.18

The treatment of the energy equation in SubChCFD follows a similar approach,

with the heat flux term divided into two components.

c, (///Q a(gtT) dV—F//S(pT) (u-n)dA> :—//Sq-ndAJr///QSEdV (3.31)
—//Sq-ndA:—//wq-ndA—//qu-ndA (3.32)

The normal diffusion term across interior faces is computed as:

//q~ndA __ //(/\ + A VTendA (3.33)
s; s

where A and ); represent the molecular and turbulent thermal conductivities,

respectively.
For wall faces, when the Neumann boundary condition is applied (prescribed heat

flux), the heat flux equation simplifies to:

o8



[[anaa=q [[aa (3:34)

Sw
In this case, the Nusselt number correlation is not required during the main simula-

tion loop but is instead used during post-processing to estimate the wall temperature:

qDy,
T,=T, — 3.35
"7 ANu ( )
The Nusselt number is evaluated using the empirical correlation: -
Nu=1(Nteo)er. (3.36)
where
¢ =14 0.9120Re™"" Pr’* (1 — 2.0043¢~") (3.37)
Dy,
B=— .
D (3.38)

The fully developed flow Nusselt number is computed using the Dittus-Boelter

equation:

0.023 Re®® Pr%*,  fluid heating

3.39
0.023 Re®® Pr%3,  fluid cooling ( )

(Ntoo)et. = {

3.2.3 Mesh sensitivity

To assess mesh sensitivity, Liu et al. [83] defined several ‘standard’ mesh strategies,
as shown in Figure 3.8. These strategies differ in terms of the number of layers and

elements in both the wall and core regions.

(a) Mesh-1 (b) Mesh-2 (c) Mesh-3 (d) CFD mesh

Figure 3.8: Mesh sensitivity study from Bo et al. Three different meshing strategies
are presented [83].
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Liu et al. [83] found that the simulation results remained within an acceptable
prediction range across all mesh types. Typically, key friction and heat transfer
parameters showed deviations within 10-20%. This demonstrated low sensitivity to
mesh resolution. Based on these findings, the present PhD study adopts a mesh

resolution similar to Mesh-3.

3.3 New developments

To further enhance the capability of SubChCFD for broader applications in complex
reactor thermal hydraulics, particularly in scenarios encountered in SCWRs, this PhD
study focuses on several key development objectives, including mixed convection of
supercritical fluids, rod bundles with wire-wrap spacers and natural convection loops.

The development of SubChCFD for supercritical conditions focuses on account-
ing for thermal property variations and buoyancy effects. Different Nusselt number
correlations and friction factor correlations were implemented to address the strong
variation of physical properties near the pseudo-critical region. A buoyancy correction
term was also incorporated into the Nusselt number formulation to capture buoyancy
influenced heat transfer effects.

The wire-wrapped rod bundle case introduces additional complexity due to sec-
ondary flow induced by helical wire spacers. The key development of SubChCFD
development for this case includes representing wire-induced flow behaviour by in-
cluding additional momentum source terms to account for wire-wrapped effects.

For the NCL case, the emphasis is on predicting flow stability and circulation dy-
namics under buoyancy-driven conditions. The methodology incorporates flow regime
transition modelling from laminar to turbulent, accounts for the thermal boundary
development through Nusselt number calibration, and includes modelling of the flow
over an elbow by implementing shear stress in the elbow regions.

Each of the development efforts contributes to the advancement of SubChCFD as
a predictive tool for nuclear thermal-hydraulics under various operational conditions.

The detailed methodology for each case will be presented in its respective chapter.
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Chapter 4

Development and application of
SubChCFD for supercritical fluid
heat transfer

4.1 Introduction

Numerical simulation under supercritical conditions presents challenges due to the
influence of variable thermal physical properties and buoyancy effects. Near the
pseudo-critical point, steep gradients in properties such as specific heat, density, and
viscosity can significantly affect both flow behaviour and heat transfer performance.
This chapter presents the development of the SubChCFEFD for application in super-
critical thermal-hydraulic scenarios.

Empirical correlations identified in the literature are employed to account for
the effects of variable thermal physical properties and buoyancy. The development
aims to provide a reasonably accurate yet computationally efficient approach. Model
validations have been carried out using two approaches: comparison with resolved

CFD simulations and prediction of thermal behaviour against experimental data.

4.2 Methodology

As introduced in Chapter 3, the original SubChCFD implementation employs the
Dittus—Boelter equation to calculate the Nusselt number, which is then used to de-
termine the wall temperature during the post-processing stage. In this development,
a series of Nusselt number correlations are investigated. In the literature review,
various correlations have been evaluated for supercritical flow conditions. In this

chapter, the Nusselt number correlation proposed by Jackson [58], which is a mod-
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ified Krasnoshchekov and Protopopov’s correlation [9] has been selected for forced
convection with strong variable properties but without the effect of buoyancy. This
choice was made because of this correlation’s extensive validation, applicability to a
wide range of supercritical conditions, and demonstrated accuracy in predicting heat
transfer near the pseudo-critical point. Unlike many conventional correlations, Jack-
son’s correlation effectively accounts for the strong property variations characteristic

of supercritical fluids. The correlation is expressed as:

0.3 — n
Nuy = 0.0183 Re052 P05 (p—w) (C—p) (4.1)
Pb Cpb
where the average specific heat ¢,, is defined as:
1 Tw hy — g
R dT = —/—— 4.2
K Tw—Tb/Tb v LT, 42)

Properties with the subscript w refer to values at the wall, while those with b
represent the bulk fluid properties. To ensure accurate representation of fluid be-
haviour near the pseudo-critical temperature, where thermal physical properties vary
sharply, all property values are obtained from a pre-generated table based on the

NIST database [78]. The exponent n is defined based on the temperature range:

(

0.4, T, < Ty < Typeor 1.2T,, < T, < T,

" — 0.4+0.2<;?—:c—1), Ty < Tpo < T,

04402 (F 1) [1-5(f ~1)|, Te<T <12Tcand T, < T,
\ pc pc
(4.3)
where T}, is the pseudo-critical temperature.
Besides, the correlation proposed by Bishop et al. [17] is also investigated, which

is expressed as:

0.43 D
Nuy = 0.0069Rel? Pro- (p—”) (1 + 2.4—) (4.4)
Pb T

In the implementation, x represents the axial distance from the beginning of the
heated section. This value is updated along the axial direction as the flow develops,

allowing the correlation to account for the entrance effect on heat transfer.
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The Nusselt number correlation presented above does not explicitly account for
buoyancy effects, which are particularly important in strong buoyancy effect condi-
tions. To further develop the SubChCFD, a buoyancy correction is introduced to
calibrate the Nusselt number.

Based on the work of Jackson et al. [82], the ratio of the mixed convection Nusselt
number (Nu) to the forced convection Nusselt number (Nuy) is implicitly related to
the buoyancy parameter (Bo*) by the following equation which has been discussed in

the literature review chapter:

0.46

Nu
NUf

ﬂ} B (4.5)

1+2.5x 10° Bo*
0 5 [

uf

The buoyancy parameter (Bo*) is a dimensionless quantity that quantifies the
relative impact of buoyancy forces in the system and is defined as:
Gr*

where the modified Grashof number (Gr*) is given by:

BgD*qu,
PVZE
The relationship between the buoyancy parameter (Bo*) and the Nusselt number
ratio (Nu/Nuy) is illustrated in Figure 4.1. This figure highlights the influence of

Gr* = (4.7)

buoyancy effects on heat transfer under mixed convection conditions, distinguishing

between upward and downward flow regimes.
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Figure 4.1: Effect of the buoyancy parameter on the Nusselt number ratio for mixed
convection [82].

This correlation effectively captures the influence of buoyancy on heat transfer
but was originally derived for subcritical fluids rather than supercritical conditions.
To further investigate this relationship, He et al. [50] analysed the performance of
various turbulence models in predicting buoyancy effects under supercritical condi-
tions. Figure 4.2 presents the results of these comparisons, showing that the overall
trends align with those observed in mixed convection such as the laminarization and

recovery stages.
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Figure 4.2: Comparison of different turbulence models for the relation between Bo*
and Nu/Nuy under supercritical conditions [50].

The blue curve in Figure 4.3 represents the buoyancy correction proposed by
Jackson, which is commonly employed for mixed convection. The red curve, on the
other hand, is derived from He et al.’s research, which refines Jackson’s correlation by
calibrating it to align with DNS results for supercritical conditions. This comparison
highlights the difference between the buoyancy effects in sub-critical air flow and
supercritical fluid flow, particularly in the transition to laminarization and recovery
stages. Although Jackson’s correlation was developed for subcritical turbulent flow, it
remains useful for supercritical conditions when properties are evaluated locally and
buoyancy /acceleration effects are included; within those bounds, it provides baseline
accuracy that can be verified and, if necessary, calibrated against supercritical data.
For the implementation in SubChCFD, both corrections are considered to evaluate
their applicability under supercritical conditions. These buoyancy corrections allow
the SubChCFD to directly account for the buoyancy effect, potentially improving the

performance of heat transfer predictions under supercritical conditions.
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Figure 4.3: Comparison of buoyancy corrections approach.

It is useful noting that the thermal entrance effect is only accounted for in the
Bishop correlation which however does not explicitly consider the buoyancy effect.
In this study, two new correlations are implemented: (1) Bishop + Calibrated, and
(2) Calibrated 4+ Entrance correction, expressed as (1 +2.4D/x). A summary of the
correlations discussed in this chapter is summarised in Table 4.1. Unless otherwise

specified, K&P is used as the baseline model.
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Table 4.1: Summary of heat-transfer correlations discussed in this chapter

Model

Description

Range of applicability

Dittus—Boelter [37]

Correlation used in original SubChCFD

Subcritical pressures

and used for forced convection without
property variation

K&P [58] Jackson modified Krasnoshchekov and 8x10* < Rey < 5x 10° 0.85 < Prp, <
Protopopov correlation by incorporating g5 0.02 <« -2 <4 1.00 < 2% < 6.00
property variation, and used for forced T Cph Po
convection. 00 < =% <2546 x 10* < ¢ <

pc
2.6 x 10° Wm™2

Bishop [17] Includes thermal entrance effect (1 + P 228 — 276 MPa, G

2.4D/z). 651 — 3662 kgm2s7!, ¢ : 310 —
3460 kW m—2.
Jackson [82] K&P correlation with Jackson buoyancy 8x10* < Re, < 5x10° 0.85 < Pr;, <
correction 65 0.02 <~ <4 1.00 < 2% < 6.00
Cpb Pb
T’w 4
0.9 < < 2546 x10* < q <
Tpe
2.6 x 10° Wm™2
Calibrated K&P correlation with calibrated Jackson

buoyancy correction fitted to DNS data.
Bishop correlation combined with cali-
brated Jackson correction.

K&P with calibrated Jackson buoyancy
correction and thermal entrance effect.

Bishop + Calibrated

Calibrated + Entrance

In addition to the heat transfer correlation, corrections are also considered to
the friction factor correlations in this study. Two empirical correlations from the
literature are examined to evaluate their applicability under supercritical conditions.

The first is Kirillov’s correlation [69], expressed as:

0.4
Jnon-iso = fiso (p—“’) , for 8 x 10* < Re < 1.5 x 10° (4.8)
Pb
The second is proposed by Yamashita et al. [138]:
1\ 072
fnon—iso = fiso (_’LU) (49)
Hb

Both correlations are applied as corrections to the isothermal friction factor fi,
which is used in the original SubChCFD formulation, to account for non-isothermal
effects associated with strong property variations near the pseudo-critical point. It
might be attempting to combine the above two equations to consider the effects of
variations in the density and viscosity. However, this is not done to avoid potential

double-counting of the effects.
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4.3 Test cases and SubChCFD model setup

4.3.1 Physical Model and Experimental Configuration

The test cases studied in this chapter are all based on the same 2x2 bare rod bundle
configuration as that used in Wang et al. [126], and they are all upward flow. Four
groups of test cases have been conducted to cover a broad range of thermal-hydraulic

conditions:

(1) Group A: These cases follow the reference configuration and boundary condi-
tions provided in the ECC-SMART project [38].

(2) Group B: These cases are designed to investigate the influence of buoyancy by

reducing the mass flow rate and using different inlet temperatures.

(3) Group C: Simulations are carried out to study the performance of different

friction factor correlations under supercritical conditions.

(4) Group D: These cases are used to validate the model against experimental

measurements from Wang et al. [126].

The experimental test section consists of a 2x2 bare rod bundle enclosed within a
square duct with rounded corners, as illustrated in Figure 4.4. The duct has an outer
width of 23.03 mm and a total length of 600 mm. Each rod has an outer diameter
of 8 mm and a wall thickness of 1.5 mm. The rod pitch is 9.44 mm, resulting in a
minimum gap of 1.44 mm between adjacent rods and the inner wall of the duct.

To monitor the thermal and flow behaviour within the test section, thermocouple
measurement points (mp-1 to mp-5) are distributed along the axial length of the
assembly. These points capture temperature variations at various axial locations.
The cross-sectional view (A-A) in Figure 4.4 illustrates the arrangement of the heated
rods, thermocouples, and flow channels. These thermocouples are placed at different

positions to capture localized temperature variations around the bundles.
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Figure 4.4: Schematic of the experimental rig [38].

4.3.2 Numerical modelling and mesh

For both the resolved CFD and SubChCFD simulations, a 2D cross-sectional mesh
is first generated using ANSYS ICEM CFD. The 3D mesh is then constructed by
extruding the 2D mesh along the axial direction.

In the resolved CFD simulation, one-eighth of the test section is modelled to re-
duce computational costs, taking advantage of the symmetry of the geometry and flow
characteristics, as shown in Figure 4.5. The k-w SST turbulence model is employed,
which has been extensively validated in the literature for turbulent flows under su-
percritical conditions [86, 96]. A high-resolution structured computational mesh is
generated, with the first layer of cells near the walls refined to maintain y* < 1,

ensuring proper resolution of buoyancy-induced effects in the boundary layer.
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Figure 4.5: Mesh in resolved CFD.

Heat conduction in the solid rod walls is not considered to maintain consistency
with the SubChCFD framework assumptions. The effect of conduction in this problem
is thought to be secondary, and this simplification enables the study of convective heat
transfer mechanisms while reducing computational costs.

For SubChCFD, the 2D cross-sectional mesh is shown in Figure 4.6. The coarse
computing mesh in the cross-section is designed for the CFD solver. The entire
section is divided into subchannels of three distinctive types: center, edge, and corner
subchannels. These subchannels are utilized in the SubChCFED for the calculation of
sub-channel quantities.

Edge subchannel
A

[ Y . 1.44mm
544mm
Center Corner
subchannel subchannel

Figure 4.6: Mesh used in SubChCFD.

Both the SubChCFD and resolved CFD approaches utilize the same computa-
tional domain and axial extent. The total computational domain spans 660 mm in
length, consisting of a heated test section and unheated buffer sections at both ends.

Each buffer section extends 10 hydraulic diameters, as shown in Figure 4.7.
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Figure 4.7: Computational domain layout.

To ensure the flow is fully developed before entering the heated section, a mapped
inlet method is applied within the inlet buffer section. The mapping plane is situated
at the centre of this section. Flow properties are extracted from this location and
reapplied at the inlet, creating a pseudo-periodic boundary condition that produces
fully developed flow. This method allows for an accurate representation of fully
developed inflow conditions without requiring a long upstream computational domain.

The outlet buffer section serves a different purpose. It prevents the flow and
temperature fields within the test section from being influenced by the potential
numerical disturbances resulting from the outlet boundary condition.

A fine mesh consisting of approximately 35.2 million cells over one-eighth of the
geometry is used in the resolved CFD simulation, while the SubChCFD simulation

covers the full domain with a significantly coarser mesh of only 0.26 million cells.

4.3.3 Simulation condition

Firstly, the study begins by simulating two cases from the ECC-SMART project [38].
The operating conditions for these cases are summarized in Table 4.2. While all cases
share the same geometric configuration, they differ in key operating parameters such
as pressure, mass flow rate, heating power, and inlet temperature. These differences
lead to variations in the Reynolds number and buoyancy parameter, resulting in
different buoyancy effects. The Re and Bo* in Table 4.2 are based on the inlet

conditions.

Table 4.2: Operating conditions for group A.

Case P (MPa) G (kg/m?s) ¢q” (kW/m?) T, (°C) Re Bo*
Case 1 23.01 676.6 203.4 372.24 35028 8.48 x 1078
Case 2 22.89 723.4 192.3 390.06 74689 4.73 x 107°
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Both cases are simulated under supercritical conditions, with operating pressures
slightly above the critical pressure of water. While the mass flow rate and heating
power are similar in both cases, the inlet temperatures vary significantly, leading to
distinct thermal-hydraulic behaviours.

In Case 1, the inlet temperature is 372.24 °C, which is slightly below the pseudo-
critical temperature of water at 23.01 MPa (377.51 °C). As the flow heats up within
the test section, it is expected to undergo significant property variations, leading to
pronounced heat transfer enhancement due to the sudden increase of ¢, near the
pseudo-critical region.

In Case 2, the inlet temperature is 390.06 °C, which is above the pseudo-critical
temperature. Under these conditions, fluid properties remain relatively stable with
less drastic variations. The absence of strong pseudo-critical property gradients is
expected to result in a smoother thermal response and weaker buoyancy effects.

The contrast in inlet temperatures between these cases provides an opportunity
to analyse the impact of crossing the pseudo-critical region on flow behaviour and
heat transfer characteristics.

In addition to the conditions from the ECC-SMART project, three cases are de-
signed to investigate the buoyancy effect and validate the buoyancy correction imple-
mentations. All cases are conducted using supercritical water at a pressure of 25 MPa.
Under this pressure, the pseudo-critical temperature is approximately 385 °C. The ap-
plied heat flux is the same across all cases. Case 4 and Case 5 use half the mass flux
of Case 3 in order to enhance the buoyancy effect. While both Case 4 and Case 5

share the same mass flux, but differ in inlet temperature.

Table 4.3: Flow conditions for Group B.

Case P (MPa) G (kg/m?s) q” (kW/m?) T, (°C) Re Bo*

Case 3 25.0 700 200 380 39168 6.94 x 10~°
Case 4 25.0 350 200 380 19581 7.45 x 1077
Case 5 25.0 350 200 384 18730 1.33 x 1076

Case 6 and Case 7 are designed to investigate the effect of different friction factor

correlations.
Table 4.4: Flow conditions for group C.
Case P (MPa) G (kg/m?s) q” (kW/m?) T, (°C) Re Bo*
Case 6 23.01 700 200 372.24 36278 7.4 x 107°
Case 7 23.01 350 200 372.24 18139 7.94 x 1077

72



Cases from Wang’s study [126] are considered as additional demonstration cases.
These cases include experimental data, which serve as reference points to demonstrate
the capability of the SubChCFD method. The operating conditions for these cases
are summarised in Table 4.5.

These cases share the same operating pressure of 25 MPa but vary in mass flow
rate and inlet temperatures. The inlet temperatures span multiple values (380 °C,
382 °C, 384 °C, and 385 °C) to capture the sensitivity of the system to small thermal
changes. Case 8 and case 9 represent higher and lower mass flow rates with the same
heating power. By comparing the simulation results with experimental data, these

cases provide an additional benchmark to evaluate the robustness of the SubChCFD

approach.
Table 4.5: Operating conditions for group D.
Case P (MPa) G (kg/m?s) ¢q” (kW/m?) T, (°C)
Case 8 25.0 700 200 380, 382, 384, 385
Case 9 25.0 350 200 380, 382, 384, 385

4.4 Results and discussion

4.4.1 Group A - ECC-SMART project cases

Figure 4.8 presents the axial variation of the buoyancy parameter (Bo*) for Case
1 and Case 2, calculated using cross-sectional bulk flow properties obtained from
the resolved CFD results. The values of Bo* remain relatively small for both cases,

indicating a limited overall influence of buoyancy.

107
* —— Case 1l
QOJ — Case 2
10—8 i
0 20 40 60 80

Z/D

Figure 4.8: Axial variation of the buoyancy parameter (Bo*).

73



Figure 4.9 presents the predicted wall temperature (7,,) at three angular positions
along the axial direction, expressed in terms of the dimensionless location z/D. These
positions correspond to subchannel regions: center, edge, and corner. It should be
noted that for both Case 1 and Case 2, only the correlation accounting for variable
physical properties has been implemented. The buoyancy effects in these cases are
small and thus ignored. The results obtained from SubChCFD are compared with
those from resolved CFD to evaluate model performance.

The results show that SubChCFD predictions align well with resolved CFD results
except for the corner subchannel in Case 1, where the SubChCFD produces much
lower temperature than the resolved CFD. The most significant temperature rise
occurs in the early axial region (Z/D < 10), which is attributed to the entrance
effect.

For both cases, the corner subchannel exhibits a higher temperature due to the
narrower flow passage, where velocity is reduced by the combined effect of wall shear
stress from both the housing wall and rod wall. In Case 1, the temperature rise rate
at the corner subchannel is lower than that in Case 2, indicating an enhancement
in heat transfer when the inlet temperature is close to the pseudo-critical temper-
ature. This behaviour is attributed to the peak in specific heat capacity (C,) near
the pseudo-critical point, which allows the fluid to absorb more thermal energy with
a smaller increase in temperature. Since the inlet temperature of Case 2 exceeds
the pseudo-critical temperature, there is no sharp peak in C,. Instead, C, contin-
ues to decrease along the flow direction. As a result, the temperature rise is more
pronounced compared to Case 1.

For Case 1, the flow experiences drastic property variations as it passes through
the pseudo-critical temperature region. SubChCFED predictions suggest that the im-
plemented correlation, which accounts for variable thermal physical properties, has
the capability to capture the key thermal phenomena of supercritical low near the
pseudo-critical temperature. SubChCFD is able to predict the overall wall tempera-

ture profile along the axial direction across different subchannels.
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Figure 4.9: Comparison of wall temperature distributions for Case 1 and Case 2.

However, in Case 1, the wall temperature profile in the corner subchannel exhibits
a small peak that deviates from the resolved CFD results. This may be attributed
to the model’s sensitivity to the applied heat transfer correlation. Secondly, the
wall temperature profile predicted by SubChCFD in the corner subchannel shows an
underprediction compared to the resolved CFD results. This discrepancy may be
attributed to the lack of a buoyancy correction, which will be further developed in
the following sections.

Figure 4.10 presents the fluid temperature distribution across the edge subchan-
nel and the center subchannel at different axial locations for Case 1 and Case 2.
The agreement between the subchCFD and the resolved CFD is exceptionally well,
demonstrating the ability of the SunChCFD capturing some local distribution which
cannot be done by traditional subchannel code. The temperature profiles show ap-
proximately a symmetric distribution and distinct peaks in the middle, where it is
between the heated rods, due to stronger localized heating and slower flow.

The difference in the evolution of temperature distribution across the edge and
center subchannels between the two cases is also influenced by the variation in ther-
mophysical properties of the fluid near the pseudo-critical temperature, as discussed
earlier. In Case 1, the temperature profiles exhibit a more uniform distribution, while
in Case 2, the temperature rise rate is more pronounced. This predicted behaviour is
consistent with the previously discussed effects of specific heat variation, where Case
1 benefits from enhanced heat absorption near the pseudo-critical region, leading to

a smoother thermal development.
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Figure 4.10: Comparison of temperature distributions for Case 1 and Case 2. 1, 2,
3, 4 and 5 represent the cross sections axial location at 0.03m, 0.18m, 0.33m, 0.48m
and 0.63m

Figure 4.11 presents the velocity distributions across the edge and center subchan-
nels for Case 1 and Case 2. In both cases, the velocity decreases in the central region
due to flow redistribution driven by local shear effects. The peak velocities are ob-
served in the center subchannel, where the fluid experiences reduced wall shear stress
effect, allowing for higher velocities. Case 2 exhibits a more uniform velocity distri-
bution, whereas Case 1 shows a more irregular acceleration pattern. This discrepancy
is attributed to the sharp decrease in density near the pseudo-critical temperature in
Case 1, which results in a reduction in velocity in the downstream region.

The comparison between SubChCFD and Resolved CFD shows reasonable agree-
ment, confirming that the SubChCFD approach can effectively capture velocity distri-
butions across different subchannels. The 10% error bars associated with SubChCFD
predictions highlight the expected uncertainty due to the coarse mesh resolution. De-
spite this, the results remain consistent with resolved CFD trends, demonstrating the

capability of SubChCFD to predict flow behaviours under supercritical conditions.
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Figure 4.11: Comparison of velocity distributions for Case 1 and Case 2.

Figure 4.12 presents the axial pressure drop for Case 1 and Case 2, comparing
the predictions from the Resolved CFD approach and the SubChCFD model. The
results show good agreement between the two methods, with the pressure drop per-
centage difference remaining within approximately 5% for both cases, indicating that
the correlations used in the SubChCFD captures the overall pressure drop trend in

supercritical conditions.
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Figure 4.12: Comparison of pressure drop for Case 1 and case 2.

Overall, the SubChCFD provides reasonable predictions of heat transfer, subchan-
nel flow redistribution, and pressure drop in supercritical conditions with preliminary
development. While it performs well, further refinements are necessary to enhance
its capability in capturing buoyancy-driven flow phenomena, particularly in scenarios

where buoyancy effects become more significant.
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4.4.2 Group B - Modified ECC-SMART project cases

Buoyancy effects play a critical role in influencing heat transfer and flow behaviour
under supercritical conditions. To investigate their impact on flow redistribution
across different subchannels, Case 3 and Case 4 are set up, representing scenarios
with relatively weak and strong buoyancy effects, respectively.

Figure 4.13 presents the axial variation of the buoyancy parameter (Bo*) across
different subchannels for two cases. It is evident that Case 4 exhibits a significantly
stronger buoyancy effect compared to Case 3, as reflected in the overall higher values
of Bo*. In both cases, the corner subchannel consistently experiences the strongest

buoyancy effects, followed by the edge and center subchannels.
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Figure 4.13: Axial distribution of the buoyancy parameter (Bo*) in different subchan-
nels.

Figure 4.14 presents the axial bulk velocity (Ug) in different subchannels for two
cases. The results illustrate how buoyancy influences flow development among the
subchannels. In cases 3, where Bo is low, the bulk velocity in each sub-channel
increases in parallel with each other, showing the flow being free from the effect of
buoyancy. In case 4, the corner subchannel exhibits a noticeable stronger acceleration
downstream due to a stronger buoyancy in this sub-channel (see Figure 4.13b. This
acceleration contrasts with the center and edge subchannels, where velocity increases
more gradually. The observed variations emphasize that stronger buoyancy effects sig-
nificantly impact flow behaviour, leading to different velocity evolution trends across

subchannels.
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Figure 4.14: Axial variation of bulk velocity (Up) in different subchannels.

Figure 4.15 presents the average axial bulk velocity comparison between Sub-
ChCFD and resolved CFD. The bulk velocity is calculated as the cross-sectional
average of the axial velocity. Good agreement is observed between SubChCFD and

resolved CFD across the flow domain.
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Figure 4.15: Average axial bulk velocity comparison.

Figure 4.16 illustrates the axial bulk temperature (7) in different subchannels for
the cases. In Case 3, the bulk temperature remains below the pseudo-critical point
throughout the heated length, and the temperature develeopment in all subchanels
are more uniform. In contrast, in the stronger buoyancy effect case (Case 4), the bulk
temperature reaches higher values by the end of the heated section, exceeding the
pseudo-critical temperature. In the early stage of flow development, the temperature

rise rate in corner subchannel is slightly higher.
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Figure 4.16: Axial variation of bulk temperature (Tj) in different subchannels for
two cases.

Figure 4.17 presents the comparison of the average axial bulk temperature be-
tween SubChCFD and resolved CFD. The bulk temperature is calculated based on
an energy-weighted cross-sectional average, accounting for variations in specific heat

capacity ¢,. The comparison shows great consistency along the axial direction.
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Figure 4.17: Average axial bulk velocity comparison.

Figure 4.18 presents the axial variation of the heat transfer coefficient across
different subchannels. In Case 3, where the fluid temperature does not reach the
pseudo-critical temperature, the heat transfer coefficient exhibits a more gradual in-
crease along the axial direction. Conversely, In Case 4, a noticeable peak in the heat
transfer coefficient is observed in the downstream region, primarily due to the local
fluid temperature approaching the pseudo-critical temperature. At this point, the ¢,
reaches a peak, significantly affecting Nusselt number prediction and further enhanc-

ing heat transfer. The HTC is the lowest in the corner subchannel and highest in the
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central subchannel, consistent to the different Reynolds numbers in these subchannels

as implied by the velocity distribution shown in Figure 4.14.
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Figure 4.18: Comparison of heat transfer coefficient (h) along the axial direction for
different subchannels.

The buoyancy effect significantly influences flow development and redistribution
across different subchannel regions, affecting both velocity and heat transfer be-
haviour. The direct impact of buoyancy must be considered with variations in physical
properties to accurately capture the flow behaviour in supercritical conditions. The
findings highlight the necessity of incorporating buoyancy correction in empirical cor-
relations, particularly for cases with strong buoyancy effects. The following sections
will focus on validating buoyancy correction to develop SubChCFD in predicting flow
and heat transfer behaviour under strong buoyancy conditions.

As discussed in the literature review and earlier analysis, buoyancy effects become
more pronounced at lower mass fluxes cases. To evaluate the buoyancy correction im-
plemented in SubChCFD, this study examines Case 4 and Case 5. Both cases use
a lower mass flux of 350 kg/m?s and a constant heat flux of 200kW/m?. The inlet
temperatures are set at 380°C for Case 5 and 384°C for Case 6. The SubChCFD and
resolved CFD simulations are presented and compared with each other, aiming to
characterize the onset and development of buoyancy-induced heat transfer deteriora-
tion, assess its impact on local heat transfer mechanisms, and validate the predictive
capability of the SubChCFD approach under strong buoyancy conditions.

Figure 4.19 presents the axial distribution of the buoyancy parameter (Bo*) for
Case 4 and Case 5. The results illustrate that the buoyancy effect is particularly

strong in these cases, especially in the corner subchannel.
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Figure 4.19: Buoyancy parameter (Bo*) variation along the axial direction.

Figure 4.20 presents the axial distribution of wall temperature in different sub-
channels for both cases, comparing the performance of various heat transfer correla-
tions. The first row corresponds to Case 4, while the second row represents Case 5.
The black lines represent reference data obtained from high-resolution CFD simula-
tions, while the red curves with different markers depict the predictions of different
correlations implemented in the SubChCFD.

A distinct wall temperature peak is observed in the corner subchannel, indicating
an initial phase of heat transfer deterioration followed by a partial recovery further
downstream. Among all correlations, Jackson and the calibrated correlation success-
fully capture the local heat transfer deterioration, although at different axial locations
due to variations in their buoyancy-induced laminarization predictions.

The presence of temperature peaks suggests a response to the buoyancy correc-
tion implementation. These peaks arise due to the coarse mesh nature of SubChCFD,
where the wall temperature prediction heavily relies on empirical correlations. These
correlations are developed for fully developed flow conditions and may not accurately
capture the behaviour in the developing region. Despite this limitation, the peaks
still provide insight into the axial positions where heat transfer deterioration occurs.
Among the correlations, the calibrated model aligns most closely with resolved CFD
predictions. Further downstream, as the flow stabilises, all correlations provide rea-
sonable temperature predictions, with the calibrated model remaining the closest to
the resolved CFD results in the fully developed stage.

In the edge subchannel, where the buoyancy parameter is lower than in the corner

subchannel, all correlations capture the general trend of temperature evolution. The
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Jackson and calibrated correlations have better predictions against resolved CFD data
compared to the other models.

In the center subchannel, where buoyancy effects are weakest, the Jackson, K & P,
and Bishop correlations show good agreement with resolved CFD results. However,

the calibrated correlation tends to overpredict the wall temperature, likely due to its

stronger buoyancy correction, which is less applicable in this regime.
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Figure 4.20: Axial variation of wall temperature (T,,) prediction by different correla-
tions in different subchannels: Case 4 (first row); Case 5 (second row).

Overall, all correlations exhibit a similar trend in predictions with resolved CFD,
though differences exist in magnitude. Compared to the Dittus—Boelter correlation,
all other correlations demonstrate improved performance. The calibrated correlation
is best suited for cases with strong buoyancy effects, while the Jackson model performs
well across all scenarios. The K & P correlation performs well in cases with weaker
buoyancy effects, and the Bishop correlation provides reasonable predictions in all
cases. One limitation of all models is their inability to capture entry effects accurately
due to the nature of thermal boundary layer development. Instead, they produce

an abrupt temperature shift due to the coarse grid resolution. Among them, the
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Bishop correlation exhibits a more gradual increase in wall temperature but slightly
underpredicts the response to thermal boundary development.

Figure 4.21 shows the axial distribution of wall temperature in different subchan-
nels for Case 4 and Case 5, based on the new combination implementations. Com-
pared to the results using the Bishop correlation shown in Figure 4.20, the Bishop +
Calibrated approach predicts slightly higher wall temperatures. This difference is at-
tributed to the response of the Nusselt number ratio to the buoyancy parameter. The
predictions in the corner subchannels for both Case 4 and Case 5 are significantly
improved, exhibiting trends similar to those observed in the resolved CFD results,
which capture the heat transfer deterioration phenomenon. Notably, this trend was
not captured when using the original Bishop correlation.

For the Calibrated + Entrance correlation, after accounting for the entrance ef-
fect, the predicted wall temperatures show closer agreement with the resolved CFD
results. In addition, the moderation of the temperature peak near the entrance sug-

gests improved modelling of the entrance effects during the developing flow stage.
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Figure 4.21: Axial variation of wall temperature (7,,) prediction in different subchan-
nels: Case 4 (first row); Case 5 (second row).
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To further illustrate the influence of buoyancy correction on wall temperature
predictions, Figure 4.22 presents the variation of wall temperature in the corner sub-
channel alongside the buoyancy parameter along the axial direction. The comparison
can show the impact of different buoyancy correction approaches, particularly the
difference in the predicted location of heat transfer deterioration. As discussed in
previous sections, the deviation among the correlations leads to differences in the
location of HTD.
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Figure 4.22: Wall temperature and buoyancy parameter (Bo*) variation along the
axial direction in corner subchannel.

Next, the temperature redistribution across different subchannels in Case 4 is
analysed at various axial positions to assess the impact of buoyancy effects and com-
pare the performance of SubChCFD on parameter redistribution with conventional
CFD. Figure 4.23 presents the temperature variation along two distinct lines: one
across the edge and center subchannels (left) and the other in the corner subchannel
(right).

Notably, in the corner subchannel (Figure 4.23b), heat transfer deterioration oc-
curs at the onset due to the strong buoyancy effect. This results in a non-uniform
temperature development in the streamwise direction, with a higher temperature
gradient and a pronounced rise near the pin wall at the initial stage. This effect is
primarily due to local heat transfer deterioration and entrance effects. SubChCFD
captures these features reasonably well, showing good agreement with resolved CFD

predictions despite its coarse mesh nature.
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Figure 4.23: Radial temperature distribution across different subchannels in Case 4.
1, 2, 3, 4 and 5 represent the cross sections axial location at 0.03m, 0.18m, 0.33m,
0.48m and 0.63m

The velocity distribution along different subchannels is also analysed. Figure 4.24
presents the velocity profiles along the same lines discussed above.

It is useful to discuss the interesting velocity distribution using the resolved CFD
results. For the line across the edge and center subchannels, in the upstream, the
velocity profile follows a typical trend, exhibiting a local velocity dip at the midpoint
due to the narrow gap between the pins and the influence of wall shear, which slows
the flow in this region (Figure 4.24a). This is observed from early section. However,
later, the velocity profile is flipped and the velocity peaks at the narrow (mid-point)
through a strong acceleration in the narrow region. This is due to the combined effects
of buoyancy-induced acceleration and stronger flow expansion in this region. This
highlights the significant role of buoyancy in shaping flow distribution and velocity
profile distortions. It is interesting to note that the SubChCFD has captured the
general trends very well, with the initial low velocity at the narrow, its acceleration
along the flow and finally peaks towards the downstream end.

In the corner subchannel (Figure 4.24b), the velocity is accelerated near the fuel
pin due to heating whereas the acceleration on the casing wall is less, forming an
asymmetric profile. SubChCFD effectively captures this buoyancy-induced flow be-
haviour, showing a good agreement with resolved CFD predictions. The error bars,
set at 10%, illustrate that even with a coarse grid approach, SubChCFD provides

velocity predictions within an acceptable range.
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Figure 4.24: Velocity profiles along different subchannels in Case 4.

Overall, the above highlights the redistribution of temperature and velocity across
different subchannels due to the effect of buoyancy and flow expansion observed in
the resolved CFD. The comparison demonstrates that SubChCFD provides a reason-
able approximation of the resolved CFD results by both capturing the physical phe-
nomena quantitatively and providing reasonably good quantitative predictions. This
agreement is particularly notable in regions dominated by buoyancy effects, where
SubChCFD successfully captures key trends such as heat transfer deterioration and

buoyancy-induced flow behaviour.

4.4.3 Group C - Friction factor correlation validation

In addition to the development of heat transfer correlations, friction factor correlations
were also considered during the development of SubChCFD for supercritical flow
conditions. These correlations are related to the prediction of pressure drop and
velocity distribution. The original friction factor correlation, which has already been
included in SubChCFD, is based on isothermal flow conditions without any correction
for variable properties.

To account for the effects of thermal physical property variation, two additional
correlations from the literature were implemented into SubChCFD. The first is Kir-
illov’s correlation [69], which introduces a correction based on the wall-to-bulk density
ratio. The second is the correlation proposed by Yamashita et al. [138], which ap-
plies a correction using the wall-to-bulk viscosity ratio. Both correlations serve as

modifications to the original isothermal formulation.
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Resolved CFD results are used as reference data to evaluate the prediction. The
comparison is conducted using Case 6 and Case 7. Figure 4.25 shows the buoy-
ancy parameter in different subchannel for Case 6 and Case 7. Case 7 has stronger

buoyancy effect, especially in the corner subchannel.

le-7 le—6
2.25 2.5 —— Center subchannel
—— Edge subchannel
2.00 —— Corner subchannel
2.0
1.75
+ 1.50 —— Center subchannel .
o —— Edge subchannel Q1.5
@ 1.25 —— Corner subchannel @Q
1.00 0f
0.75
0.50 0.5
20 40 60 80 20 40 60 80
ZID ZID
(a) Case 6. (b) Case 7.

Figure 4.25: Buoyancy parameter for Case 6 and case 7.

As shown in Figure 4.26, the predictions in SubChCFD using different correlations
are generally consistent with the resolved CFD results. The modified correlations
lead to slightly lower pressure drop predictions compared to the original formulation,

reflecting the influence of thermal physical property gradients in the flow.

le7 le7
x x  Original 2.301007 x x  Original
2.30117 X o Kirillov o Kirillov
! A Yamashita 2.30095 A Yamashita
& — CFD — CFD
2.3010 2.30090
§ E 2.30085
g 2.3009 o
2.30080
2.3008
2.30075
2.3007 2.30070
2 4 6 8 2 4 6 8
Z/D Z/ID
(a) Case 6. (b) Case 7.

Figure 4.26: Comparison of pressure drop for Case 6 and case 7.

Figure 4.27 presents the velocity distribution across the edge and center sub-

channels at different axial locations, as discussed in the previous section. The data
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points with different markers represent the predictions obtained using the original,
Kirillov, and Yamashita friction factor correlations. For Case 6, all correlation results
are closely aligned, showing minimal variation. In Case 7, slight deviations appear
among the different predictions, but the differences remain small overall. indicating
limited sensitivity of the velocity field to the choice of friction factor correlation under

these conditions.
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Figure 4.27: Comparison of velocity profile for Case 6 and case 7.

In summary, all the correlations show good agreement with the resolved CFD
data, and the differences between the predictions are relatively small. This indicates
that, under these tested conditions, the pressure drop and velocity redistribution are
not highly sensitive to the choice of friction factor correlation. However, further inves-
tigation is needed to evaluate the performance of different friction factor correlations

under a wider range of flow and thermal conditions.

4.4.4 Group D - Comparison with experimental data

To further demonstrate the accuracy and applicability of the SubChCFD model,
its predictions are compared against experimental data from existing studies [126].
The flow conditions are summarized in Case 8 and Case 9, where different inlet
temperatures are used to extend the range of bulk enthalpy for a more comprehensive
validation. This comparison focuses on key parameters such as wall temperature and
its variation with bulk enthalpy, highlighting the predictive performance of different

empirical correlations.
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Figure 4.28 presents the wall temperature predicted by SubChCFD using differ-
ent empirical correlations for the fully developed flow region, compared against the
measured wall temperature from the experiment.

In Case 8, where buoyancy effects are relatively weak, the K & P and Jackson
correlations provide the best agreement with experimental wall temperature data.
The Bishop correlation slightly underpredicts, while the Calibrated correlation con-
sistently overpredicts the wall temperature. The overprediction by the calibrated
model can be attributed to its stronger buoyancy correction, which is less applicable
in subchannels with weaker buoyancy effects.

In Case 9, where buoyancy effects are stronger, all models exhibit deviations from
the experimental data. The experimental results indicate an increased rate of wall
temperature rise with bulk enthalpy. This trend further confirms the influence of
buoyancy, as the heat transfer deterioration occurs, resulting in a steeper tempera-
ture rise. This trend is consistent with previous CFD investigations. The calibrated
correlation consistently overpredicts wall temperature. This suggests that while the
model captures the overall influence of buoyancy, its correction may overcompen-
sate, leading to unexpected higher temperature predictions. Conversely, the K & P,
Jackson, and Bishop correlations, which generally align well with experimental data
in weaker buoyancy conditions, exhibit noticeable deviations in this case. It seems
that their performance declines as the effects of buoyancy become stronger, highlight-
ing the potential limitations in their capacity to account for the effects of stronger

buoyancy in the flow.
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Figure 4.28: Comparison of average wall temperature predictions with experimental
data.
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It also indicates that the SubChCFD predictions remain within 2.5% of the ex-
perimental values, which is reasonable considering the coarse mesh nature. However,
another key factor that contributes to the observed deviations is the differences in
averaging methods between the experimental and numerical approaches. In experi-
ments, temperature probes are positioned at multiple locations around the rod, while
in SubChCFD, bulk properties are averaged spatially within each subchannel. This
variation in data processing may lead to discrepancies as well.

This heat transfer coefficient comparison is shown in Figure 4.29. All results from
SubChCFD can effectively capture the heat transfer enhancement due to the ¢, peak
around the pseudo-critical temperature, which validates that the Nusselt number

correlation accounts for variable physical property performance well in SubChCFD.
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Figure 4.29: Comparison of average heat transfer coefficient predictions with experi-
mental data.

Overall, the findings demonstrate that SubChCFD provides a reasonable predic-
tion of heat transfer performance across the entire channel, with agreement observed
when compared to experimental data. However, further refinements are necessary to
enhance its accuracy, particularly in capturing variations within different subchannels

under both strong and weak buoyancy conditions, as well as their interactions.

4.5 Conclusion

This chapter discusses the development, validation, and application of the SubChCFD
model for supercritical fluid flow in rod bundle configurations. In addition to imple-
menting correlations that account for variable thermal physical properties and buoy-

ancy corrections, two new combination models: Bishop + Calibrated and Calibrated
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+ Entrance, were introduced to enhance prediction, particularly in developing stage.
Besides, correlations for modifying the friction factor are implemented as well.

Comparisons with resolved CFD confirmed that SubChCFD can capture key flow
physics such as velocity redistribution, heat transfer deterioration, and pressure drop
trends using a coarse mesh. The new combination correlations showed significant im-
provement in predicting wall temperature profiles, especially in corner subchannels,
where buoyancy effects are strongest. The Calibrated + Entrance model effectively
moderated temperature peaks near the entrance, indicating improved modelling of de-
veloping flow. Besides, friction factor correlations were evaluated to examine their in-
fluence on pressure drop and velocity distribution. Comparisons between the original
isothermal formulation and modified correlations by Kirillov and Yamashita showed
good agreement with CFD results. The differences among predictions were small, in-
dicating limited sensitivity to the choice of friction factor correlation under the tested
conditions.

Demonstration against experimental data confirmed that SubChCFD achieves rea-
sonable accuracy, with deviations in wall temperature predictions remaining within
2.5%. The analysis also indicated limitations, including the impact of averaging meth-
ods, the neglect of wall conduction effects, and the sensitivity of some correlations to
strong buoyancy conditions. These findings suggest potential improvements, such as
refining the buoyancy correction approach for different flow conditions.

Overall, this study demonstrates the feasibility of using SubChCFD for simulat-
ing heat transfer and flow behaviour under supercritical conditions by implementing
appropriate correlations, offering a flexible and computationally efficient alternative
to fully resolved CFD.
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Chapter 5

Development for the wire-wrapped
rod bundles

5.1 Introduction

To improve its applicability for complex geometries, this study focuses on extending
SubChCFD to model wire-wrapped rod bundle configurations. Wire spacers play
an essential role in nuclear fuel assemblies by promoting mixing and enhancing heat
transfer, but they also introduce complex flow structures, including swirling flow
effects. These flow features cannot be resolved using a coarse mesh, which presents a
challenge for SubChCFD development.

To address this challenge, this study adopts a momentum source term approach
inspired by Hu et al. [53]. This method uses pseudo-body forces to represent the
effect of wire spacers without explicitly resolving their geometry. Volume porosity is
used to identify the mesh regions occupied by the wires, and within these regions,
momentum source terms are applied to capture the influence of wires on the flow.
A local coordinate system aligned with the wire geometry is introduced to formulate
these forces, following the approach proposed by Hu et al [53].

This chapter presents the methodology for the development of SubChCFD, along
with its validation and demonstration in different wire-wrapped rod bundle config-
urations, such as a locally wire-wrapped 2x2 rod bundle, a fully wire-wrapped 2x2
rod bundle, and an extended 7-pin bundle in a hexagonal channel. The results are
compared with high-resolution CFD simulations and experimental data to validate
and demonstrate the capability of SubChCFD for capturing the key flow and heat

transfer behaviours induced by wire-wrapped spacers.
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5.2 Methodolegy

5.2.1 Pseudo-body force source terms

This development builds upon the foundational work of Hu et al. [53], integrating
key methodological components to further develop SubChCFD. In Hu’s approach,
pseudo-body forces normal to the wire, tangential to the pin, and parallel to the wire
are introduced to model the effects of wire spacers on flow behaviour. In SubChCFD,
these forces are implemented as body forces in the momentum equations, ensuring
the effective replication of wire-induced flow effects.

To apply these forces, a local coordinate system is introduced, as illustrated in
Figure 5.1. The unit vector e; is normal to the wire and points to the center of the
pin. The unit vector e, is parallel to the helical wire, representing the direction that
follows the wire geometry. The third unit vector es is tangential to the pin but normal
to the wire, playing a role in reproducing the secondary flow effects induced by the

wire spacer.

Figure 5.1: Local coordinate system for the momentum source terms.

The angle ¢ is the helical pitch angle of the wire, which describes the inclination of
the wire relative to the rod’s axial direction. The angle 6 defines the angular position
of a computing cell around the rod’s cross-section. It is measured from the reference
position where the wire first contacts the rod surface. Using these two angles, the
local coordinate system is constructed to follow the wire geometry. The body forces
are formulated in this local coordinate system and then projected onto the global
coordinate system for implementation in the solver.

The total force per unit volume applied within the SubChCFD is expressed as:

f=héi+ fads + f38 (5.1)
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where fi, fo, and f3 are the force components acting along the respective unit
vectors e, ey, and e3. These components are further defined by the following expres-

sions:

> Cpvi(vs +wvycos ® +vy)

h o (—é1) (4)
. 2
fo= 10 g 9

. Cpus(vs+vacos® +vy),
= pu3(vs ;)Z)COS vp) (—2) (©)

In these equations, v; is the velocity component normal to both the wire and the

pin, defined as v; = |U - €)|. The term vy represents the velocity component along
the wire direction, expressed as vy = |V - €3|. The force component f1 acts in the
normal direction, blocking radial flow into the wire region. The force ﬁ is aligned
with the helical wire direction and accounts for the additional frictional resistance
introduced by the presence of the wire. The friction factor fy, is modelled using the
Blasius-McAdams correlation [116]. The force f; influences both the crossflow and
axial flow, contributing to swirl generation and flow redistribution.

The coefficient C' is a tunable parameter used to control the strength of body
forces applied in the directions normal to the wire. In the momentum source model
developed by Hu et al. [53], C' was introduced to ensure sufficient resistance to block
the flow across the wire, effectively accounting for the wire width. In SubChCFD,
the wire region is instead defined using volume porosity, but C' still serves the same
primary purpose. It acts as a drag-related coefficient that determines the magnitude
of resistance, ensuring that the applied forces appropriately replicate the blocking
effect of the wire without resolving its geometry. Additionally, C' contributes to the
numerical stability of the simulation by preventing excessive local velocity gradients,

thereby acting as a stabilization factor to avoid divergence during iteration.

5.2.2 Mesh and modelling strategy

Accurately identifying the wire region is essential for the application of the momentum
source terms in SubChCFD. Wire spacers introduce additional resistance and swirling
effects in the coolant flow, which should be reproduced in simulations. To achieve
this, it is necessary to identify the computational cells occupied by the wire precisely

to ensure that the momentum source terms are correctly applied to account for the
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wire effects. This section details the mesh and modelling strategies used to implement
these source terms in SubChCFD.

A conventional method for modelling wire spacers is to explicitly resolve the wire
geometry using a fine computational mesh. However, when a structured mesh is
used, this method may lead to highly skewed cells due to the helical shape of the
wire and may require an extremely fine mesh to maintain numerical stability. Such a
fine mesh significantly increases computational cost, making it impractical for large-
scale simulations. To overcome these challenges, SubChCFD employs a porosity-
based approach, which represents the wire as a distributed resistance within the
computational domain without explicitly capturing its geometric details.

In SubChCFD, a separate mesh is generated for the wire geometry during the
preprocessing stage, as illustrated in Figure 5.2. This wire mesh is used to compute

the volume porosity.

Figure 5.2: Wire mesh for porosity calculation.

The volume porosity is defined as the fraction of the computational cell volume
available for fluid flow. Cells that are entirely fluid-filled have a porosity value of
1, whereas cells partially occupied by the wire have a porosity value less than 1.
The porosity is used to scale the momentum source terms applied within each cell,
ensuring that the forces are only applied in regions partially or fully occupied by
the wire. This allows the wire’s influence to be accurately incorporated into the

simulation. Figure 5.3 illustrates the computed porosity distribution.
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Figure 5.3: Porosity distribution in the computational domain.

The blue regions indicate cells where the porosity is less than one, meaning they
are partially or fully occupied by the wire. By incorporating porosity-based wire
modelling, the momentum sources are only applied in cells with porosity values less
than one, and their magnitudes are weighted according to the porosity. Specifically,

the source term in each cell is scaled as
S=f-(1-9) (5:2)

where f is the original force vector and ¢ is the local porosity. This ensures that the
forces introduced by the wire spacers are properly scaled based on their interaction

with the coolant flow.

5.3 Cases studied

5.3.1 Physical model

This study considers three test cases, two of which are from the ECC-SMART project
[38]. The first case examines a locally wire-wrapped 2x2 rod bundle, where wire
spacers are present only in specific sections along the rods. The second case also
features a 2x2 rod bundle, but with a single fully wrapped wire around each pin over
the entire test section. The third case is based on an experimental study conducted at
Hubei Technology University in China [125] investigating cross flow in a 7-pin bundle
with fully wire-wrapped spacers in a hexagonal channel.

This section provides a detailed description of the experimental configurations and
the flow conditions used in these test cases. In this chapter, the new combination

correlations from Chapter 4 are not used. It applies a baseline model, Jackson’s
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correlation with variable properties and the buoyancy correction to all cases. The
purpose of this chapter is to research the effects of wire spacers (flow swirl and mixing),
not to deliver best-estimate wall-heat-transfer predictions. Applying one robust and
widely validated correlation in all cases eliminates differences between models and
enables a consistent comparison.

The first test case is a locally wire-wrapped 2x2 rod bundle, where wire spacers are
placed periodically along the rod axis as shown in Figure 5.4, in which the geometric
details of the setup are illustrated. The total length of the rod bundle is 2500 mm,
with six wire spacer sections distributed along the axial direction. Each wire region

is 25 mm long, with four helical wires wrapped around each fuel pin.
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Figure 5.4: Geometric configuration of the locally wire-wrapped 2x2 rod bundle [38].

The experimental conditions used in this test case are outlined in Table 5.1. The
coolant operates under supercritical conditions, with a system pressure of 25.0 MPa
and an inlet temperature of 353.0°C. The mass flux through the bundle is set at
1025.0 kg/m?-s, while a uniform heat flux of 504.0 kW/m? is applied to the rods.

Table 5.1: Operating conditions for the locally wire-wrapped 2x2 rod bundle.

Case P (MPa) G (kg/m?s) q” (kW/m?) T, (°C)
Case 1 25.0 1025.0 504.0 353

In addition to the main cases, a demonstration case was conducted at the initial
step as a test case. This test case compares SubChCFD with a fully resolved CFD

simulation in a shorter computational domain, aiming to demonstrate the implemen-

tation of the momentum source term method.
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The physical model used in this test case corresponds to a segment of the locally
wire-wrapped rod bundle, but only a portion of the wire-wrapped region is consid-
ered, which is 25mm, as shown in Figure 5.4. Unlike the longer domain case, the
short domain case is specifically designed to demonstrate the momentum source term
method. To simplify the computational setup, the flow conditions are defined at
atmospheric pressure rather than under supercritical conditions. No heat input is
applied, and the fluid properties are assumed to be constant. The operating condi-
tions are summarised in Table 5.2. And the k-w SST turbulence model is employed
in resolved CFD.

Table 5.2: Operating conditions for the short domain case.

Case P (Pa) p (kg/m3) p (Pas) Inlet velocity (m/s)
Case_short 101325.0  997.13 0.00089 1.5

The second test case involves a fully wire-wrapped 2x2 rod bundle, where each
fuel rod is wrapped with a single continuous wire, as illustrated in Figure 5.5. The
duct has a width of 23.03 mm and extends 600 mm along the flow direction. Each
rod has an outer diameter of 8 mm with a wall thickness of 1.5 mm. The rod pitch

is 9.44 mm, and the minimum gap between the rods and the duct’s inner wall is 1.44
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Figure 5.5: Geometric configuration of the fully wire-wrapped 2x2 rod bundle [38].

The flow conditions for both experimental setups, including pressure, mass flow

rate, heating power, and inlet temperature, are summarized in Table 5.3. The test
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operates under supercritical conditions as well.

Table 5.3: Operating conditions for the fully wire-wrapped 2x2 rod bundle.

Case P (MPa) G (kg/m?) q” kW/m?) Ty, (°C)
Case 2 25.26 259.91 12.09 369.19
Case 3 25.03 282.33 12.10 390.75

To further demonstrate the SubChCFD implementation for the predictive of cross
flow and across different reactor geometries, a 7-pin wire-wrapped bundle within a
hexagonal channel [125] was simulated. The experimental rig is illustrated in Fig-
ure 5.6.

The test section for the simulation consists of seven acrylic rods inserted into a
hexagonal acrylic chamber. Each rod has an outer diameter of 30 mm, a wall thickness
of 0.5 mm, and a total length of 1500 mm. Helical wires are wrapped around each
rod to induce swirl and enhance mixing. The wire diameter is 5 mm, with a wall
thickness of 0.3 mm and an axial pitch of 500 mm. The wire pitch-to-diameter ratio

is 100, and each rod surface is wrapped with three complete wire pitches.
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Figure 5.6: Geometric configuration of the 7-pin wire-wrapped bundle within a hexag-
onal channel [125].

The experimental conditions for this test case, including Reynolds number, volu-
metric flow rate, nominal velocity and inlet temperature are summarized in Table 5.4.
All the cases are conducted under subcritical flow conditions using water as the work-

ing fluid.

Table 5.4: Flow conditions for the 7-pin wire-wrapped bundle experiment.

Case Re Q (m?/h) w (m/s) T (°C)

Case 4 3000 2.69 0.2 25.0
Case 5 6000 2.38 0.4 25.0
Case 6 9000 8.07 0.6 25.0
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5.3.2 Mesh strategy

For all test cases, the SubChCFD simulations follow a consistent meshing strategy.
The computational mesh is generated using a two-step process, where a 2D cross-
sectional mesh is first created, which is then extruded along the axial direction to
a specified length, referencing the corresponding experimental configuration. The
computational domain for each case follows the same methodology introduced in the
previous chapter (2x2 rod bundle without wire-wrapped spacers). Additionally, the
meshing strategy for wire spacers is implemented using the porosity-based method
described in the methodology section. These approaches can effectively capture the
influence of wire-induced swirl while maintaining computational efficiency.

For the short domain case, the SubChCFD mesh follows the same meshing strategy
as described previously. In contrast, the resolved CFD simulation explicitly resolves
the wire geometry, requiring a more refined mesh and an advanced turbulence model.
A polyhedral mesh is generated for the domain, incorporating prism layers near the
walls to improve boundary layer resolution to ensure the y* is around one, particularly
near the wire surface. And a mesh sensitivity test has been done. This setup provides
sufficient accuracy for capturing the relevant flow physics. The cross-sectional view
of the CFD mesh, highlighting the explicitly resolved wire geometry, is shown in
Figure 5.7.

Figure 5.7: Cross-sectional view of the resolved CFD mesh.
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5.4 Results and discussion

5.4.1 The short domain case

Before discussing the main cases, the test case described earlier was used to verify
the implementation of the momentum source term method. A key aspect of this
verification involves ensuring that the local coordinate system (ei, es, e3) is correctly
defined based on the wire spacers.

Figure 5.8 illustrates the extracted local coordinate vectors e, e, and ez from
the test case. These vectors are computed for the mesh cells occupied by the wire,
ensuring that the momentum source terms are correctly aligned with the wire-induced

forces.

eq ()] €3

Figure 5.8: Visualization of the local coordinate system (eg, es,e3).

The results confirm that the cells occupied by the wires are accurately defined
around the rods. Furthermore, the local coordinate system is correctly oriented rela-
tive to the wire, verifying that the forces can be applied in the appropriate direction to
reasonably replicate the physical influence of the wire spacers on the flow behaviour.

To validate whether the implementation in SubChCFD can reproduce the wire
spacer effects, the cross flow predicted by SubChCFD are compared with fully resolved
CFD data. Figure 5.9 presents velocity vector plots in a cross-sectional view. The
left image shows the results from the resolved CFD simulation, while the right image
corresponds to the SubChCFD prediction.
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Figure 5.9: Comparison of velocity vector plots in a cross-sectional view: CFD results
(left), SubChCFD results (right).

These vector plots illustrate the directional flow patterns and provide a clear depic-
tion of the swirl effects induced by the wire spacers in the channel. Both SubChCFD
and CFD predict similar overall swirling motion around the rods. This indicates that
the momentum source term approach in SubChCFD is capable of reproducing the
primary flow behaviour introduced by the wire spacers.

In this test case, no direct quantitative comparison is provided because the simu-
lation was specifically designed as a simplified setup to verify the correct implemen-
tation of the momentum source term method, particularly the alignment of the local
coordinate system and the application of pseudo-body forces. The objective here is
to demonstrate the capability of SubChCFD to replicate the expected swirl features
qualitatively. Quantitative validation exercises are presented later using more realistic

and complex cases.

5.4.2 Locally wire-wrapped case

Figure 5.10 presents the comparison of the average bulk velocity along the stream-
wise direction between SubChCFED of the locally wire-wrapped cases and results from
other research groups of the ECC-SMART project [38] using fully resolved CFD sim-
ulations with different turbulence models. In SubChCFD, the average bulk velocity

is calculated based on all computing cells across the entire cross section.
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Figure 5.10: Comparison of the average bulk velocity along the streamwise direction.
North China Electric Power University(NCEPU), Budapest University of Technology
and Economics (BME), University of Pisa (UniP1)

The results show that SubChCFEFD agree well with CFD simulations of NCEPU
(SST) and UniPi (k-€) in terms of overall trend and magnitude of the bulk velocity
in the axial direction. Despite using a coarser mesh, the method captures the key
flow characteristics in the wire-wrapped region, including the peaks in the velocity
profile correspond to the wire-wrapped sections, due to localized acceleration of the
flow. This acceleration occurs because the wire spacers reduce the available flow area,
causing an increase in velocity. After passing through the wire-wrapped region, the
flow gradually recovers.

The comparison between the pressure drops predicted using SubChCFD and
TEMPA-SC, a subchannel code, is shown in Figure 5.11. The results demonstrate
that the pressure drop predictions from both codes are in close agreement. The differ-
ent absolute pressure values are due to the use of different reference pressure, which

is insignificant.
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Figure 5.11: Comparison of pressure drop predictions between SubChCFD and
TEMPA-SC.

The inset in the figure highlights the effect of the wire spacers. It can be seen
that the pressure gradient in the spacer region is greater than in other regions due to
the additional pressure drop caused by the spacer, and immediately after the spacer,
there is a sudden recovery of the pressure as expected. It is therefore clear that
the implementation of the momentum source terms allows SubChCFD to correctly
account for the localized pressure variations caused by the wire-wrapped structures.

Figure 5.12 presents the wall temperature distribution along the streamwise direc-
tion at a fixed azimuthal angle on the rod, for different type of subchannels: center,
edge, and corner. The SubChCFD predictions follow the general trend observed in
the other models, whereas there are significant differences between the predictions of
the two resolved CFD models. This is not surprising as the swirling effect can be
difficult to be accurately captured by eddy viscosity models. The SubChCFD follows
that of the trend of the SST-k-w better.

Significant temperature fluctuations are observed in all models which are primarily
due to the influence of the wire spacers. These spacers periodically disrupt the flow,
causing localized velocity variations and enhanced heat transfer, which lead to tem-
perature oscillations. The SST (NRCKI) and SST k-w (NCEPU) models exhibit more
fluctuations, whereas SubChCFD produces a smoother temperature profile. This dif-
ference arises because, in resolved CFD, the wall temperature is extracted at a single
location within the subchannel, whereas in SubChCFD, the data represents an aver-

aged wall temperature over subchannels.
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Additionally, in the axial wall temperature distributions, several local dips are ob-
served along the streamwise direction. These lower temperature spikes are attributed
to the wire-induced local enhancement of heat transfer. The presence of the wire
promotes crossflow and mixing between subchannels, which enhances convective heat
transfer and locally reduces the wall temperature. SubChCFD does not explicitly
account for mixing effects in the Nusselt number correlation, though the predicted
temperature profiles still exhibits some small enhanced heat transfer. This indicates
that the momentum source term approach indirectly captures some impact of wire
spacers on heat transfer through its influence on the flow field, but if local peak
temperature is required, further explicit correlation should be included.

Finally, it is interesting to note the significantly different wall temperature in-
creases in the different subchannels. In center subchannels, the wall temperature
increase streamwise is the lowest due to a strong axial flow. In contrast, edge and
corner subchannels have a lower flow through them and hence a greater increase in
local bulk temperature and hence also a greater increase in wall temperature. Sub-
ChCFD has captured these differences in the subchannels very well, demonstrating
its capability to capture the key thermal-hydraulic features, such as temperature

variations and local enhancements in heat transfer.
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Figure 5.12: Comparison of wall temperature distributions at different subchannels.

While temperature fluctuations in the wall temperature profiles obscure the lower-
temperature spikes due to the wire effect, the HTC profile can provide a clearer
depiction of the periodic enhancement of heat transfer. Figure 5.13 presents the
comparison of HTC along the streamwise direction for different models. The strong
periodic peaks observed in HT'C profiles observed in the resolved CFD (especially
case blue) highlight the influence of the wire spacers. These HTC are local valuies
but, in SubChCFD, the presented HTC results represent the average heat transfer
coefficient around each rod, calculated based on a spatially weighted average of the
corresponding subchannel region. The SubChCFD is clear capable of capturing the
thermal behaviour associated with flow disturbances introduced by the spacers despite
a much small magnitude due the the average.

The SubChCFD results show relatively higher HT'C values compared to the other
models, which suggests that the heat transfer correlation used in SubChCFD may be
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over predicting the enhancement effect. However, the overall trend and periodicity
align well with the predictions from SST (NRCKI) and SST k-w (NCEPU). This in-
dicates that SubChCFD successfully captures the key thermal phenomena associated

with wire-wrapped rod bundles.
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Figure 5.13: Comparison of the heat transfer coefficient (HTC) along the streamwise
direction.

In conclusion, the validation of SubChCFD in the locally wire-wrapped case un-
der supercritical conditions confirms its capability to capture the key flow and heat
transfer phenomena associated with this geometry. Comparisons with resolved CFD
models show that SubChCFD predicts the overall trends well, with reasonable agree-

ment in velocity distribution, pressure loss and heat transfer behaviour.

5.4.3 Fully wire-wrapped

This section demonstrates the application of SubChCFD for fully wire-wrapped rod
bundles under supercritical conditions.

Figure 5.14 illustrates the velocity vector field within the rod bundle at different
axial positions, showing the impact of the wires on flow behaviour in fully wire-
wrapped configuration. Three cross-sectional slices are extracted at different locations
along the streamwise direction to show the evolving flow patterns.

The velocity vectors reveal that the wire spacers continuously drive crossflow be-
tween subchannels. This swirling motion persists along the entire rod length due to
the continuous helical wrapping, which could impact pressure loss and wall temper-

ature prediction depending on the extent of the resulting flow redistribution. The
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ability of SubChCFD to capture these wire-wrapping effects offers a new avenue for

accurate thermal hydraulic predictions in supercritical conditions.

Figure 5.14: Velocity vector field at different axial locations in the fully wire-wrapped
rod bundle.

Figure 5.15 shows the axial bulk velocity along the streamwise direction for three
different subchannels (center, edge, and corner) for Case 2 and Case 3. The center
subchannel consistently exhibits the highest velocity, with a smooth and steady in-
crease along the axial direction, indicating a more uniform and less obstructed flow.
This behaviour is due to the relatively uniform obstruction caused by the wire spac-
ers along the axial direction in the center subchannel, resulting in smoother flow
development and smaller velocity variations.

In contrast, the edge and corner subchannels exhibit periodic variations in velocity,
which result from the periodic obstruction caused by the wire spacers. The wire dis-
tribution within the edge subchannel at 0.15m to 0.25m is shown in Figure 5.16. This
leads to localised flow acceleration and recovery within each subchannel as the flow
moves downstream. SubChCFD successfully captures these effects, demonstrating its

capability to reproduce the effects of wire wrapping in each subchannel.
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Figure 5.16: Wire distribution in the edge subchannel at 0.15m to 0.25m.

Figure 5.17 compares the pressure distribution along the streamwise direction. In

both cases, the SubChCFD prediction of pressure drop is in good agreement with that
of Advanced Thermal-hydraulic Analysis Sub-channel code (ATHAS). This validation
shows that SubChCFD is capable of predicting pressure losses in fully wire-wrapped

rod bundles under supercritical conditions with reasonable accuracy.
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Figure 5.18 compares the average wall temperature along the streamwise direction
for Case 2 and Case 3. The results of SubChCFD are compared against those of CFD
stimulations from other participants [38], in which the k-w SST turbulence model was
used. The SubChCFD results show a similar increasing trend in wall temperature
along the streamwise direction when compared to the CFD results. However, the
temperature values predicted by SubChCFD are generally lower compared to the CFD
predictions. Similar discrepancies were observed in the previous research chapter,
suggesting that further investigation is needed to compare these predictions with
experimental data. Despite these differences, the temperature variation across all

models remains relatively close, with differences ranging from approximately 5 K to
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Figure 5.17: Comparison of axial pressure drop.
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The predicted axial pressure drop and wall temperature trends show close agree-
ment with resolved CFD results, demonstrating SubChCFD'’s ability to predict the
global thermal-hydraulic behaviour in fully wire-wrapped rod bundles.

The analysis in this section primarily focuses on the overall temperature and
pressure drop predictions in the axial direction. However, the cross-sectional flow
distribution, particularly the effects of crossflow induced by wire spacers, remains an

important aspect for further demonstration.

5.4.4 The 7-Pin channel

The 7-pin bundle case serves as a demonstration of SubChCFD'’s capability to predict
crossflow behaviour in a more complex rod bundle geometry. This section focuses on
analysing the swirling motion induced by wire spacers, comparing simulation results
with experimental data. Velocity distributions and crossflow intensity are examined
across different subchannels to assess the SubChCFD’s ability in capturing key flow
phenomena.

Figure 5.19 presents the crossflow distribution within the 7-pin bundle geometry
at the same cross-sectional location, comparing experimental observations with the
results obtained from SubChCFD. The velocity vectors reveal distinct swirl patterns
across the entire domain, with localized vortex structures forming in specific sub-
channel regions. The colour map further illustrates the intensity of crossflow, where
regions with higher intensity (yellow to red) correspond to areas of high flow, partic-
ularly within narrow gaps between the walls and pins, as well as downstream of the

wire spacer region.
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Figure 5.19: Comparison of experimental and SubChCFD-predicted crossflow distri-
butions within the 7-pin bundle.

The zoomed-in subchannel regions provide a detailed comparison of the predicted
and experimental flow fields. Despite the use of a coarse grid, the SubChCFD model
effectively captures the primary crossflow features and some localized vortex struc-
tures near the wire in inner and edge subchannels. These vortices are generated as a
result of the obstruction caused by the wire spacer. When the crossflow is blocked by

the wire, it leads to localized flow reversal and vortex formation within the subchan-
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nel. While the local vortices are well reproduced, generally speaking, variations in
their exact center locations and sometime the intensities, compared to experimental
data are observed. This discrepancy may be attributed to the coarse grid resolu-
tion. The results indicate that the implemented forces effectively account for the wire
spacer effects on crossflow behaviour.

Figure 5.20 presents a comparison of the velocity vector fields in the inner sub-
channel, highlighting localized vortex formation due to crossflow interactions. The
alignment of velocity patterns between the experimental results and SubChCFD pre-
dictions suggests that SubChCFD effectively captures the overall crossflow behaviour

in this region, including the presence of swirl and vortex structures.
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Figure 5.20: Comparison of velocity vector fields in the inner subchannel of the 7-pin
bundle.

Figure 5.21 provides a quantitative comparison of the normalized velocity com-
ponents within the subchannel. The plots display the normalized velocity u/w and
velocity v/w at three different Reynolds numbers: 3000, 6000, and 9000.

In the u/w plot, the SubChCFED results align well with the experimental data. The
characteristic velocity dip around L/Ly = 0.2, followed by a subsequent recovery, is
accurately captured. This behaviour is associated with vortex-induced flow patterns
within the inner subchannel.

The v/w plot further demonstrates the SubChCFED model’s ability to capture local

vortices arising from crossflow interactions. The v/w in the region L/Lq between 0.3
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to 1.0 is well predicted by the subchcefd, but the values between L/Ly between 0 and
0.3 seem to be significantly lower, in fact with the wrong sign (that is, in the wrong
direction). This is a result of the local vortex predicted by the subchcfd model is
shifted in relation from the measurement, see, Figure 5.20. Such level of deviation

in the SubChCFd is expected and it demonstrate the limitation of the coarse grid

resolution in resolving fine-scale turbulence structures.
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(a) Normalized streamwise velocity u/w. (b) Normalized lateral velocity v/w.

Figure 5.21: Comparison of normalized velocity components in the inner subchannel.

Figure 5.22 presents a comparison of velocity vector fields in the edge subchannel.
The overall swirling motion in the entire section is well captured by SubChCFD.
However, the SubChCFD model underpredicts the magnitude of the velocity in certain
regions. The local vortex observed in the experimental data near the wire spacer is
not reproduced in the simulation, again showing the limitation of SubChCFD in

capturing detailed local flow structures.
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Figure 5.22: Comparison of velocity vector fields in the edge subchannel of the 7-pin
bundle.

Experimental results

Figure 5.23 presents a quantitative comparison of the normalized velocity compo-
nents in the edge subchannel. Consistent with the observation of a strong vortex in
the edge channel (Figure 5.22), the experimental data shows a strong positive peak
in both u and v. However, the subChCFD does not capture these peaks due to the
lack of vortex in this region likely due to the use of coarse grid CFD. The predictions
away from the wall, L/Lq ; 0.6, agree reasonably well with the experimental data.
Despite of this, the SubChCFD is able to predict significant cross flow due to the

overall swirling effect caused by the wire wrap.
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(a) Normalized streamwise velocity u/w. (b) Normalized lateral velocity v/w.

Figure 5.23: Comparison of normalized velocity components in the edge subchannel.

Figure 5.24 illustrates the velocity field in the corner subchannel. The velocity
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vectors indicate strong crossflow effects induced by the wire spacers, with higher flow
intensity near the pin walls and reduced velocities closer to the housing wall due to
the hexagonal channel geometry, which is shown in both the experimental data and
the SubChCFD prediction.

SubChCFD results
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crossflow
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Figure 5.24: Comparison of velocity vector fields in the corner subchannel of the 7-pin
bundle.

Figure 5.25 compares the crossflow intensity between experimental data and Sub-
ChCFD simulations in the corner subchannel. The overall profile of the cross-flow
velocity is well captured by SubChCFD. Higher velocity regions are observed near
the pin walls, indicating swirling induced acceleration, while lower velocity values
appear closer to the housing wall. This variation is due to the hexagonal channel
geometry, where the corner region is not perfectly round, leading to a non-uniform
velocity profile. Despite the limited number of mesh layers in this region, SubChCFD

successfully captures this geometry induced effect.
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Figure 5.25: Comparison of crossflow intensity in the corner subchannel.

However, at Re = 3000, the experimental results exhibit a different trend com-
pared to higher Reynolds numbers, which is not reproduced by SubChCFD. At lower
Reynolds numbers, the crossflow intensity is weaker, indicating reduced secondary
flow motion. The SubChCFD model appears to over predict the influence of wire
spacers at these lower flow conditions, suggesting that further refinement of the mo-
mentum source term may be necessary.

The results indicate that SubChCFD effectively predicts the dominant swirling
behaviour in the corner subchannel. However, further calibration of the momentum
source term is required to improve accuracy across different flow conditions, partic-
ularly at lower Reynolds numbers where the model tends to overestimate the wire

spacer effect.
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Figure 5.26: Comparison of velocity vector fields in the inner subchannel between two
rods in the 7-pin bundle.

Figure 5.26 presents the velocity distribution in the region between two adjacent
rods. This region is also important as it highlights the dominant crossflow interac-
tions driven by the swirling motion around the rods. The velocity vectors indicate
a tangential flow component along the pin surfaces, demonstrating the effect of flow
redirection caused by the wire spacers in both the measurements and the SubChCFD
predictions.

The comparison of crossflow intensity between experimental data and SubChCFD
simulations is shown in Figure 5.27. The strong crossflow velocity highlights the
influence of swirling motion induced by the wire spacers along the rod walls. A
noticeable asymmetry in the SubChCFD profile suggests that the flow has not fully
recovered from the upstream center subchannel effects, where swirling interactions

have altered the local flow characteristics.
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Figure 5.27: Comparison of crossflow intensity between pins.

Despite some discrepancies in velocity magnitudes with experimental data, the
SubChCFD model effectively captures the overall crossflow behaviour in this region,
demonstrating its capability to predict dominant flow trends.

The 7-pin bundle demonstration confirms that SubChCFD can capture dominant
crossflow behaviour, including swirling motion and local vortex structures in certain
subchannels. While it successfully predicts velocity distribution and crossflow inten-
sity, some discrepancies in magnitude and vortex center location persist due to grid
resolution limitations. Overall, SubChCFD effectively reproduces key flow character-

istics, demonstrating its capability for crossflow prediction in various geometries.

5.5 Conclusions

This chapter presents a new development in SubChCFD for the simulation of wire-
wrap effects, where pseudo forces are used to account for the wire effect rather than
resolving the complex wire geometry. The validation was conducted in locally and
fully wire-wrapped cases under supercritical conditions, assessing temperature distri-
bution and pressure drop along the axial direction. The 7-pin bundle case further
validated the model’s capability in predicting crossflow behaviour in a more complex
setting.

SubChCFD successfully captured the axial pressure drop and heat transfer char-
acteristics in both the locally and fully wire-wrapped cases, showing reasonable agree-
ment with CFD results. The periodic influence of wire spacers on flow redistribution
was well represented. In the fully wire-wrapped case, SubChCFD captures the global

behaviour well: the axial trends of temperature and pressure are reproduced, and
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key flow features are present. Minor temperature discrepancies point to limits of the
heat-transfer correlation, but the method delivers these results at substantially lower
computational cost than resolved CFD.

The 7-pin bundle case confirmed the ability of SubChCFD to predict crossflow
behaviour induced by wire spacers. The model captures dominant swirling motion and
local vortex structures in different subchannels. Some deviations in vortex strength
and position were observed due to the coarse grid limitation.

Overall, SubChCFD with new development proves to have the ability to model

axial and radial flow and heat transfer behaviour in wire-wrapped rod bundles.
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Chapter 6

Application of SubChCFD in
natural circulation loops

6.1 Introduction

Natural circulation loops are relevant to passive cooling systems in nuclear reactors,
as they enable coolant circulation without relying on external pumps. The main
objective of this chapter is to demonstrate the capability of SubChCFD in simulating
the transient behaviour of a natural convection loop. Two distinct configurations
are examined: one features horizontal heating and vertical cooling (HHVC), where
an asymmetric heater-cooler arrangement creates a preferential initial flow direction.
The other configuration features horizontal heating and horizontal cooling (HHHC),
with both sections positioned symmetrically, resulting in more uniform initial flow
development.

To enable the modelling of NCLs using SubChCFD, development is focused on sev-
eral key aspects, including implementation of friction factor correlations for straight
pipes, modifications to Nusselt number correlation to account for thermal bound-
ary development and calibration of shear stress in elbow regions. The effectiveness
and limitations of SubChCFD in capturing instabilities in natural circulation loops
is assessed by comparing its prediction with detailed CFD results for velocity and

temperature oscillations, as well as flow reversals.

6.2 Model development

6.2.1 Friction factor correlations for pipe flow

In previous chapters, the development of SubChCFD has primarily focused on rod

bundles, whereas this case involves pipe flow. Since SubChCFD relies on empirical
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correlations, correlations developed for pipe flows are used. In addition, for the nat-
ural circulation loop, flow may be laminar, transitional or turbulent, which needs to
be accounted for.

In a straight pipe, the flow transitions through different regimes are illustrated in
the Moody diagram, which is shown in Figure 6.1, each regime requiring a specific

friction factor correlation.

Moody Diagram

Friction Factor

c otor — _2d
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Figure 6.1: Moody diagram [132].

In SubChCFD, the following correlations are implemented. For laminar flow (Re <
2000), the friction factor is determined as [130]:

64
= Re
For transitional flow (2000 < Re < 3000), where the flow characteristics are

(6.1)

more complex due to the onset of turbulence, an empirical correlation proposed by
Swapnalee and Vijayan [114] is applied:

1.2063

f= Re0-416

For moderate turbulent flow (3000 < Re < 20,000), the Blasius correlation [130]

is used to estimate the friction factor:

(6.2)

0.316
U

For higher turbulence levels (20,000 < Re < 200,000), an improved Blasius cor-

(6.3)

relation, validated by Fang et al. [39], provides a more accurate prediction of the

friction factor:
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0.184
f= RO (6.4)

By implementing these friction factor correlations, SubChCFD can properly pre-
dict flow resistance across different flow regimes in pipe geometries. This development
enhances its applicability beyond rod bundle based configurations, making it suitable

for modelling a wider range of thermal-hydraulic systems.

6.2.2 Friction loss in the elbow region

For the simulation of the whole natural circulation loops, the elbow sections present
additional challenges. The elbow regions contribute to head loss through both phys-
ical and numerical mechanisms. Physically, elbows cause form losses due to flow
separation, curvature effects, and the generation of secondary flows. Conversely, nu-
merical diffusion is an unwanted computational artefact associated with the use of a
coarse mesh. It is necessary to consider all these effects in the elbow regions.

For the SubChCFD development, the wall shear stress in the elbow region is
implemented as a momentum source expressed as:

Tw = —%pku|u| : ﬁ = —%pKu|u| (6.5)
where K is the loss coefficient (K = 0.04 in this case), p is the density and u is
the local velocity.

The shear stress is implemented within the elbow region for this specific case. The
coarse-grid pressure drop was matched to the fine-mesh RANS simulations for the
same conditions. This new development allows SubChCFD to account for frictional
losses, form losses, and numerical dissipation effects in the elbow region, which are
otherwise not captured by SubChCFD.

6.2.3 Nusselt number correlation

As the fluid enters the heated and cooled sections, it experiences an entrance effect,
which is relevant to the development of the thermal boundary layer and should be
taken into account in the heat transfer correlations used. In addition, the flow expe-
riences strong axial temperature gradients due to the developing thermal boundary
layer. As the fluid enters the heated or cooled section, temperature changes rapidly
along the axial direction, which should be modelled appropriately to ensure realistic

simulation outcomes by using a reasonably fine mesh.
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For fully developed flow, standard correlations can be used, such as the Dittus-

Boelter equation for turbulent flow [37]:

Nu = 0.023Re"® Prd4 (6.6)

However, in the entrance region, where the thermal boundary layer is still devel-
oping, the correlation needs to be corrected to account for the evolving heat transfer
characteristics. In Chapter 4, heat transfer in supercritical conditions was discussed
using the Bishop correlation, which is widely used for turbulent flow in rod bun-
dle geometries. However, in this chapter, thermal entrance effects are significant for
natural circulation in a square loop pipe configuration due to the short heated and
cooled sections. To account for the developing thermal boundary layer, a modified
Dittus—Boelter correlation with an entrance-length correction (Incropera et al. [13])

expressed as:

—0.05
Nu, = 0.023 Re® Pro4 (%) (6.7)

Here, Nu, is the local Nusselt number at an axial position x, x is the distance from

the pipe inlet, and D is the pipe diameter. The correction term (%) 9% accounts for
the thermal entrance development. This effect is typically significant near the start
of heating/cooling and gradually diminishes as the flow approaches fully developed
conditions.

In SubChCFD, this correlation is considered to correct the heat transfer coefficient
in the entrance regions, ensuring that both the heated and cooled sections properly
account for the thermal development. However, implementing this correction presents
a challenge. Due to flow oscillations and flow reversal, the actual entrance to the
heating or cooling section depends on the instantaneous flow direction, making it
difficult to define consistently. This part of the development work is quite challenging
and still ongoing.

In this work, a simplified calibration approach was adopted to demonstrate the
capability of SubChCFD in modelling NCL behaviour. For a specific test case, the
average Nusselt number in the cooling section was estimated based on resolved CFD
simulations and from SubChCFD using the Dittus-Boelter correlation [37] respec-
tively. To align the heat transfer predictions between the two approaches, a correction
coefficient was applied to the Nusselt number estimated in SubChCFEFD. This coeffi-
cient was calibrated such that the resulting Nusselt number closely matched that from

the resolved CFD, ensuring comparable heat transfer performance. This calibration
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is specific to the present case, as the heating and cooling sections are relatively short
and the thermal boundary layers are never fully developed. This calibrated Nusselt
number helps to account for the influence of thermal development over the entire

length.

6.3 Case description

To investigate the flow behaviour in a natural circulation loop and evaluate the capa-
bilities of SubChCFD, a square-shaped loop is considered in this study. The reference
geometry is based on work by Dean et al. [134], as illustrated in Figure 6.2. The
detailed geometric parameters of the loop are provided in Table 6.1. The heater is
located at the centre of the bottom horizontal pipe, where a constant heat flux is
applied as the heat input. The cooler is positioned at the top-right vertical section
or the centre of the top horizontal pipe, where a constant temperature boundary

condition is imposed.
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Figure 6.2: Geometry information of the square loop configuration.

Table 6.1: Dimensionless geometric parameters of the square natural circulation loop.

Configuration H/§ Z/W R/6 AZ/Z Ly/W X,/W
Square Loop 10 1 1.5 0.675 0.35 0.5

To capture the flow characteristics and assess transient behaviour within the loop,
seven monitoring points are placed at different locations across the loop, as indicated

in Figure 6.2a. These monitoring points enable the analysis of velocity fluctuations,
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temperature variations, and flow direction changes, providing insights into the dy-
namic behaviour of the system.

The operating conditions of the system are summarised in Table 6.2. The fluid
properties are assumed to be constant. The Boussinesq approximation is used to
account for buoyancy effects. The Boussinesq approximation models buoyancy by
assuming the fluid is incompressible with constant properties everywhere except in
the gravity /body-force term. A constant heat flux is applied in the heated section,
while the reference temperature corresponds to the initial temperature in the system.
The constant wall temperature in the cooling section is slightly lower than the initial

temperature, establishing an initial buoyancy-driven flow.

Table 6.2: Thermal physical conditions.

Ra Gr Pr p 7 B Cp q" Tret  Teool
- - —  (kg/m?®) (Pas) (1/K) (J/kgK) (W/m?) (°C) (°C)
8.07 x 1013 1.13x 10 7.1  1000.0 0.001 0.1 4000.0  4.87 x 10" 19.5 19.0

6.3.1 Mesh generation

The low Reynolds number Launder-Sharma turbulence model is used based on find-
ings from the literature, where it has been shown to provide satisfactory performance
in circulation loop systems [74, 133]. This turbulence model is used in resolved CFD
simulations to generate reference results.

A structured mesh is generated, with special refinement near the wall regions to
ensure that the dimensionless wall distance (y") remains close to 1. For the cross-
section of the pipe, an O-grid mesh topology is utilised to maintain high mesh quality
and improve numerical stability in curved geometries.

The RANS CFD simulation employs a high-resolution mesh, as shown in Fig-
ure 6.3. A fine mesh is particularly important in natural circulation loop simulations

to accurately capture boundary layer effects and turbulence characteristics.

128



i
HHHT

neih

Fve
M
t\?g\\

()
i

t
T
+
t

(a) Mesh for the elbow region. (b) Cross-sectional O-grid mesh.

Figure 6.3: Mesh structure used in resolved CFD simulations.

In SubChCFD, a similar meshing strategy is adopted, but it is significantly coarser
compared to the resolved CFD mesh, as shown in Figure 6.4. The filter mesh genera-
tion for SubChCFD differs from rod bundles meshing. In this configuration, only one
subchannel covers the entire cross-section of the pipe, unlike the multiple subchannels
used in previous subchannel models. Additionally, the filter mesh is applied only to

the straight pipe sections (red regions), as shown in Figure 6.4a.
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(a) Coarse mesh in a curved pipe section. (b) Coarse cross-sectional mesh.

Figure 6.4: Mesh structure used in SubChCFD simulations.
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6.4 Results and discussion

6.4.1 Horizontal heating and vertical cooling

Figure 6.5 presents the horizontal velocity U at three monitoring points in the natural
circulation loop: monitor 3 (heated section), monitor 6, and monitor 7. Across all
monitoring points, both CFD and SubChCFD results exhibit oscillations in veloc-
ity, indicating flow instability within the system. The velocity magnitude fluctuates
between positive and negative values, indicating frequent reversals of flow. This be-
haviour is characteristic of the unstable flow conditions that can occur in natural
circulation loops. SubChCFD generally captures the oscillation frequency well but
slightly deviates in amplitude. The frequency differences are minimal across all moni-
toring points, suggesting that SubChCFD successfully predicts the overall oscillatory

nature of the system.
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Figure 6.5: Time history of horizontal velocity at different locations.
Figure 6.6 compares temperature evolution between the resolved CFD and Sub-

riodic transient heating process and fluctuation phenomena. Both the amplitude and
the frequency of the oscillations have been in points 1 and 2 agree well between the

ChCFD methods at three monitoring locations. The values are very high as the cases
show that SubChCFD follows the overall trend of the CFD results, capturing the pe-

are all designed for the comparison by referring to Dean



two simulations. The agreement is worse at point 3 though the basic unsteady fea-
ture has been captured by SUbChCFED. These fluctuations indicate flow instabilities.
After applying the calibrated Nusselt number to account for the overall developing
effect, the thermal performance predicted by SubChCFD closely matches that of the
RANS simulation.
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Figure 6.6: Temperature comparison of CFD and SubChCFD results at different
locations.
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Figure 6.7 presents temperature contour plot at different time instances. These
results again suggest the oscillatory flow behaviour within the loop, including the
flow reversal. Although the exact timing of the transitions differs slightly between
the models, both SubChCFD and resolved CFD exhibit the same dynamic trend.

Initially, the flow moves in an anti-clockwise direction (judging by noticing the
heated hot fluid moving to the left) due to thermal expansion in the heated section
(t=9.79s). As the coolant continues to absorb heat and moves toward the cooler
region on the right, the flow gradually decelerates. Continued cooling eventually
causes the flow to slow and partially reverse. At this transitional stage, the temper-
ature field becomes more symmetric. As the effect of the cooling increases further,
the thermal driving force of this cooler leg becomes strong enough to overcome the
previous clockwise motion, causing the flow to reverse direction and develop into a
counter-clockwise circulation.

This test case demonstrates that SubChCFD is capable of capturing complex
unsteady phenomena such as flow reversal, having showcased its ability to model the

key thermal-hydraulic characteristics of the NCL.
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Figure 6.7: Temperature contour plots at different time instances: SubChCFD results
(first row) and resolved CEFD results (second row).

Figure 6.8 presents the shear stress contour plots comparing the SubChCFD re-
sults and the resolved CFD results at t = 9.79 s. The results show a high degree of
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similarity between the two methods, indicating that the shear stress implementation

in the elbow region captures the shear loss reasonably while using a coarse mesh.
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Figure 6.8: Comparison of shear stress distribution between SubChCFD and resolved
CFEFD: SubChCFD results at 9.79s (left) and resolved CFD results at 6.17s (right).

6.4.2 Horizontal heating and horizontal cooling

The flow development in a natural circulation loop is heavily influenced by the relative
positioning of the heating and cooling sections. In the previous configuration, where
the heating section was horizontal and the cooling section was vertical, the system
exhibited a dominant initial flow direction due to the asymmetric arrangement of the
heat source and sink.

In contrast, in this case, the configuration features both the heating and cooling
sections positioned horizontally and symmetrically, eliminating the natural dominance
for an initial flow direction. This introduces additional challenges in flow development,
as the system becomes more sensitive to localised thermal expansion effects in the
heated section and momentum diffusion in the cooling region.

The objective of this case is to evaluate whether SubChCFD can reasonably cap-
ture the key flow behaviours in this configuration, including the formation of circula-
tion patterns, transient instabilities, and flow reversals.

The velocity evolution at monitoring points 3, 6, and 7 is presented in Figure 6.9,
comparing the results from resolved CFD and SubChCFD. Across all monitoring lo-
cations, SubChCFD captures the oscillations but overpredicts the velocity magnitude

and oscillation frequency in comparison with the resolved CFD.
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One notable observation is that the velocity magnitude fluctuates symmetrically
between positive and negative values, roughly within the range of [—4,4] m/s. This
differs from the previous configuration, where the presence of a vertical cooling sec-
tion and the resulting asymmetry in the loop geometry promoted a dominant flow
direction, leading to a more directionally biased flow pattern. In this case, since both
heating and cooling sections are horizontally positioned, the system exhibits a more
symmetric low development.

The higher velocity magnitudes and increased oscillation frequency observed in
SubChCFD compared to resolved CFD can be partially attributed to differences in
how boundary conditions are implemented in the two approaches. Although the
system geometry is symmetric, with the heater and cooler placed to avoid flow bias,
the lack of a dominant flow direction increases sensitivity to boundary treatment
and numerical schemes. In SubChCFD, the boundary conditions at the heater and
cooler are implemented using simplified correlations and calibrated parameters (e.g.,
Nusselt number), which differ from the more physically detailed wall treatment used
in resolved CFD. This likely contributes to the discrepancies in flow magnitude and
dynamics between the two methods. Overall, SubChCFD can capture the global flow

oscillations in this case.
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Figure 6.9: Comparison of velocity oscillations between resolved CFD and SubChCFD

at different monitoring locations.

The temperature contour plots from SubChCFD simulations, shown in Figure 6.10,
illustrate the evolution of temperature at different time instances in the horizontal

heating and horizontal cooling configuration. This setup removes the vertical asym-

metry present in the previous case, allowing the flow to evolve more symmetrically.

5.79, the flow exhibits a clockwise circulation. As the flow enters the

At t
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cooling section, it gradually reduces in temperature. This results in a weakening of
the clockwise circulation due to the thermal expansion, as observed at ¢t = 5.89s,
where the flow slows and the temperature field becomes more uniformly distributed.

As the fluid passes through the horizontal cooler located at the top, it continues to
lose heat while flowing downward through the right-side pipe. This sustained cooling
increases the temperature difference between the right vertical pipe and the heater at
the bottom. The growing imbalance enhances the thermal driving force in the right
pipe. As a result, the flow reverses, leading to the development of a counter-clockwise
circulation at ¢ = 5.99.

These results demonstrate that, even in the absence of vertical asymmetry, Sub-
ChCFD successfully captures the unsteady evolution of the flow and the occurrence

of flow reversal.
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Figure 6.10: Temperature contour plots showing the flow evolution at different time
steps in the horizontal heating and horizontal cooling configuration.

6.5 Conclusion

This chapter investigates the instability behaviour of a natural circulation loop un-
der different heating and cooling configurations, focusing on a comparative analysis
between SubChCFD and resolved CFD results. The objective was to develop and
evaluate the capability of SubChCFD in simulating transient flow phenomena, par-
ticularly velocity oscillations and flow reversal.

The results demonstrated that SubChCFD successfully captured key unsteady
behaviours, including the onset of oscillations and flow direction changes. While
SubChCFD slightly overpredicts the amplitude and frequency of velocity oscillations
in HHHC case, this overprediction is not observed in the HHVC case, where the

agreement with resolved CFD is much closer. The overall trends remained consistent.
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In both the HHVC and HHHC configurations, SubChCFD reproduced the essential
flow evolution patterns.

The use of appropriate friction factor correlations, the implementation of shear
stress treatment in elbow regions, and the calibration of the Nusselt number together
enable SubChCFD to capture both frictional and heat transfer effects in the sys-
tem. These developments enhance SubChCFD’s capability to simulate the transient
behaviour of natural circulation loops.

Overall, this study demonstrates the potential of SubChCFD as a viable tool for
capturing instability behaviour in natural circulation loops, offering a computationally
efficient approach for transient thermal-hydraulic analysis. Even though the work
reported in this chapter is still preliminary and there is still significant scope for

further improvement and testing.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

This thesis has presented further development, validation, and demonstration of the
SubChCFD for analysing thermal-hydraulic behaviour in nuclear systems. The re-
search focused on three main areas: supercritical scenarios, wire-wrapped rod bundles,
and natural circulation loops (NCLs).

The study systematically addressed several key challenges, including the rapid
variation of fluid properties near the pseudo-critical point, the influence of strong
buoyancy forces on flow and heat transfer, the complex crossflow and swirl phenomena
induced by wire-wrapped spacers, and flow instability in natural circulation systems.
The main findings from the results chapters (Chapter 4, 5 and 6) are summarised
below.

Chapter 4 - Development and application of SubChCFD for supercrit-

ical fluid heat transfer:

e The SubChCFD with consideration of variable physical property was validated
against ECC-SMART project cases [38]. The results confirmed its capability to

predict key thermal-hydraulic behaviour under supercritical conditions.

e The SubChCFD is able to capture strong buoyancy effects on the flow redistri-

bution across subchannels.

e The implementation of empirical correlations reduc discrepancies between Sub-

ChCFD and high-resolution CFD results.

e A newly implemented combination of heat transfer correlations, including en-
trance effects, improves the performance of SubChCFD for developing flow re-

gions.
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e Different frictional factor correlations were assessed, showing limited impact on

axial pressure drop and radial flow redistribution

e The SubChCFD model was further validated using different heat transfer cor-
relations in fully developed flow regions, showing reasonable agreement with

experimental data.
Chapter 5 - Development for the wire-wrapped rod bundles:

¢ A momentum source term approach was implemented in SubChCFD to produce
the flow swirl behaviour induced by wire-wrapped spacers. Its feasibility was

first demonstrated in a short domain test case.

e The model showed good agreement with high-resolution CFD results in both
locally and fully wire-wrapped rod bundle configurations based on ECC-SMART
project [38], confirming its ability to capture the key flow features introduced

by the wire-wrap geometry.

e Validation against experimental data for a 7-pin rod bundle case further demon-

strated the capability of SubChCFD in predicting crossflow behaviour.
Chapter 6 - Application of SubChCFD in natural circulation loops:

e SubChCFD was applied to simulate NCL configurations. Key improvements
included the implementation of a friction factor correlation for straight pipes
across different flow regimes, calibration of the Nusselt number to account for
thermal boundary layer development, and the modelling of shear stress effects

in elbow regions.

e SubChCFD captures key transient behaviours such as oscillatory flow, temper-
ature and velocity fluctuations, and flow reversals in both horizontal heating

vertical cooling and horizontal heating horizontal cooling configurations.

e SubChCFD matched resolved CFD results trend in reproducing key instability
behaviour, demonstrating its ability to simulate unsteady flow behaviour in

NClLs.

Overall, this PhD study has demonstrated that the SubChCFD model is a prac-
tical and efficient tool for analysing thermal-hydraulic systems in nuclear reactors. It

provides a good balance between accuracy and computational cost. The flexibility of
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the model allows it to be adapted to different flow conditions and geometrical con-
figurations through the implementation of appropriate empirical correlations. This

makes SubChCFD a promising approach for engineering applications.

7.2 Future Work

Although SubChCFD has been further developed and validated in this PhD study,

there are several directions it can be improved or extended in future research:

e Buoyancy correction on friction factor: The current friction factor corre-
lations account for property variation, which may indirectly reflect buoyancy
influence. However, these correlations do not explicitly include the buoyancy
effect on wall shear stress. Future work could consider implementing correla-
tions that directly account for buoyancy effects, particularly under strong mixed

convection conditions.

e Flow acceleration consideration: In supercritical conditions, strong gradi-
ents in fluid properties can lead to significant flow acceleration, particularly in
the axial direction. This effect is not considered in the current model. Fu-

ture work could consider flow acceleration to improve the performance of Sub-
ChCFD.

e Wire-wrap modelling: The current momentum source approach captures the
overall swirl and crossflow effects induced by wire-wraps. However, the use of a
finer computational mesh could be further explored to better resolve local flow

structures, such as small-scale vortices.

e Coupling method for natural circulation loop: In natural circulation
loops, flow behaviour in elbow regions is complex. To improve accuracy, a cou-
pling strategy with resolved CFD in these regions could be developed, allowing
SubChCFD to capture detailed local flow information.

e Validation with experiments: Further validation against experimental data
is necessary to enhance the reliability of the SubChCFD model. In particular,
experiments involving mixed convection under supercritical conditions, wire-
wrapped rod bundles, and a variety of flow regimes in NCLS would provide

valuable benchmarks for assessing the capability of SubChCFD.
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e Demonstration for different configurations: The current developments
and validations of SubChCFD have primarily been conducted using a 2x2 rod
bundle configuration. Future work should extend the application to larger and

more realistic geometries.

Addressing these areas will help improve the performance of SubChCFD for both

design and safety analysis in advanced nuclear reactors.
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