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Abstract

This work presents a coarse-grid Computational Fluid Dynamics (CFD) approach,
initially developed for light-water reactors and now extended to prismatic High-
Temperature Gas-cooled Reactor (HTGR) fuel assemblies. This method, known
as Subchannel CFD (SubChCFD), combines the strengths of traditional subchannel
codes and CFD. It offers CFD-like 3-D predictions while ensuring integral consistency
of the results with well-calibrated empirical correlations. The use of a coarse mesh
results in a substantial reduction in computational costs by up to 1 to 3 orders of
magnitude compared to conventional CFD, depending on the turbulence model used.
This potentially enables cost-effective simulations to be carried out at the reactor core
scale. To validate the expanded capability of SubChCFD, the modular HTGR fuel
assembly designed by General Atomics is selected for case study. Simulation re-
sults demonstrate that SubChCFD aligns well with conventional Reynolds-Averaged
Navier-Stokes approaches at a significantly lower computing cost.

Key words: Computational Fluid Dynamics; Subchannel, Coarse mesh; High Tem-
perature Gas-cooled Reactor
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1 Introduction

The High-Temperature Gas-Cooled Reactor (HTGR), a proposed Generation IV nuclear reactor,
is gaining increasing attention due to its inherent safety, high thermal efficiency, and capability
to generate high-temperature process heat. In 2022, the UK government selected HTGR for a
development programme with the objective of having a demonstrator operational by the early
2030s . The successful deployment of HTGR technology requires an in-depth understanding
of its reactor physics, particularly the dynamics of coolant flow and heat transfer within the fuel
assemblies in the core, and their impacts on the reactor efficiency and structural integrity. This
relies on thermal-hydraulic analyses of the reactor system, which is traditionally performed using
0D/1D approaches. With the recent advancement in computing capacity, more advanced Com-
putational Fluid Dynamics (CFD) tools have started to play some role, exhibiting better features
than traditional approaches. CFD can provide detailed 3-D predictions of the thermal-hydraulic
behaviours of the reactor. However, the substantial requirements on computing resources pose
significant challenges to use CFD in real-world engineering applications.

In this study, our objective is to extend a coarse-grid CFD approach, initially developed
for light-water reactors, to prismatic HTGRs. This method, referred to as Subchannel CFD
(SubChCFD) |2], combines the advantages of traditional subchannel codes and CFD. SubChCFD
offers CFD-like 3-D predictions of flow and thermal fields while ensuring integral consistency of
the results with well-calibrated empirical correlations, as the correlations are used in the closure
modelling of the governing equation system for wall friction and heat transfer calculations.
Thanks to the use of a very coarse mesh, the computing cost can be reduced by up to 1 to 3 orders
of magnitude compared to the conventional Reynolds Averaged Navier-Stokes (RANS) approach,
depending on the turbulence model used. This potentially enables cost-effective simulations to
be carried out at the reactor core scale.

HTGRs are helium-cooled thermal neutron reactors with graphite used as both the neutron
moderator and reflector. TRISO particles are dispersed within the graphite matrix to create fuel
compacts, which are typically cylindrical in shape and inserted into hexagonal graphite blocks.
There are two main types of prismatic HTGR fuel designs: pin-in-block and multi-hole. In
the pin-in-block design, the diameter of the fuel compact is deliberately designed to be smaller
than the fuel holes in the graphite, creating an annular gap between the fuel and the graphite
moderator. The gap serves as a coolant channel, allowing helium to flow through and extract
heat from the fission reactions. An example of the pin-in-block design is Japan’s 30 MW High
Temperature Engineering Test Reactor (HTTR) [3]. The multi-hole type of fuel is designed
differently, with separate circular coolant channels surrounded by fuel compact holes. Notable
examples include designs from General Atomics GT-MHR and its variants (PM600, PM200,
MHTGR-350 benchmark) , as well as the micro-modular HTR U-Battery @ Figure
illustrates the distinctions between the two types of fuel designs in prismatic HTGRs.

(a) Pin-in-block fuel (b) Multi-hole fuel

Figure 1: Fuel types of prismatic HTGRs.|7]

As previously mentioned, the core concept of the SubChCFD methodology lies in the use of
empirical correlations as substitutes for wall functions in the closure of the governing equations
solved on the coarse grid. Consequently, the accuracy achievable in a SubChCFD simulation
is highly dependent on the choice of the empirical correlations. In the context of a prismatic



HTGR, regardless of whether it adopts the pin-in-block or multi-hole fuel designs, the annular
or circular channels through which the coolant circulates naturally become the “subchannels” to
be considered in SubChCFD. These subchannels are simple in terms of shape when compared to
light-water reactors, making it easier to identify and implement well-validated correlations and
consequently enhancing the accuracy of the simulations.

In contrast to light-water reactors, where the main calculation effort focuses on the coolant-
side heat transfer, predicting heat conduction within the graphite solid is crucial to the under-
standing of the thermal-hydraulic behaviours of prismatic HT GRs. This significance arises from
the non-uniform distribution of heating power within the fuel compacts and the asymmetry of
heat conduction in the graphite blocks. To address these challenges, it is required for SubChCFD
to have the capability to handle conjugate heat transfer between the coolant channel and the
graphite block. This is essential for providing accurate predictions of fuel temperature, a critical
factor in ensuring safe operation of HTGRs.

To sum up, the development objectives for extending SubChCFD to prismatic HTGRs can
be outlined as follows:

e Design a dual-mesh system tailored for the specific geometry of the fuel type considered.

e Identify and implement suitable empirical correlations based on the geometric shapes of
the coolant subchannels.

e Enable the capability of fluid-solid conjugate heat transfer within the SubChCFD frame-
work.

In this study, we select the multi-hole fuel type to showcase the newly developed capabilities
of SubChCFD, as it has been used in most of the latest HTGR fuel designs. The associated
methodologies implemented can be easily adapted to accommodate the use of SubChCFD for
the pin-in-block fuel type.

2 Methodology

2.1 Overview of SubChCFD

SubChCFD employs a hybrid methodology that combines the characteristics of traditional sub-
channel analysis tools and modern CFD. In this approach, a dual mesh system is used, comprising
(i) a subchannel filtering mesh, which aligns the mesh of typical subchannel codes, allowing the
subchannel-level wall friction and heat transfer to be calculated based on well-validated engi-
neering correlations, and (ii) a coarse-grid computing mesh, derived by subdividing the filtering
mesh, on which the 3-D RANS governing equations are solved. Typically, the computing mesh
consists of ~ O(10) cells within the cross-section of an individual subchannel, so it remains very
coarse in comparison to CFD standards.

Figure [2| shows the dual-mesh system used for a typical square Pressurised Water Reactor
(PWR) rod bundle [g], illustrating the roles of the computing and subchannel filtering meshes and
the interactions between them. It is clear that the computing mesh is completely unstructured
and a unstructured CFD solver is used in line with this, providing an advantage in representing
the geometrical curvatures of the fuel pins. At each time step of the simulation, the coarse-
grid CFD results are averaged over the filtering mesh to derive bulk flow parameters such as
subchannel bulk velocity, temperature and fluid thermal physical properties, which are used to
derive empirical friction factor and Nusselt number to compute wall friction and heat transfer.
The computed values act in turn as boundary conditions for the CFD system of the following time
step. The process is performed iteratively until convergence is reached. For transient problems,
the calculation loop is conducted based on sub-iterations within the time step to ensure temporal
accuracy of the simulation. Differing from subchannel code strategy, such an approach allows
flow physics to be resolved up to the computing mesh density while ensuring that the integral
effects of the flow align with the predictions of the chosen engineering correlations.



Computing mesh Filtering mesh
(coarse-grid CFD mesh) (subchannel mesh)

CFD results used for
computing subchannel
quantities

Subchannel correlation|
results used in CFD
wall treatments

Figure 2: Dual mesh system for a square lattice PWR rod bundle. @

2.2 Design of the dual-mesh system

The MHTGR-350 benchmark, a representative prismatic HTGR. designed by General Atomics,
is used in this study to showcase the design of the dual-mesh system within SubChCFD. Figure
provides a cross-sectional view of a standard fuel assembly in the case of MHTGR-350 bench-
mark. The assembly comprises 210 blind holes for fuel compacts, 108 helium coolant channels
(comprising 102 standard channels and 6 small-diameter channels near the centre of the graphite
block), and 6 burnable poison rods situated at the corners of the hexagonal graphite block. For
simplicity, the burnable poison rods are assumed to have the same thermal-physical properties
as graphite, allowing them to be modelled as the latter.
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Figure 3: Cross-sectional view of the standard fuel assembly in MHTGR-350 benchmark designed
by General Atomics with dimensions.

In the modelling of an HTGR fuel assembly using conventional CFD approaches, highly dense



meshes are often required, particularly in the near-wall regions of the coolant channels. This is
essential for capturing the sharp gradients of field variables, leading to a substantial demand for
computational resources. In contrast, gradients within the solid materials are generally expected
to be much smaller compared to those in the coolant channels. Therefore, there is no need to
use fine meshes to address heat conduction within the solid. Instead, relatively coarse meshes
can often yield satisfactory predictions. In order to effectively reduce computational costs, the
design of the SubChCFD computing mesh is geared towards using coarse meshes for the coolant
channels as well, maintaining a cell density comparable to that used for the graphite solid.

Considering the repetitive spatial patterns within the fuel assembly due to symmetries of the
hexagonal configurations, a mesh generation strategy, proven successful for light-water reactor
applications, is applied in this study. This involves the following steps: (i) identifying the smallest
repetitive geometric patterns in the selected HTGR fuel assembly, (ii) generating sub-mesh for
each of these patterns individually, (iii) duplicating, translating/rotating, and combining these
sub-meshes to create the final mesh for the entire fuel assembly. Figure [4] shows the sub-mesh
for each of the repetitive patterns. It can be noted that the same computing mesh is used for
fuel compact holes and small coolant channels, featuring radial two-layer cells for the circular
holes/channels and single-layer cells for the surrounding graphite. For the standard coolant
channels, a radial three-layer mesh is used for the circular channel, while the surrounding graphite
is represented with a single-layer mesh. For the remaining graphite solid, repetitive patterns are
further categorised into centre, edge, and corner configurations, each with mesh designs depicted
at the bottom of Figure [ (refer to sub-figures (a), (b), and (c)). Figure [5| (a) shows the
computing mesh for the entire cross section of the fuel assembly, constructed using the mesh
segments presented in Figure [4]

Fuel compact & Small coolant

Large coolant channel element
channel element c

(a) Centre (b) Edge (¢) Corner
Graphite moderator

Figure 4: Mesh elements.

In contrast to light-water reactors, the design of the subchannel filtering mesh for HTGRs
is inherently not unique. The key factor is to ensure the one-to-one correspondence between
each coolant channel and the subchannel mesh element at any axial location. In this study, we
choose a strategy of using hybrid triangular-quadrangular elements for the subchannel filtering
mesh, as described in Figure [5| (b). It can be noted that the mesh contains empty cells that do
not correspond to any coolant channels. Identification of these empty cells is performed during
preprocessing, leading to their exclusion from the numbering system and thereby being blocked
out from the calculation loops performed over the subchannel filtering mesh.
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Figure 5: Dual mesh system.

2.3 Closure modelling of the momentum equation

We consider the integral form of the RANS momentum equation on a finite volume 2 with a
collocated arrangement of the velocity components:

PVa

2 o +7§ UM (J" - n) dS = _y{(fp ‘n)ds +7§(5"+1 ‘n)dS+ VoSu (1)
S S

s

where p is the fluid density, U is the velocity vector, Vo denotes the volume of the computing
mesh cell ©Q, At is the time step, and the superscripts n and n + 1 correspond to the n” and
(n + 1)*" time steps, respectively. J = pU represents the convective mass flux, n is the unit
normal vector, S denotes the area of the cell surface, I and & stand for the unit tensor and
the stress tensor, respectively. Sj; represents a general source term. To ensure the pressure
drop in the coolant channel to be consistent with empirical correlations, the integral diffusion
term in Equation [I] for the wall-adjacent cells is decomposed into an interior-surface term and a
wall-surface term:

7(3 (5+! . n)dS = /S (@ ds ¢ /S (@ m)ds @)

interior-surface wall-surface

The interior-surface term is treated using a standard RANS approach as follows:

/ (3" ) dSz/ (1 + 1) [VU + (VU)T — §6V-U]-nd5 (3)
Si Si

Here, p is the molecular viscosity, § is the kronecker delta, u; is the eddy viscosity, modelled
using low-order turbulence models, such as the mixing length model, considering that the interior
surfaces of the computing cells are situated at a significant distance away from walls, because
of the large cell sizes. Consequently, these surfaces can be safely assumed to be located within
fully turbulent regions, where simple turbulence models are expected to produce satisfactory
predictions of the overall turbulence. The wall-surface term, on the contrary, is modelled with
the information of bulk flow and empiricism-based friction factors:

_ 1
/ (5_n+1 : Il) dS = _§fpsubUsub|Usub| dS (4)
Sb Sb

where pgup and Ugyp represent the subchannel bulk density and velocity, respectively. In the
present work, the Darcy friction factor C'y = 4f is given by the correlation [Eﬂ shown in Equation

B
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— R 2
Re e < 2300

Cy=140316Re” % 2300 < Re < 3 x 10* (Blasius) (5)
0.184Re™% 3 x 10* < Re < 10% (McAdams)

2.4 Conjugate heat transfer

Achieving accurate prediction of the thermal behaviour of HTGR fuel assemblies requires ac-
counting for heat conduction within the solid. Consequently, numerical modelling must address
the conjugate heat transfer (CHT) between the coolant channels and the graphite blocks. How-
ever, the current version of SubChCFD lacks this crucial functionality, so enabling CHT with

SubChCFD is a primary focus of this work. Broadly, there are two approaches to implement
CHT in SubChCFD:

(1) Coupling SubChCFD with an external solid software. Given the fact that SubChCFD
has been well validated under prescribed heat flux boundary conditions, a Neumann/Robin
boundary pair can be employed to couple the fluid and solid solvers at the interfaces. Specifi-
cally, a Robin-type boundary condition can be applied on the solid side, with the bulk ambient
fluid temperature and heat transfer coefﬁciemﬂ determined using the results from the fluid side
solutions and a chosen Nusselt number correlation. Simultaneously, a Neumann-type boundary
condition can be implemented on the fluid side, with wall heat fluxes obtained from the solutions
of the thermal field of the solid. This method minimises the needs for necessary modifications in
the existing mathematical framework of SubChCFD, but the convergence efficiency is expected
to be limited due to the explicit nature of the coupling.

(2) Coupling within a single CFD solver. This approach entails solving the energy equation
for both the fluid and solid within a unified matrix system, so the coupling is implicit and
strong. As sub-iterations are not needed between the fluid and solid sub-domains, this method
is anticipated to be more stable and efficient than method (1). To make it workable with
SubChCFD, effective thermal exchange coefficients need to be implemented to the wall adjacent
fluid cells, to ensure correct heat fluxes through the fluid-solid interfaces. These coefficients
should be calculated based on the Nusselt number correlation used, which is described in detail
in the rest of this section.

Figure [6] shows a sketch of cells of arbitrary shapes at the two sides of a fluid-solid interface.

Figure 6: Computing cells near the fluid-solid interface.

Based on the conservation of heat flux through the interface, the following equation holds,

1h = Nu - A/L, where Nu is the Nusselt number, A is the thermal conductivity of the coolant, and L is the
length scale - the hydraulic diameter of the of coolant channel in this case.



4y = Nt yers =1 (6)
|of — o [zf — el
where ¢y is the heat flux through the interface f, T; and z; are the temperature and spatial
coordinate at location i, A, is the thermal conductivity of the solid cell, and \¢// is the effective
thermal conductivity of the fluid cell. We further define the external and internal exchange
coefficients as

A
hezt = — (7)
lzf — 2y
and
aeff
Rint = ———— (8)
[Tf — x|

Then, Equation |§| can be rewritten as follows,

heot (T — Ty) = q5
hint(Ty — Ter) = gy (9)
hsub(Ty — Toup) = q5
It can be noted that a third equation is introduced based on the subchannel mean heat transfer
coeflicient hgyup and subchannel bulk fluid temperature Ty,,. Consequently, there are three

equations with three unknowns, namely T, q¢, and hj,; (since )\if fis unknown). The internal
thermal exchange coefficient h;,; can then be determined as follows,

hextT@’ + hsustub

T =

! hsub + hezt
qr = hezt(Ts’ - Tf) (10)
hint = —H

wnt Tf — Tc/

where hgyp, = Nu - A/ Dy, is calculated based the following Nusselt number correlation,

4.36 Re < 2300
Nu = ¢ 0.021Re**Pr®* Re > 2300 (heating) (11)
0.021Re”®*Pr’? Re > 2300 (cooling)

In this work, we decide to choose method (2) to implement the CHT capability in SubChCFD.
This choice is facilitated by the “internal coupling” functionality provided by code_saturne, the
CFD platform on which SubChCFD is implemented. This functionality allows for the implicit
solution of a scalar equation over both the fluid and solid domains. The internal exchange
coefficient of the wall-adjacent fluid cell is replaced by the result given by Equation so that
the heat flux through the interface aligns with the Nusselt number correlation used.

3 Case studies

3.1 Simulation of an axially fully developed flow

The new development is first assessed using a postulated fully developed flow in a fuel assembly of
the MHTGR-350 benchmark with CHT considered. The SubChCFD model is created based on
the complete cross-section of the fuel assembly, with only one layer of mesh in the axial direction.
The computing mesh adheres to the meshing strategy illustrated in Figure[d] resulting in a total
mesh size of 11,844 cells. Additionally, RANS simulations are conducted for the same flow
condition to provide reference results. Figure [7] shows the mesh used for the RANS model,
generated for a 1/12 sector of the fuel assembly, yielding a total mesh size of 28,788 (30 times
larger than the coarse mesh when based on the same geometry). A detailed comparison of the



meshes used in the RANS model and the SubChCFD model is also presented in Figure[7] It can
be seen that the mesh used in the RANS model has a significantly higher cell density than that
used in SubChCFD, particularly in the near-wall regions of the coolant channels. This justifies
the use of a wall-resolved turbulence model (the k-w SST model), allowing for the continuous
solution of governing equations down to the viscous sublayer (y* ~ 5).

SOSLT IS TN
Coarse mesh (SubChCFD)

Figure 7: Meshes.

A constant momentum source term, representing the axial pressure gradient, is applied to
the coolant channels to provide an axial driving force for the flow. The magnitude of the
momentum source is automatically adjusted throughout the simulation until a steady state is
reached, to ensure the mass flow rate is kept at 0.235 kg/s (based on the 1/12 sector). A uniform
heating power of 31.1 MW /m? is imposed on the fuel compacts, aligning with the nominal design
conditions of the MHTGR-350 reactor. To achieve steady-state temperature distributions in the
simulation, an energy sink is introduced to the energy equation and applied to the coolant
channels to remove the bulk temperature increase within the computational domain. Based on
the physical nature of the thermal periodicity, the energy sink is not constant and its distribution
can be expressed as follows,

Ep— (12)

f U.dV
Q

where @ is the net heat input, U, is the cell velocity, and  represents the fluid domain. The
distribution of the energy source term, encompassing positive values on the fuel and negative
values on the coolant, across the 1/12 sector of the fuel assembly is presented in Figure To be
consistent with the periodicity assumption, all thermal physical properties of the helium coolant
and solid materials (fuel compact and graphite) are assumed to be constant, based on the design
temperature of 950 °C at the coolant outlet.
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Figure 8: Distribution of the energy source/sink in the 1/12 sector of the fuel assembly.

When a coarse mesh is used, noticeable discrepancies may emerge between the mesh and
the original geometry due to the linear approximation of curvature. For instance, representing
a circular channel with an inscribed polygon (in the present case, a dodecagon) may lead to a
reduction in channel cross-sectional area, potentially resulting in an overestimation of the coolant
velocity for a given mass flow rate. The reduction is negligible if the mesh is circumferentially
fine, but it can be as high as 4% with the coarse mesh used in this research. A practical
solution is to implement a correction to the geometry to counteract such reduction, achieved by
slightly enlarging the diameter of the coolant channel and the fuel compact. Figure [9] provides a
comparison of the coolant channel before and after correction, demonstrating a 4% enlargement
of the corrected coolant channel to maintain consistency in the cross-sectional area with the
original geometry. A similar adjustment is applied to the fuel compact to ensure the heating
power is correctly imposed.

Uncorrected

Figure 9: Geometrical correction in the coarse-grid model.

Figure shows the pressure drop results obtained from the simulations. The empirical
correlation employed in SubChCFD demonstrates excellent prediction in accurately reproducing
wall shears, exhibiting only a 2.6% difference in pressure drop prediction compared to the RANS
model. Additionally, the same coarse mesh is used to perform RANS simulation with a standard
wall function approach. The results reveal that the wall function does not perform as effectively
as the empirical correlation for fully developed flows on a coarse mesh, despite the yT of the
first cell falling within the valid range of the log law for the considered flow condition. This is
because the wall function links the wall shear stress locally to the velocity of the first cell, and the
latter cannot be accurately predicted due to the relatively large truncation error introduced by
the coarse mesh. In contrast, SubChCFD directly links the wall shear stress to the subchannel

10



bulk velocity, which is accurately enforced under a finite volume CFD framework because of the
imposed mass conservation.

6000

mmm coarse-grid + wall function
B RANS ( k—w SST)

B SubChCFD

5500

5000 4937

4808
4538
4500
4000
3500
3000

Figure 10: Axial pressure drop.

dp/dx (Pa/m)

The temperature distributions are presented in Figure For a direct comparison of the
results, the RANS result (originally available for only the 1/12 sector) is duplicated and further
combined to reconstruct the entire sector, leveraging the symmetries inherent to the problem.
The overall patterns of the temperature contours predicted by RANS and SubChCFD models
exhibit good agreement. The highest solid temperature is observed at the first rank of the fuel
compacts near the centre of the fuel block. SubChCFD provides a slightly lower prediction of the
peak temperature compared to the RANS predictions for these areas. Accordingly, the coolant
temperature also peaks at the first rank of coolant channels and gradually decreases away from
the centre of the fuel block, attaining its minimum at the peripheral channels.

Temperature (°C)
830.0 8742 918.3 %2‘.5

L ——

Figure 11: Comparison of temperature contours between RANS and SubChCFD.

1007.
| .

For a more detailed investigation of the heat transfer from the fuel to the coolant, the coolant
channels are numbered as shown in Figure [[2} The channel bulk temperature and Nusselt
number are then calculated for each individual coolant channel and presented in Figures [I3] and
respectively. Notably, SubChCFD closely predicts the coolant channel bulk temperatures
in comparison to those obtained from the RANS model. The maximum difference between the
two is only 3.5 °C, occurring in the coolant channels near the centre of the fuel block (channels

11



No. 1, 2, and 3). Similarly, the predicted channel mean Nusselt numbers also exhibit good
agreement. It is important to highlight that the elevated coolant temperature in the first-rank
channels results from a relatively low Nusselt number, indicating a reduction in coolability. This,
in turn, contributes to the elevated fuel temperature in the adjacent regions.

Figure 12: Numbering of the coolant channels.
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Figure 13: Coolant channel bulk temperature.
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Figure 14: Coolant channel mean Nusselt number.

Figure [15] shows the circumferential distribution of the surface heat fluxes of the selected

12



coolant channels. They can be categorised into three groups based on the magnitude of the
circumferential heat flux variation: the centre (channels 1, 2 and 3), intermediate (channels 4, 5,
6 7, 8 and 11), and peripheral (channels 9, 10, 12 and 13) channels. In the centre and peripheral
channels, heat fluxes exhibit significant variations along the circumferential direction due to the
asymmetrical arrangement of the surrounding fuel compacts. Higher heat flux is anticipated at
locations where fuel compacts are installed compared to locations without them. The large scale
variations are well captured by both the RANS and SubChCFD models, whereas some details are
not as pronounced in the SubChCFD predictions, owing to the use of a coarse mesh that lacks
sufficient spatial resolution to resolve such details. In the intermediate channels, on the other
hand, the heat fluxes tend to be more uniformly distributed. Again, details are well captured
by the RANS model, while SubChCFD provides relatively flat predictions with fewer details.
Nevertheless, the overall magnitudes in SubChCFD align well with those from the RANS model
in all cases.
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Figure 15: Circumferential distributions of the surface thermal fluxes of selected coolant channels.

Figure [16] shows the circumferential distributions of the surface temperature for the selected
coolant channels. Once again, significant circumferential variations of the surface temperature
appear in the centre and peripheral coolant channels, as a result of the large heat flux varia-
tions. The SubChCFD predictions closely align with those of the RANS model, although some
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details are not fully captured. The biggest surface temperature differences within the coolant
channels occur in channels 1, 9 and 12, reaching approximately 25°C. Given the inherently high
temperatures in a HTGR core, even a 25°C difference could lead to a non-negligible radiative
heat transfer within the coolant channels. It should be noted that such radiative heat transfer
is not yet considered in the current study and will be the focus of further investigation in future

work.
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Figure 16: Circumferential distributions of the surface temperature of selected coolant channels.

Figures [17] and [18| show the temperature distributions over two lines: line 1 and line 2. Line
1 is a 60° inclined line connecting the left bottom corner to the centre of the fuel block, while
Line 2 is a vertical symmetry line. There are five temperature peaks in line 1, corresponding
to the five fuel compact regions, and three temperature troughs, corresponding to the three
coolant channels. SubChCFD closely predicts coolant temperatures compared to the RANS
model, even with only 6 to 7 grid points across each of the coolant channels. In contrast, the
wall-resolved RANS model often requires very fine mesh distributions near the channel walls.
Surprisingly, the most significant disagreement between SubChCFD and the RANS model occurs
in the solid domain at the fuel regions near the centre of the fuel block, which is about 15 °C.
On line 2, where no fuel regions, the five temperature troughs correspond to the five coolant
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channels. It can be seen that the asymmetric features of the transverse coolant temperature
distribution across the centre and peripheral channels are well captured by SubChCFD, giving
an advantage of the method over the traditional unit cell approaches, where the coolant channel
is often modelled in 1-D axially and 0-D transversely. The four temperature peaks correspond to
the four gaps between the adjacent coolant channels. Again, the most significant disagreement
between SubChCFD and the RANS model occurs in these regions, with a maximum temperature
difference of approximately 8 °C.
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Figure 17: Temperature distribution over line 1.
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Figure 18: Temperature distribution over line 2.

3.2 Simulation of a full fuel assembly

Building upon the confidence gained from the aforementioned 2-D simulation, a 3-D simulation is
carried out for a full-length MHTGR-350 fuel assembly to further validate the new functionality
of SubChCFD. Table[T]provides some information about the fuel assembly. The assembly consists
of 10 vertically stacked fuel blocks, each with a length of 0.793 m. Graphite plugs, 0.02 m long,
are located at the two ends of each fuel block to enclose the fuel compacts. Consequently, the
total length of the fuel assembly is 7.93 m, and the regions between the fuel blocks where graphite
plugs are located do not generate heat. A uniform power density of 31.1 MW /m? is applied to
the fuel compacts. The assembly mass flow rate is set at 2.6088 kg/s. Helium, entering at a
temperature of 490 °C, flows through the assembly from top to bottom, and the expected mean
outlet temperature is 950 °C.
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Table 1: Description of the MHTGR-350 fuel assembly.

Parameter Value
Length of an individual fuel block (m) 0.793
Length of the graphite plug (m) 0.02
Number of fuel blocks in the assembly 10
Fuel compact power density (MW /m?) 31.1
Assembly mass flow rate (kg/s) 2.6088
Operating pressure (MPa) 7.0
Inlet helium temperature (°C) 490

Expected helium outlet temperature (°C)  ~950

With a substantial temperature increase of the helium gas along the flow direction, a strong
flow acceleration is anticipated to happen due to density variation. This makes the assump-
tion that the flow is not axially fully developed any more, hence necessitating 3-D modelling.
Moreover, the varying thermal properties of the solid may influence heat transfer within the fuel
assembly, leading to complex 3-D temperature distributions. In this study, the properties of the
helium gas are tabulated at a temperature interval of 1 °C using the NIST database REFPROP
v9 [10]. The properties of graphite and fuel compacts are derived from the work of Tak et al. [4]
and Johnson et al. |11], and are re-fitted using fourth-order polynomials as given in Equation

13

O(T) = Ao + AT + AT + AsT® + AT (13)

where ® represents a specific physical property, Ao, A1, ..., A4 are coefficients of the polynomial.
Tables [2 and [3] list the polynomial coefficients for the physical properties of the graphite H-451
and the fuel compact, respectively. It is important to note that these polynomials should not be
used outside the temperature range of 300 °C to 1500 °C.

Table 2: Polynomial coefficients for the properties of graphite H-451.

Polynomial o A[W/(m-°C
coofficient  © K&/m°]  Cp [J/(ke-"C)] 300°C~54(£°C/(540°C)]~1500°C
Ao 1.740E+03 -3.695E+02 2.807E101 1.505E102

A . 4.890 . ~4.209E-01

A, - -4.161E-03 - 5.192E-04

As - 1.666E-06 - -2.698E-07

Ay - -2.542E-10 - 5.182E-11

Table 3: Polynomial coefficients for the properties of fuel compact.

Polynomial Cp [J/(kg-°C o
coofficient  * [k&/m’] 300°C~814°[C/( 814°C)]~15oooc A [W/(m-2C)]
Ao 2.390E+03 -3.629E+03  3.982E+02 4.779

A, - 1.873E+01 9.129E-01 -7.922E-04

A, - -3.053E-02 -6.648E-04 5.186E-06

As - 2.259E-05 2.308E-07 -2.564E-08

Ay - -6.310E-09 -3.043E-11 4.513E-13

Figure [T9) shows the computational domain used in the 3-D SubChCFD model and provides
a close-up view of the coarse mesh for an individual fuel block. Essentially, the 3-D mesh is
constructed by extruding the 2-D mesh described in Section [2] covering the entire cross section
of the fuel block. The mesh for the graphite plugs are created separately by directly changing
the fuel zones into graphite in an extruded mesh to ensure a conformal interface when meshes
are joined. It can be clearly seen that the coolant channels penetrates the entire length of the
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fuel block, while the fuel compacts terminate at specific locations near the two ends where the
graphite plugs are used to seal the fuels. The complete mesh for the fuel assembly is then created
by combining the meshes of the stacked fuel blocks. The resulting mesh size is 9.4 million cells.
As this work is focused on testing the new development of SubChCFEFD, the bypass and cross-flow
gaps are not taken into account in the modelling for sake of simplicity.

Graphite plugs

Coolant channel
B Fuel compact

Graphite moderator

A fuel block

Fuel assembly
Figure 19: Computational domain and coarse-grid computing mesh for a full fuel assembly.

To validate SubChCFD, two RANS models are also created to provide reference results. In
this case, a wall-modelled and a wall-resolved RANS models are used. To reduce computational
cost, both RANS models are created based on the 1/12 sector of the fuel assembly. The k-e
turbulence model is used in conjunction with a wall function in the wall-modelled approach, and
the mesh is created in line with this, resulting in a size of 33.4 million cells. In the wall-resolved
model, the k-w SST turbulence model is used, and the mesh is significantly refined in the near-
wall regions of the coolant channels to ensure the first fluid cell to be placed within the viscous
sublayer. The resulting mesh for the wall-resolved model consists of 97.1 million cells. Given
that the RANS models are solely based on a 1/12 sector, the mesh size could be 40 to 120 times
larger than that of SubChCFD for the same geometry, depending on the turbulence model and
wall treatment approach used.

In both the SubChCFD and RANS models, symmetry boundary conditions are used for
all lateral boundaries of the computational domain. As the distribution of velocity/mass flow
among the coolant channel inlets (located at the top of the fuel assembly) cannot be determined
a priori, a pressure boundary condition is used at the inlet to ensure a uniform head loss through
the fuel assembly. A feedback mechanism is implemented to enable the imposed pressure value
to self-adjust during the simulation, ensuring alignment with the prescribed target total mass
flow rate. A standard pressure outlet boundary condition with a reference pressure of 7.0 MPa
is applied to the coolant channel outlets.

The simulations are carried out on the UK’s national High Performance Computing (HPC)
system, ARCHER2. For SubChCFD, 2 nodes (providing 256 CPU cores) are used, while 24
nodes (providing 3,072 CPU cores) are used for the RANS models. Table 4| shows a rough
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estimate of the computational cost, represented by CPU time per time step. Assuming that the
parallel scalability in all simulations is linear, the CPU time can be calculated using Equation

4

CPU time — Elasped time x Nu.mbe.r of CPU cores (14)
Domain size
The CPU time per time step for SubChCFD is significantly lower, at 3.9x103 s, compared to the
wall-modelled RANS, which is 571.4x10? s, and the wall-resolved RANS, which is considerably
higher at 6,657.6x10% s. This implies that even the wall-modelled RANS is 140 times more
computationally expensive than SubChCFD, let alone the wall-resolved RANS, which is 1,700
times more expensive in this particular case.

Table 4: Estimate of computational cost of the simulations.

RANS RANS
SubChCFD (wall-modelled) (wall-resolved)
Domain size 1 1/12 1/12
CPU cores used 256 3,072 3,072
Elapsed time per time step [s] 15.3 15.5 180.6
CPU time per time step [x10%s] 3.9 571.4 6,657.6

Figure shows the pressure drop results for a selected coolant channel (channel 11, as
depicted in Figure within the fuel assembly. The pressure drop is not linear along the flow
direction due to flow acceleration and the changing properties of the helium gas. This trend
is predicted by SubChCFD and RANS models. However, the SubChCFD result indicates an
overall higher pressure drop magnitude compared to the RANS predictions, while the latter two
exhibit good agreement with each other. The observed difference is approximately 10%, larger
than that observed in the 2-D case as shown in Figure implying a potential degradation in
the performance of the friction factor correlation when used for accelerating flows.
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20000
éﬁ_’ 15000
Q
10000
5000
0
0 1 2 3 4 5 6 7 8
L (m)

Figure 20: Pressure drop of channel 11.

Figure[2I]shows the fluid temperature along the centreline of channel 11. Excellent agreement
is observed among all three models. Since fluid temperature is significantly influenced by the
mass flow distribution among coolant channels, the strong alignment in predictions implies that
SubChCFED captures the same flow distribution as the RANS models, despite discrepancies in
the pressure drop predictions of individual channels.
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Figure 21: Axial distribution of the coolant temperature along the centreline of channel 11 in

Figure

Figure[22]shows the temperature distribution along the centreline of the fuel compact situated
to the right of channel 11 (see Figure. As expected, the temperature exhibits a linear increase
in the flow direction. The sharp temperature drop at the interface of the fuel blocks is a result
of the presence of graphite plugs where no heating is generated. Again, the predictions from the
two RANS models exhibit good agreement, and they are approximately 25 °C higher than the
SubChCFD prediction. This suggests that the SubChCFEFD model predicts stronger heat transfer
between the fuel and coolant, thereby bringing down the temperature difference between them.
It is widely acknowledged that heat transfer impairment may occur due to partial laminarisation
in accelerating flows with significant changes in physical properties. To account for such an
effect, a correction to the Nusselt number correlation may be necessary. This will be explored
further in the future work.

1100 —s— SubChCFD
—— wall-modelled RANS (k — €)
1000 ---- wall-resolved RANS (k — w SST)
900
Q
°_ 800
-
700
600
500
0 1 2 3 4 5 6 7 8
L (m)

Figure 22: Axial distribution of the temperature along the centreline of the fuel rod situated to
the right of channel 11 in Figure T2}

4 Conclusions

The main aim of this work is to extend a cost-effective coarse-grid approach SubChCFD, origi-
nally designed for light-water reactors, to prismatic HTGR fuel assemblies. To accomplish this,
several new features are introduced into the exiting SubChCFD framework, including the ability
to handle new geometries relevant to major prismatic HTGR. fuel designs, the incorporation of
new empirical correlations for closure modelling of the governing equations, and conjugated heat
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transfer functionality, essential for modeling HTGR fuel assemblies. The new development is
assessed through two test cases: a 2-D case for a fully developed flow and a full 3-D case based
on practical HTGR design conditions. Both cases are centered around the General Atomics
MHTGR-350 benchmark with multi-hole type of fuel elements.

SubChCFD exhibits excellent capabilities in simulating thermal-hydraulic phenomena under
HTGR conditions, producing results of comparable quality to RANS approaches while employing
a significantly coarser mesh. In the 3-D case, the computational cost of SubChCFD is estimated
140 times lower than that of a wall-modelled RANS model with wall-function approach and
1,700 times lower than that of a wall-resolved RANS model. Meanwhile, it is important to note
that, when applied to problems involving substantial flow acceleration and property changes, as
encountered in real HTGRs, discernible discrepancies can be observed between the SubChCFD
and RANS CFD predictions. Specifically, a 10% discrepancy in assembly pressure drop and a
maximum 25 °C difference in the fuel temperature are observed. These might be attributed to
the empirical correlations used, as they are derived mostly based on fully developed flows. In
the next step, implementation of corrections to these correlations to account for the effects of
flow acceleration and property changes will be explored. Additionally, the thermal radiation will
also be taken into account and their effects on temperature distribution will be investigated.
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