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Abstract

Conducting three-dimensional thermohydraulic analysis of an entire nuclear reactor poses significant challenges due
to the considerable geometric volume and complex internal structures involved. The top reflector is one of the internal
structures found in high-temperature pebble bed Small Modular Reactors (SMR). This structure serves several critical
functions, including neutron reflection, control and distribution of helium inlet into the core, neutron and thermal
shielding, among others. In this kind of system, the detailed representation of the top reflector includes the
representation of more than 460 channels of 2.5cm of diameter. Considering that the reactor has almost a ten of meters
then dimension scales of various orders must be represented, which is a challenge. In this sense, a three-dimensional
Computational Fluid Dynamics (CFD) thermohydraulic analysis of the entry pattern to the core of a High Temperature
SMR using ANSYS CFX has been done. This study presents a comparison between five coolant entry patterns into
the core. Initially, two prototype models of 460xZ2.5cm, one with vertical channels and another with inclined
channels, are modeled. Additionally, two prototype models of 20x@Z12cm of equivalent area, with vertical and inclined
channels are also included. Finally, a simplified porous media model with the same equivalent area is considered. The
thermohydraulic behavior of the coolant before and after passing through the top reflector was then analyzed for these
five patterns. An analysis of fuel elements temperature in the core was conducted. It is important to highlight that this
study is qualitative and has the goal of identifying and characterizing the impact that the coolant entry pattern into the
reactor core has on the main thermohydraulic parameters in this region. The study exposes a strong correlation between
the porous media model and all prototype models in terms of the maximum fuel temperature, average fuel temperature,
and helium velocity. In this study, the potential applicability of the porous media models for an integral full-scale
reactor simulation in the future was demonstrated. As a benefit, the porous media model reduces the mesh quantity

compared to a prototypic model.

Keywords: CFD; HTR; porous media; top reflector detailed representation; thermohydraulic analysis.

1. Introduction

In the past decades, energy consumption has been
increasing steadily around the world, and this trend is
expected to continue in the future. Over the last decade,
electricity demand rose by 25%, and it is estimated that
between 30% and 43% annual growth in demand will occur
up to 2030. To support this growth, it is estimated that the
global energy supply should grow between 1.0% and 1.3%
per year [1], [2]. The nuclear industry, with more than six
decades of developing and improving technologies, has
proven to be an outstanding potential solution to meet the
growing energy demand safely and economically. The
capabilities of the nuclear industry are being reinforced by
the innovations planned for the generation IV (Gen-1V)
reactor technologies, which offer significant improvements
compared to current nuclear technologies in terms of closing
the fuel cycle, waste minimization and enhanced resource
use, inherent safety, economics, and proliferation resistance
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and security [1]. In recent years, there has also been a
growing interest in merging the Gen-1V and the small
modular reactor technologies. At the moment, all the Gen-
IV technologies are in the research and development stages.
All the research and development activities related with
those advanced systems are being followed closely by the
Generation 1V International Forum (GIF).

In the two decades that have passed, since the
establishment of the GIF in 2000, various Gen-1V reactor
technologies have been evaluated. The Very-High-
Temperature Reactor (VHTR) has been identified as one of
the most promising reactor concepts for the next generation
of nuclear reactors by the International Atomic Energy
Agency (IAEA) [3]-[6]. It utilizes ceramic fuel, graphite as
a moderator, and helium gas as a coolant. The VHTR builds
on the experience gained from a group of experimental and
commercial High-Temperature Gas-Cooled Reactors
(HTGR) that were built and operated during the latter half of
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the 20th century, along with two ongoing projects. The
former includes Dragon in the United Kingdom, Peach
Bottom and Fort St. Vrain in the United States, and AVR
(German: Arbeitsgemeinschaft Versuchsreaktor) and the
Thorium High-Temperature Reactor (THTR) in Germany.
The latter are the High-Temperature Test Reactor (HTTR) in
Japan and the HTR-10 in China, which became operational
in early 2000, respectively. These experiences and
advancements have led to the development of the VHTR,
which holds great promise for the future of nuclear energy
[7].

Making predictions about the thermohydraulic behavior
of High Temperature Reactors is a crucial contribution to
advancing VHTR technology. Despite the advances made in
the development and study of VHTRSs, there are still some
key challenges that need to be addressed before the
commercial deployment of this technology can be realized.
These challenges include improving the nuclear safety
characteristics, addressing the cost-effectiveness of the
technology, developing appropriate fuel and waste
management strategies, and addressing issues related to the
supply chain and infrastructure. Ongoing research,
development, and demonstration of important systems
design and analysis are needed to overcome these challenges
and ensure the successful implementation of VHTR
technology [5], [6], [8].

The use of digital engineering, integrated numerical tools
and high-level software for the simulation of these systems
constitute an effective initial alternative to scale model proof.
Reducing, time cost, the number of new experimental
facilities and tests required during the experimental testing
phase [9], [10]. Indeed, one of the current challenges in the
engineering community is to obtain fast and realistic results
of different configurations of diverse prototypes using
experimentation in controlled conditions. This challenge
almost always is extremely difficult and expensive. Mainly
including expensive measurement techniques, and advanced
sensors. Sometimes, involving measurement of inaccessible
volume, or small for intrusive/non-intrusive measurement.
And more difficult considering hostile environments such as
the high temperature, chemical contaminants, radioactive,
etc. In this sense, the Computational Fluid Dynamics (CFD)
appears to be a logical way to complement experimentation
[11]. On the other hand, to validate CFD models accurately
simulating the thermohydraulic processes within the
reactors, experimental data is essential.

In this sense, the experimental reactor HTR-10 was
selected as a reference reactor of high temperature pebble
bed gas-cooled reactor by the IAEA to study the performance
of some technology components under different conditions
[6]. The HTR-10 stands as one of the SMRs utilizing this
technology and is currently operational [5]. Making
predictions about the thermohydraulic behavior of High
Temperature Reactors (HTR) is a crucial contribution to
advancing VHTR technology. The computational prediction
of the thermohydraulic behavior of this reactor involves
different physic-neutronic approach and detailed structural
information. Multiscale approach and multiphysics coupled
techniques are others of the challenges in the simulation of
real situations [12]. Thus, performing a comprehensive
three-dimensional thermohydraulic analysis of an entire
nuclear reactor poses a significant challenge due to the vast
geometric volume and intricate structures involved [13].

However, the correct prediction of the coolant behavior
inside the internal structures and the impact of different
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configurations of these internal structures in the reactor core
continue to be challenges to the international research
community. Optimized design and the safety performance of
the internal structures continue to be the stay of the art. The
top reflector is one of the internal structures found in high-
temperature pebble bed SMRs. This structure serves several
critical functions, including neutron reflection, control and
distribution of helium inlet into the core, neutron and thermal
shielding, among others.

To the best of the authors’ knowledge, no detailed
descriptions of the internals of the top reflector are available
in the literature. According to [14], [15], the bricks below the
cold plenum have 460 machined holes with 2.5cm of
diameter through which cold helium flows down from the
cold gas chamber into the reactor core. Nothing was
indicated about the distribution or the inclination of these
holes in the reflector bricks. Knowing only the number of
channels and their diameter, it is impossible to adequately
represent that section of the reactor geometry. That is why,
over the years several articles have been made around the
HTR-10, and in all of them, it has been modeled using
different approximations of the internal construction details
of the top reflector.

In [16] was studied one postulate design accident
applying 3D modelling. In that study, the investigation
centered on the hydrogen generation resulting from the
reaction between graphite and water subsequent to a steam
generator tube rupture. The study did not represent the
characteristic coolant flow pattern within the core region but
assumed a homogeneous vertical flow as the coolant inlet
condition. Additionally, in [17] was analyzed the air ingress
occurred after the Loss-of-Coolant Accident (LOCA) with
double-ended rupture of the gas duct tube in the same pebble-
bed reactor. In that paper were represented a few verticals
channels to simulate the path of the coolant through the top
reflector as a connection between the cold plenum and the
reactor core. Other studies using the coarse mesh-based
system-level codes have been used for HTGR safety analysis
according to [13]. Other 2D axisymmetric thermohydraulic
codes were used to analyze steady state and transient
behavior of the HTR-10 using the porous media
approximation according to [14]. Another example was [12],
where 20 inclined channels of diameter 12 centimeters were
utilized, employing an equivalent area simplification.

As observed, all these studies utilized varying
approximations to represent the coolant's entry pattern into
the core. However, no experimental studies or simulation
investigations were found that address the potential impact
of the coolant entry pattern into the core of this type of
reactors. This gap in the existing literature underscores the
originality and significance of the present study, which aims
to fill this knowledge void and provide valuable insights into
the thermohydraulic behavior of the reactor core under
different coolant entry scenarios.

In this sense, the goal of this paper is to identify and
characterize the impact in the main thermohydraulic
parameters due to the approximation used to represent the
coolant entry pattern into the core of the pebble bed high
temperature reactor prototypes. In this paper, the three-
dimensional CFD thermohydraulic analysis of the entry
pattern to the core of the HTR-10 using ANSYS CFX has
been done. This study presents a comparison between
different patterns of the entry of coolant into the core: two

Int. Centre for Applied Thermodynamics (ICAT)



Top plenum

Upper support
structures

Core barrel
Top reflector

Side reflector

Carbon bricks

Hot plenum

Discharge channel

Bottom support
structures

RPV
(Reactor
Pressure Vessel)

Cold plenum

Channels into
the top reflector

Reactor core

Channels into
side reflector

Bottom reflector

Exit duct

Entry tube

Bottom plenum
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simulated in this study b).

prototype models of 460x&J2.5cm distributed vertical and
inclined channels, and two models of 20x@12cm of
equivalent area vertical and inclined channels, also a
simplified porous media model.

A thermohydraulic analysis of the coolant was
conducted after examining five different representations of
the coolant crossing through the top reflector. An analysis of
the impact of the different ways of representing the coolant
entrance to the reactor core on the temperature of the fuel
elements was also carried out.

2. Methodology and Mathematical Model

To simulate the thermohydraulic characteristics of the
coolant within the specified region inside the HTR-10
reactor, we used the model proposed by [12] as a reference.
Geometric representation of the reactor structures was
achieved using 3D CAD software such as Dassault Systemes
SOLIDWORKS and ANSYS SpaceClaim. These were used
to represent the regions defined as coolant (fluid domains)
and a mixture region of fuel and helium (porous domains).
All of these regions were defined by the void space inside
the specific structural components. The level of detail of the
represented geometric models was defined based on the
required precision, the scale resolved in the study and the
available computational resources. The required precision in
our geometric models was determined based on the specific
parameters and phenomena under investigation. In
particular, we considered factors such as the size of the
channels in the top reflector, the variations of the coolant
flow, and the thermal characteristics within the pebble-bed
reactor. It's worth noting that all these geometric parameters
were defined by IAEA [14], except for the distribution of the
460 channels of coolant in the top reflector. The lack of
detailed description in [14] regarding the distribution of the
460 channels of coolant in the top reflector serves as a key
motivation for conducting this study. In this sense, a three-
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dimensional full-scale representation was created for the
following regions: the vertical channels into the side
reflector, the cold plenum, the prototypes pattern to represent
the channels into the top reflector, the cavity before the
pebble-bed in the reactor core, and the pebble-bed itself, as
shown in Figure 1.

Itis crucial to emphasize that this study is qualitative and
aims to identify and characterize the impact of the coolant
entry pattern into the reactor core on the main
thermohydraulic parameters in this region. Following this
premise, only the regions of coolant circulation closest to the
study area were represented, focusing exclusively on
studying the impact of different flow patterns at the core
inlet. Therefore, thermal exchanges between the coolant and
any structural element before entering the reactor core have
been neglected. In all of the cases, no contact between the
coolant and the structural elements will be considered, which
will lead to ideal adiabatic conditions in these regions. This
consideration will imply that the estimated temperatures are
much more conservative than the real operating
temperatures. For this, ANSYS CFX 19.0 software was
employed [12], [18], [19]. Energy transport equation was
used to consider the heat transfer between the fuel surface
temperature and the coolant. The porous media approach was
adopted to simulate the closely packed pebbles in the core.

In the present simulation, a non-uniform distribution of
the packed pebble porosity was assumed to simulate wall
effects. The base description of the integral 3D
thermohydraulic simulation of the steady state of this reactor
was proposed by [12].

2.1 Patterns of the Entry of Coolant into the Reactor
Core
Figure 2 shows the coolant pattern of the simulated
region inside the reactor and the patterns of coolant entry into
the reactor core. Initially, two prototype models consisting of
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Figure 2. Schematic fluid flow of the simulated region inside the reactor a), and the coolant flow representation from the

five analyzed patterns b) to f).

460 small channels, each with a diameter of 2.5cm, are
distributed around the top reflector, as outlined in [15]. These
channels are depicted either vertically (Figure 2 b) or at a
30-degree angle (Figure 2 c). Also, two models of 20
channels with 12cm of diameter representing the equivalent
area used by [12]. Likewise, the larger channels were also
represented vertically (Figure 2 d) or at a 30-degree angle,
as illustrated in Figure 2 e). Finally, a simplified vertical
porous media model as shown in (Figure 2 f). The five
models have the same transversal equivalent area. However,
their primary distinction lies in the pattern of turbulent flow
generated within the top cavity of the core.

Based on these patterns, an analysis of the
thermohydraulic behavior of the coolant before and after
crossing the top reflector was carried out. Also, the impact
of the use of these patterns in the prediction of average
thermohydraulic parameters in the pebble-bed hot core zone
was studied.

2.2 The Domain of Numerical Models and Boundary
Conditions
The methodology employed in this article has been
previously discussed in [12]. Specifically, in this paper, an
equivalent mass flow rate to the helium flow under normal
operating conditions of the HTR-10 reactor will be
considered as the inlet condition. This flow is defined in the
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vertical direction in the cooling pipes of the side reflector, as
shown in Figure 2. As the outlet condition, the transverse
region of the reactor core just before the conical contraction
has been selected, as illustrated in Figure 2.

A symmetry condition was placed on an axial plane, both
in the region occupied by the entry patterns, the upper
plenum, and the interior region of the reactor core, similar to
what is shown in the methodology [12]. Also, the adiabatic
no-slip wall option was considered for all other surfaces of
the analyzed models. This last selection, will induce elevated
temperature values throughout the fuel element bed region,
as there will be no thermal exchange with the structural
elements and reflectors through which helium flows.
Nevertheless, this will illustrate the differences between the
studied models without the influence of thermal exchange
with these structures. This allows us to evaluate the impact
of representing the coolant entry pattern into the reactor core.

2.3 Mathematical Models

In order to computationally simulate the flow of helium
and the region occupied by the fuel elements, a
comprehensive mathematical model was employed. This
model encompasses the fundamental equations governing
fluid dynamics, including the continuity equation,
momentum conservation equation, and energy conservation
equation. Additionally, the model incorporates the state
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equation and two supplementary equations for the turbulence
model. In general, ANSYS CFX uses a coupled solver,
which solves the hydrodynamic equations (for u, v, w, p) as
a single system. This solution approach involves a fully
implicit discretization of the equations at any given time step.
For steady-state problems, the time-step acts as an
‘acceleration parameter’, guiding the approximate solutions
toward a physically based steady-state solution. This reduces
the number of iterations required for convergence to steady-
state or to calculate the solution for each time step in a time-
dependent analysis [20].

Therefore, the simulation was executed using ANSYS's
suite of codes: CFX-Pre for model setup, CFX-Solver for
solving the equations, and CFD-POST for post-processing.
The ANSY'S CFX solver is specifically designed to calculate
the unsteady Reynolds-averaged Navier-Stokes equations in
their conservation form [20].

2.3.1The Continuity Equation
The continuity equation or the mass conservation
equation is shown below:

0
L7 (0 =0 )

where t represents the time, p is the fluid density, and U is
the velocity field.

The principle of momentum conservation states that the
total forces exerted on a fluid element will consistently equal
the change in momentum of that element. When accounting
for both surface forces and forces acting within the body of
an infinitesimal volume element, a simplified representation
of the momentum conservation law can be formulated as
follows:

%=V-(pU®U}=—Vp+V-t+5M 2

In this equation the parameter T = u [(VU +VvUuT) —

g oV - U] is the stress tensor; p represents the pressure field,
Sy 1s a source term that considers other effects [20].

2.3.2 The Thermal Energy Equation

Particularly, in fluid domains, the conservation of energy
equation elucidates the mechanisms of heat transport
attributed to fluid motion, conduction, and volumetric heat
sources [20].

The most robust formulation for the energy equation
within ANSY'S CFX is the Total Energy formulation, which
encompasses the total enthalpy. An alternative expression of
the energy equation, which is suitable for low-speed flows
from static enthalpy is the thermal energy equation:

% +V-(pUR) = V.(AVT) + T: VU + S, 3)

In this formulation, the term t:VU represents the
dissipation function representing the work done against
viscous forces (viscous dissipation). Here, h denotes the
enthalpy and A represents the thermal conductivity. The
terms S symbolize a heat source considered as a
contributory factor to decay heat and fission power.
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For the simulation of heat generation, a system of
cylindrical and annular regions was employed, releasing heat
from nuclear fission and radioactive decay. This approach,
discussed previously in [12], was initially proposed by the
IAEA in [14], and serves as a reference for the reactor power
distribution under normal operation.

2.3.3 Equation of State

The transport equations described above must be
complemented with constitutive equations of state for
density and enthalpy to form a closed system. In the most
general case, these states have the following form:

p=p®T) (4)
dh—ah dT+ah d —CdT+ah d 5
¢, =C,(p,T) (6)

Together, all equations commented so far are solved in
the CFD code simultaneously. Obtaining a detailed
description at any point or region of interest.

2.4 Turbulence

One of the most important phenomena described by fluid
dynamics is the phenomenon of turbulence. In this
phenomenon, fluid movement is characterized by random or
chaotic fluctuations in the form of swirls, vortices, etc. These
fluctuations can be caused by surface imperfections and/or
obstacles in the free flow of fluid and both small and large
scales.

The extended Navier-Stokes equations are capable of
representing both laminar and turbulent flows without
requiring additional information, but this comes at the
expense of high computational costs that can often be
prohibitive. Furthermore, for flows with specific Reynolds
numbers, a wide range of scale representations is required,
some of which are significantly smaller than the finite
volume mesh that can be reasonably utilized in numerical
analysis. Direct Numerical Simulation (DNS) of these flows
would require computational resources that are many orders
of magnitude greater than those currently available. For that,
turbulence models have been specifically developed to
account for the effects of turbulence without recourse to a
prohibitively fine mesh [20]. In general, turbulence models
seek to modify the original Navier-Stokes equations, which
are unstable, by introducing average and fluctuating
quantities. These modifications give rise to the Reynolds
Averaged Navier-Stokes (RANS) equations.

A group of turbulence models, headed by the RANS
models, are widely used to represent most practical
engineering problems. In this group, are used statistical
turbulence models based on the Reynolds time mean
equations, knowing only the effects of turbulence on the
mean flow.

On the other hand, the preceding investigation [12], [14]
showcased the application of the k- turbulence model. In
them, an outstanding correlation was established between
simulating the steady state at maximum power for the HTR-
10 reactor and experimental data, all achieved at a minimal
computational cost. Hence, in this current study, we opt for
the turbulence model grounded in the Reynolds equations
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(temporal mean - RANS) with the two-equation turbulence
model: standard x-¢.

2.5 Pebble Bed Porous Media Simulation Approach

In this work, it was considered a porous media in the
approximate region of the reactor core occupied by fuel
pebbles which are cooled by the helium flow. In this region
was used the Full Porous formulation that solve a finite
temperature difference between the fluid phase and the solid
phase. Full Porous is a non-thermal equilibrium model when
the separate energy equations for each phase within the
domain are computed and the temperature field is assumed
as average temperatures.

All heat transfer effects between fuel elements and
helium within the pebble bed were considered. This was
accomplished through the implementation of the overall heat
transfer coefficient in the reactor core region [12]. The
coefficient used was proposed by the KTA after thorough
experimental studies, considering conduction, convection,
and thermal radiation [21]. The approach to representing the
heat transfer within the reactor core using the porous media
was analyzed in more detail in [12]. This detailed analysis
supports the robustness and validity of the chosen
methodology in capturing the essential aspects of heat
transfer phenomena in the reactor core.

In [12], are discussed in detail the selection of the
mathematical model to estimate the temperature in the center
of the fuel elements, the isotropic porous media pressure
losses, thermal and materials properties correlations, and
others modeling related topics. The variation with pressure
and temperature of helium properties, such as thermal
conductivity, dynamic viscosity, and density, were
implemented according to [22].

On the other hand, the reactor core is designed for a
thermal power of 10 MW, with a gas pressure and mass flow
in the primary circuit of 3.0 MPa and 4.32 kg/s, respectively
in normal operation. It has a gas outlet temperature of 700 °C
and a gas inlet temperature of 250 °C [23]. However, it is
known that part of the helium coolant bypasses the main flow
path (leaks) due to clearances among structural elements and
graphite blocks. Conservatively, it is assumed that this
bypassing part of the helium flows directly from cold helium
entry to hot helium exit, making it non-effective for core
cooling. The following flow rates and leakages are
considered:

. The Rated Coolant Flow Rate (RCFR) is 4.32 kg/s.

. 1% of the RCFR passes through the fuel
discharging tube to cool fuel elements in the tube.

. 2% of the RCFR flows through the control rod
channels to cool the control rods.

. The maximum bypassing leakage among bottom
graphite blocks is assumed to be 10% of RCFR.

Therefore, 87% of the RCFR flows through the pebble
bed zone, effectively cooling fuel elements in the core. These
approximations were widely used in [14] and more recently
in[12].

2.6 Pressure Drop Through the Top Reflector

Considering a Simplified Porous Media Model

As previously stated, in addition to the reactor core, the
patterns of the entry of coolant into the reactor core were also
represented using a vertical porous media simplification. As
shown in Figure 2 f). For that, the simplified vertical porous
media model represents the joint region between the cold
helium plenum and the top cavity of the core region. In this

080/ Vol. 27 (No. 2)

approximation, was considered that the 460x&J2.5cm
straight coolant channels as the vertical direction inside the
top reflector bricks as a simple annular region of
160cmx78cmx25cm. Was imposed in this annular region a
bulk porosity equivalent to the relation between the volume
occupied by the 460x&2.5cm channels and the volume of an
annular region as shown in Figure 2. Also, it was considered
the permeability and inertial resistance factor in the vertical
direction (streamwise direction) only. The resistance in the
transverse direction was be assumed substantially highest to
prevent unphysical horizontal cross flow. This effect was
implemented using the Directional Loss Model, allowed in
Ansys CFX [18]. For this, the resistance along the flow
direction from Darcy-Weisbach model was used.

To estimate the Reynold number that characterize the
movement of coolant through the 460x2.5cm channels
(Re2scm) was used the following consideration:

e  Only the 87% of the reactor mass flow rate cross the

top reflector through the 460 channels of &2.5cm to
the reactor core as was indicated in the section 2.5
and used in [14].

e The same distribution of the mass flow rate crossing

all the channels.

e The coolant crosses the channels to 250 °C, then

My s5em * d2.5cm

ReZISCm = m = 14152 (7)

Where:
My s.m: Mass flow rate crossing an individual channel.
My sem = 8.17E — 03 [kg s™1]
d; scm: diameter of a channel, &2,5cm.
A, sem: Cross section area of a channel.
u: Dynamic viscosity of the coolant corresponding to 250 °C.
For the solution of the corresponding pressure loss due to
coolant through the top reflector for the simplified vertical
porous media model, was used the universal formula
proposed by Darcy-Weisbach [24]. The Eq. (8) describes the
pressure loss, denoted as AP, resulting from inertial effects
in a cylindrical pipe with a uniform diameter.

AP

T=f

N[
o|

®)

In this work, L was considered as the length of the
coolant path inside the top reflector, D the hydraulic
diameter, V7 the mean flow velocity and f the dimensionless
Darcy friction factor, Eq. (9).

Considering that, in the HTR-10 at normal operations, the
Reynolds number of the helium flow in the coolant channels
is above 10 000 then the viscous effects can be neglected. In
this Reynolds number range for the turbulent flow, the
estimative of the Darcy friction factor f was be calculated
from the Colebrook—White correlation [24]:

1 —2xlo dzzcm + (1 + 251 ) C))
I 8\ 737 ReJf

where e is roughness, and Re>4000.
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2.7 Mesh Independence Study

A combination of tetrahedral and hexahedral elements in
the flow domain and prism elements close to walls was used.
The mesh generating software ANSYS Meshing was chosen
to generate the meshes. In all of cases were ensure a y+ < 50
considering the x—¢ turbulent model and scalable wall
function. Also, in areas where local details were needed, the
local mesh refinement was used to capture fine geometrical
details. Additionally, it was checked that parameters like
orthogonal quality, expansion factor and aspect ratio are
within the recommended values [18]. A good mesh quality
is essential for performing a good CFD analysis but it's not
enough [18]. A preliminary analysis of the results is required
to reach a mesh-independent solution and eliminate the false
information induced by numerical reasons, e.g.,
computational geometry (mesh size — number of elements,
etc.) and numerical scheme applied [25]. In this sense, a
mesh sensitivity study was performed to analyze the
suitability of the mesh.

In all prototypes, four different meshes (design points)
with increasing mesh densities were analyzed. For this mesh
sensitivity study, it is necessary to select the key parameters
to be analyzed. Since the aim of this paper is to identify and
characterize the impact on the main thermohydraulic
parameters due to the approximation used to represent the
coolant entry pattern into the core of the pebble bed high-
temperature reactor prototypes, the mesh sensitivity study
analyzed the average and maximum coolant temperature, as
well as the average velocity inside the hot core zone.
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. N —=— Ave Coolant Temperature —
O \ O
. 621.0 \_ |[—=— Max Coolant temperature o,
Y 11067.5 ‘5
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Figure 3. Coolant temperature inside the hot core zone for
different meshes from Prototype 20x&12¢m 30°

Also, the Grid Convergence Index (GCI) value, proposed
by Roache in 1998 [26], was considered, which corresponds
to the numerical uncertainty. In this case, the minimum
numerical error considered was less than 1%. The Figure 3
and Figure 4 show the control parameters from four meshes
with 0.6, 1.5, 4.3, and 7.6 million elements respectively.
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Figure 4. Velocity inside the hot core zone for different
meshes from Prototype 20x12cm 30°.

Figure 4 shows the average velocity values for the four
different meshes for the Prototype 20x&12¢m 30°. The four
design points have a relative difference of less than 1% in all
analyzed parameters for this entry pattern. These results
show that there are no significant differences between them
among the studied meshes. The same behavior was observed
in the other prototypes.

As it is known that, the meshes with the least number of
elements are the meshes that have the least computational
requirements, then the meshes with the least number of
elements were selected for the studies to be carried out. The

Table 1 shows the properties and quality of the selected
meshes. Is important to note that the analyzed prototypes of
20xZ12cm have a similar mesh quantity to the simplified
porous media model with around 1 million elements.

2.8 Computational Resources and Convergence

The time needed to converge a complex CFD analysis is
more complicated than only considering the number of cores
available and the mesh size. Other aspects of the hardware,
such as memory, storage and interconnect speed will also
make a difference, as will the specific choice of code and the
temporal and spatial characteristics of the phenomena within
the solution. All calculations were performed considering an
RMS residual of 1E-05, which is typically sufficient for the
majority of engineering applications. The Table 2
summarizes the computational resources needed for the
solution of the five models.

Table 1. Properties of the selected meshes.

Selected Prototype Prototype Prototype Prototype  Simplified porous
Design Point 460x2.5cm 0°  460xJ2.5cm 30° 20xZ12cm 0°  20xJ12¢m 30° media model
Nodes 10° 1.88 2.65 0.35 0.38 0.59
Elements 108 5.10 5.54 0.63 0.62 1.06
Aspect Ratio 53.00 54.00 40.00 15.00 82.00
Orth. Quality 32.60 32.50 27.40 32.70 31.60
Expansion Fact. 247.00 52.00 239.00 189.00 87.00
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Table 2. Computational resources.

Model Core Memory [MBytes] CPU time [s] Iteration
Prototype 460x&J2.5cm 0° 32 10149.29 1.339E+04 294
Prototype 460x2.5cm 30° 32 9289.69 2.825E+04 600
Prototype 20x&12¢m 0° 16 3273.12 9.257E+03 337
Prototype 20xJ12c¢m 30° 16 3326.18 1.972E+03 448
Simplified porous media model 16 4043.77 6.912E+03 233

3. Results and Discussion

The ensuing section, delves into a qualitative
examination aimed at identifying and characterizing the
impact that the coolant entry pattern into the reactor core, on
key thermohydraulic parameters within the reactor core.
Specifically, our focus will be on comprehensively
discussing the behavior of coolant velocity, pressure drops,
and the temperatures of both the coolant and the fuel
elements.

3.1 Velocity Discussion
The first thermohydraulic parameter to analyze is the
coolant velocity. Following Figure 5, the depiction of the

helium velocity profile before and after crossing the top
reflector region is shown.

Velocity
10.0

75
5.0
25

0.0
[m s-1]

The colorimetric scale of Figure 5 a) was set from 0 to 10
m/s with the aim of highlighting, with greater contrast, the
different flow regions, especially the coolant entry region
into the reactor core. However, the maximum velocity
reached at the top of the coolant channels was approximately
17 m/s in the five analyzed cases. As shown in Figure 5 a),
the coolant rises through the ducts inside the reflectors and
carbon bricks up to the cold plenum. Then, the coolant
crosses the top reflector on its way up to the top core cavity
using one of the five proposed models.

Figure 5 b) to f) show the flow distribution at this
crossing for the five analyzed cases. In the prototype models
with channels of 460x2.5cm, the formation of small jets of
coolant is observed. Those jets penetrate a small portion of
the upper cavity of the core. The development of these small
jets of coolant does not reach the bed of fuel elements, they
diffuse before reaching the pebble-bed. On the other hand,

b)

Prototype
460xJ2.5¢cm 0°

c)

Prototype
460x2.5cm 30°

d)

Prototype
20xZ12cm 0°

a)

e)

Prototype
20x12¢cm 30°

f)
Simplified
porous media
model

Figure 5. Modeled Coolant region inside the HTR-10 a), and the 3D volumetric representation of the velocity distribution

profiles for the five computational models b) to f).
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the jets of coolant in the prototypes of 20x&12cm develop as
they pass through the core cavity, indicating a lower impact
of the diffusive effects. In the simplified porous media
model, the formation of jets is not observed.

Prototype 460x2.5cm 0°
Prototype 460x2.5cm 30°
Prototype 20x12cm 0°
Prototype 20x12cm 30°
Simplified porous media model

Velocity [m/s]

100 150 200
Axial position [cm]
Figure 6. Velocity profiles at the center line of the reactor
core.

After the coolant crosses the top cavity, the five schemes
show a similar tendency. As expected, the coolant increases
its speed as it passes through the core of fuel elements. Figure
6 display a linear increase in velocity from 1.78m/s at the
beginning to 3.42m/s at the end of the pebble bed. This effect
is due to the fact that when it crosses the fuel elements, the
coolant is heated and its viscosity decreases. It is known that
this reactor can increase its temperature by up to 3 times (250
°C - 950 °C) in normal operation.

. Velocity
Center 3.00
ling \/ (T
- (_] s - 225
~50 cm -
80em™ T —— 1.50
T T
0.75
170¢m n
I 0.00 =
a) ms*1] ) \

S

d) e)

Figure 7 shows using a colorimetric scale ranging from
blue to white, the velocity profile at different distances of
penetration of the coolant in the reactor core (Ocm, 80cm and
170cm), for the five computational models studied. It is
shown that at the beginning of the fuel elements (position, 0
cm) the coolant arrives with different patterns in each case.
However, this difference disappears when entering the
pebble bed (positions 80cm and 170cm). On the other hand,
if the velocity profiles are represented in the radial positions
at different depths, as shown in Figure 8, it is possible to
notice that at 80cm and 170cm penetration the 5 models
present practically the same prediction.

Performing a detailed analysis of the radial velocity
distribution, it can be concluded that, for 50cm of penetration
of the coolant in the fuel element bed, there is still a
difference between the models (see Figure 7). This relative
difference concerning to the average of the five
computational models is small and can reach up to 6% at
50cm.

In summary, even though the analyzed models have
different coolant distribution patterns at the beginning of the
pebble of the fuel elements, these differences have a small
impact on the prediction of the fluid movement inside the
pebble. The estimated mean velocity coolant inside the
pebble bed core was approximately 2.30 m/s, as shown in
Figure 8 and Figure 9.

These results contribute valuable insights into the
dynamic behavior of the coolant, aiding in the evaluation and

enhancement of the reactor's design for optimal
thermohydraulic efficiency.

. 4

f) H

Figure 7. Velocity profiles at different penetration distances of the coolant in the reactor core: a) position
lines, b) Prototype 460x<2.5¢m 0°, ¢) Prototype 460x22.5¢cm 30°, d) Prototype 20xJ12c¢m 0°, e) Prototype

20x212cm 30°, f) Simplified porous media model.
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Figure 8. Radial velocity at three different heights, 50cm,
80cm and 170cm from the beginning of the pebble fuel
elements.

24 1
23 T
2.30 [
2.28
Q
£ 22 1 m Prototype 460x2.5cm 0°
g m Prototype 460x2.5cm 30°
S 01 Prototype 20x12cm 0°
> o4 T
m Prototype 20x12cm 30°
Simplified porous media model
5 | —

Model
Figure 9. Average velocity in the Hot Core Zone.

3.2 Coolant and Fuel Elements Temperatures

The second thermohydraulic parameter to analyze was
the coolant and fuel temperature. It is known that the highest
temperatures are reached inside the fuel elements, which is
where the heat by nuclear fission and radioactive decay is
generated. After the heat is generated by nuclear fission
inside the fuel elements, it heat is conducted to the external
fuel surface. In general, for the extraction of this heat, the
coolant and the structural elements act by convection,
conduction, and radiation actively. Once the coolant is
heated, this heat is conducted towards the steam generator.
According to [12], [14], it is estimated that the highest
temperatures in this reactor are found in the lower central
region of the core. Therefore, with the interest of studying
the behavior of the maximum temperatures in the coolant
inside the reactor, the temperature in the center line will be
analyzed.

Figure 10 shows the coolant temperature in the centerline
of the hot core zone. From this figure, it can be identified that
the five computational models present the same increasing
trend of the fuel elements temperature. The heating occurs
from a value close to the coolant at the inlet of the pebble bed
until reaching the maximum temperature in the lower central

084/ Vol. 27 (No. 2)

region of the core as seen in Figure 9. Also, it can be
appreciated in Figure 9, that after reaching a depth of 180cm,
the temperature of the coolant stops increasing. This is due
to the used model of heat generation, having a drastic
decrease in the power density for the last 7cm of the
approximate active core, according to [14]. In this way, the
last 7cm of the curves coincide with the region where the
temperature stops increasing.

The highest temperature was obtained from the model of
the Prototype 460x2.5cm 0°, which is the most conservative
pattern from the point of view of safety. On the other hand,
the model with the Prototype 20x12¢m 30°, presents the least
conservative tendency to estimate the highest temperature.

Prototype 460x2.5cm 0°
Prototype 460x2.5cm 30°

Prototype 20x12cm 0°

,_,1’100 T Prototype 20x12cm 30°
g T Simplified porous media model
£ 900 T P
E 7
& 700 1
£
[}
'_

500 +

300 T } T f T f T i

0 50 100 150 200

Axial position [cm]

Figure 10. Coolant temperature in the centerline of the hot
core zone.

The largest maximum relative difference between these
two models was 35.7 °C, which represents approximately
3%. In summary, no significant differences were found in the
estimated mean and maximum temperatures among the five
computational models analyzed. It is important to note that
this analysis is only qualitative since the objective of the
article is to identify and characterize the impact of the
coolant entry pattern into the reactor core on the main
thermohydraulic parameters. For this reason, and with the
aim of reducing the computational cost, adiabatic boundary
conditions were considered in all surfaces as was indicated
in the section 2.2. Thereby, estimated temperatures in all
computational models were higher than those predicted by
[12], [14]. In general, the values of the maximum
temperatures in the normal operation in this reactor are
lower. According to the [14] the fuel elements temperature
must never exceed 1200 °C, which is the design limit
temperature for the fuel elements.

In summary, the average and maximum estimated
temperatures by the five models are shown in Table 3. From
the analysis of the values shown in Table 3, it is concluded
that the five models estimate the average values without
significant differences. In the case of the maximum values,
the Prototype of 460x2.5cm 0° estimates the highest values,
both for the temperature of the coolant and the temperature
on the surface of the fuel elements. The lowest maximum
coolant temperature among the five models was obtained by
the Prototype of 460x2.5cm 30° and the lowest fuel element
surface temperature was obtained by the Prototype of
20x12cm 30°. The relative differences with respect to the
mean value of the five models are less than 2%.
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Table 3. Main temperatures in the hot core zone

Temperature [C]

Model Coolant in the core zone [Fuel elements Surface
Ave. Max. Mean Dif. Ave. Max. Mean Dif.

Prototype 460x2.5¢m 0° 618.05 1104.75 0.9% 724.24 1161.70 1.4%
Prototype 460x2.5¢m 30° 617.94 1080.38 1.3% 723.98 1135.50 0.9%
Prototype 20x&12cm 0° 618.44 1092.85 1095 0.2% 72455 1149.95 1145 0.4%
Prototype 20x&12¢m 30° 619.26 1098.45 0.3% 725.29 1125.99 1.7%
Simplified porous media model 618.04 1099.75 0.3% 724.24 1155.88 0.9%
3.3 Pressure Drop 700 + '

The last thermodynamic parameter to analyze is the 1 ] — Prototype 460x2.5cm 0°
pressure in the five computational models. In general, the 600 T i Prototype 460x2.5cm 30°
steady-state simulation was performed at the nominal 500 +/OP Prototype 20x12em 07
pressure of 3MPa as indicated [14]. This pressure is less than . | cavity ——— Prototype 20x12em 30°
the safety limit (3.3MPa) approved by the China National & 400 + ! Simplified porous media
Nuclear Safety Authority (NNSA) as operation limit to © 300 L ! Hot Core Zone model
ensure the system and components safety [27]. 2 _ !

The estimated pressure drop in the pebble bed was in $ 200 + !
agreement with the equations model discussed in [12]. In all a ] !
the cases, the coolant pressure drops slightly till reaching the 100 T : \
top helium plenum, then continues decreasing along the path 0 | i N
inside the top reflector. Subsequently, a more pronounced 50 50 150 250

pressure drop was observed as the coolant passed through the
pebble bed. Similar behavior was reported in [12].
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1101
1100 L 1092 1091
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o
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Figure 11. Total pressure drop in the five computational
models.

The total pressure drop in the five computational models
was shown in Figure 11. The five computational models
show a similar total pressure drop, of approximately 1078 Pa.

Figure 12 shows the behavior of the pressure drop along
the axial axis in the reactor core center line. As observed, the
pressure remains approximately constant above 600 Pa in the
region before the pebble bed entry. After the coolant enters
the pebble bed, the pressure drops across the pebbles until
the cone region. As observed for the temperature behavior,
the entry pattern only has a small impact at the beginning of
the pebble-bed modeling. In the first 25 cm of the top of the
pebble-bed, this difference reaches less than 1% of the mean
value between them.

4. Conclusions

This paper is part of the ongoing efforts to contribute to
the prediction of the thermohydraulic behavior of one of the
most promising Generation IV systems, the Very High

Int. J. of Thermodynamics (1JoT)

Axial position [cm]
Figure 12. Pressure drop in the reactor core centerline.

Temperature gas-cooled Reactor, using three-
dimensional modeling. For this purpose, this paper addresses
one of the great challenges of nuclear thermohydraulic,
which is the detailed full-scale modeling of complex
structures. In this study, a comparison between five
alternatives to represent the top reflector internal structures
in a high temperature pebble bed SMR was developed. The
primary objective of this study was to identify and
characterize the influence of the coolant entry pattern into the
reactor core on key thermohydraulic parameters. 460x2.5cm

From the analysis of the velocity profiles, it was found
that the five models provoke different patterns of coolant
distribution in the upper cavity of the reactor core. It was
observed that the coolant entry patterns generated from the
460x2.5cm prototypes spread small jets and then diffuse
quickly without penetrating the fuel element bed. On the
other hand, the 20x12cm prototypes generate jets that reach
the vicinity of the fuel element bed. The main difference was
found in the distribution of coolant at the beginning of the
bed of fuel elements, which quickly disappears. This
difference between the 5 models is less than 6% in the first
10 cm of penetration in the pebble bed. The five inlet patterns
maintain the same coolant distribution throughout virtually
the entire fuel element bed. The temperature analysis
revealed that all five models exhibit a consistent rate of
temperature increase as they pass through the fuel elements.
The greatest difference was evidenced between the model
corresponding to the prototype 460x2.5cm 0° and 20x12cm
30°, being only 35.7 °C. The model that presents the highest
values, therefore more conservative, is the prototype model
of 460x2.5cm 30°. On the other hand, the lowest
temperatures were obtained at 20x12cm 30°. The relative
differences to the mean value of the five models are less than
2%. All five computational models exhibit a comparable
total pressure drop, averaging around 1078 Pa. As observed
for the temperature behavior, the entry pattern only has a
small impact at the beginning of the pebble-bed modeling.
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In the first 25cm of the top of the pebble-bed, this difference
reaches less than 1% of the mean value between them.

Explicitly, it was demonstrated that even though the
analyzed models exhibit distinct coolant distribution patterns
at the initial stage of the pebble bed of fuel elements, these
variations have a minimal impact on predicting the global
temperatures and fluid movement inside the pebble. This
distinct lack of differences in the overall results of the main
parameters of interest, regardless of the entry pattern model
used, might justify why, despite the reactor operators not
sharing specific details about the top reflector internal
structure, researchers have conducted successful simulation
of the HTR-10 reactor over the years.

This conclusion is reinforced as even the porous media
model shows a strong correlation with the prototype models
concerning the maximum fuel temperature, average fuel
temperature, and helium velocity. The prediction of the
pressure drop from the Darcy-Weisbach approach is an
acceptable prediction as well. In this study, the potential
applicability of the porous media models for an integral full-
scale reactor simulation in the future was demonstrated. As
a benefit, the porous media model as well the simplified
models reduces the mesh quantity from a detailed prototypic
model. Correspondingly, the computation time was reduced.
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Nomenclature

SMR Small Modular Reactors
AVR German: Arbeitsgemeinschaft Versuchsreaktor
CAD  Computer Aided Design
CFD Computational Fluid Dynamics
DNS Direct Numerical Simulation
GIF Generation 1V International Forum
HTGR High-Temperature Gas-Cooled Reactors
HTR High Temperature Reactor
HTTR  High-Temperature Test Reactor
IAEA International Atomic Energy Agency
KTA German: Kerntechnischer Ausschuss
LOCA Loss-of-Coolant Accident
NNSA China National Nuclear Safety Authority
RANS Reynolds Averaged Navier-Stokes
RCFR  Rated Coolant Flow Rate
RPV Reactor Pressure Vessel
RSM Root Mean Square
THTR  Thorium High-Temperature Reactor
VHTR  Very-High-Temperature Reactor

p density [kg/m3]

T stress tensor [Pa]

t time [s]

A thermal conductivity [W /mK]

U dynamic viscosity [Pa s]

U velocity [m/s]

p pressure [Pa]

Sm momentum source [kg m/s]

h enthalpy [J]

T temperature [K]

SE heat source [W]

Cp specific heat capacity at constant pressure [J/kg K]

L length of the coolant path inside the top

reflector [m]
f Darcy friction factor
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mean flow velocity

hydraulic diameter [m]

roughness

Re Reynolds Number

mass flow rate crossing an individual channel

[kg/s]

o g~

My 5cm

dysem  diameter of a channel [m]
Ay s.m  Cross section area of a channel [m?]
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