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Abstract

The application of mathematically derived geometries, such as triply periodic minimal surface
(TPMS) lattices, has garnered significant interest across various fields, including the nuclear
sector, due to their superior thermal-hydraulic characteristics for heat transfer compared to tradi-
tional plain or finned tubes. This study validates a computational fluid dynamics (CFD) model,
evaluates different turbulence models and CFD model settings, and performs uncertainty quan-
tification to provide a comprehensive analysis. Despite extensive research on CFD modeling
of TPMS lattices, such as gyroid and diamond geometries, there is a notable lack of publicly
available literature providing comprehensive details on numerical analysis aspects, including
convergence and methodological best practices. This study embarks on a benchmark analysis
of a gyroid geometry to evaluate its thermal-hydraulic performance under turbulent flow con-
ditions and scrutinize various CFD model configurations. The main contributions of this work
include validating the CFD model, assessing and comparing different turbulence models, and
enhancing pressure drop and temperature prediction capabilities. The results aim to support the
development of methodologies needed to benchmark and enhance numerical analysis techniques
for TPMS lattices. This work seeks to complement the existing body of knowledge, support the
development of TPMS reactor concepts, and improve best practices for CFD modeling of TPMS
lattices, ultimately advancing methodologies to support future applications in this domain.
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1. Introduction

The use of triply periodic minimal surface (TPMS) geometries has gained significant interest
across multiple disciplines, ranging from medical applications [1] to nuclear technology [2, 3].
TPMS geometries, derived from mathematical equations, result in unique structures that optimize
material usage while maintaining strength and stability. Among the various TPMS geometries,
the diamond and gyroid structures, as illustrated in Figure 1, are the most frequently referenced
in the literature.

Diamond
Unit Cell

Gyroid
Unit Cell

Figure 1: Comparison of TPMS geometries: gyroid (left) and diamond (right), featuring their respective unit cells (top)
and hexagonal lattices (bottom).

The gyroid TPMS geometry has gained significant traction in the three-dimensional (3D)
printing community, where it serves as an effective internal support structure for 3D parts [4].
In industrial applications, it has been successfully utilized in the development of compact heat
sinks [5] and heat exchangers [6, 7, 8, 9] due to its high surface area per unit volume. Re-
cently, its potential to enhance nuclear reactor designs has attracted significant attention. A
study by Martin et al. [2] evaluated various TPMS geometries for their ability to meet the neu-
tronic boundary conditions essential for sustaining a nuclear reactor core design. Additionally, a
thorough thermal-hydraulic analysis is critical to determine their capability to improve thermal
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performance and reduce costs in nuclear reactors.

In light of these developments, a Laboratory Directed Research and Development (LDRD)
project at Idaho National Laboratory (INL) was initiated to explore the feasibility of advanced
nuclear fuels and core designs leveraging TPMS geometries. The initiative is based on the rec-
ognized advantages of TPMS over conventional geometries in heat transfer applications [10, 9],
which can provide substantial benefits to the nuclear industry. However, a comprehensive study
on the application of TPMS structures in nuclear contexts requires experimental data to elucidate
the underlying physics and to validate computational fluid dynamics (CFD) models. Validated
CFD models can facilitate parametric studies and simulate complex physical phenomena that are
difficult to measure experimentally. Despite the potential of CFD simulations, challenges such as
numerical instability and non-convergence often hinder accurate modeling of thermal-hydraulics
in TPMS under both isothermal and non-isothermal conditions.

While several journal articles have reported on the thermal-hydraulic performance of TPMS
for heat sink and heat source applications, there remains a notable gap concerning pressure drop
prediction, numerical stability, and convergence of CFD models. Existing studies have provided
valuable insights into the thermal performance of TPMS geometries and their CFD modeling
setups [9, 11, 3, 10, 6, 12]. However, a thorough investigation is still needed to assess thermal-
hydraulic performance under turbulent flow conditions, evaluate various CFD model configura-
tions, and enhance prediction capabilities for pressure drop and temperature.

This study aims to address these gaps by developing a deeper understanding of the CFD
settings necessary for accurately predicting the thermal-hydraulics of TPMS geometries under
turbulent flow conditions. The overall project aims to design and test TPMS nuclear fuel assem-
blies; however, the initial efforts presented in this study involve examining different turbulence
settings and validating electrically heated TPMS using air as the heat transfer fluid (HTF). This
study presents a novel electrical self-heating method to simulate the thermal behavior of nuclear
fuel. These initial efforts will provide guidance for future TPMS modeling and experimentation
with other fluids relevant to nuclear systems involving self-heated TPMS lattices. Additionally, a
comprehensive analysis of numerical uncertainty and convergence will be conducted, providing
valuable insights to inform future modeling efforts of these intricate geometries. This is an initial
effort, and it is hoped that researchers in the future will take this information and improve upon
it for better thermal-hydraulic predictions of the physics within TPMS using CFD tools.

2. TPMS Geometry

TPMS are mathematically defined geometries generated using trigonometric level-set ap-
proximation equations. These equations describe surfaces where specific trigonometric functions
result in a constant value, often denoted by the variable “C”. Essentially, the generated surface is
implicitly defined as the zero-level set of these equations, meaning the surface represents points
in space where the equation evaluates to this constant value. TPMS geometries are notable for
their complex structures and have applications in various fields due to their unique properties. In
this study, the gyroid, a widely used TPMS geometry, was generated using the following level-set
equation:

sin(x) cos(x) + sin(y) cos(y) + sin(z) cos(z) = C (1)

Equation 1 defines a complex, continuous surface that separates two distinct regions of space
without any self-intersections. The gyroid is unique because it lacks planar symmetry and is
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non-self-intersecting, making it useful in various applications such as heat exchangers, filters,
and photonic crystals due to its high surface area and structural integrity.

The initial solution to the gyroid level-set equation produces a surface with zero thickness,
making it an idealized mathematical surface. To use this surface in practical applications, it needs
to be converted into a solid geometry. There are two common approaches for this:

1. Single-Sided Filling: One side of the surface can be filled with solid material, while the
other side remains fluid or empty. This approach treats the TPMS as a boundary that
separates solid and fluid regions.

2. Dual-Sided Thickening: This method involves increasing the surface thickness equally in
both directions, creating a solid volume around the original surface. This allows the TPMS
to have a defined thickness, which is essential for structural integrity and manufacturability
in applications such as additive manufacturing.

In this study, the second approach, thickening the gyroid surface in both directions, was
implemented. The commercial software nTop was used to generate the gyroid TPMS with the
desired thickness. This way, the gyroid geometry serves as a boundary that defines separate solid
and fluid regions within the computational domain.

The Reynolds number (Re) is an important non-dimensional parameter that describes the flow
characteristics within and around TPMS geometries such as the gyroid. The Reynolds number
can be expressed in terms of mass flow rate (72), and its mathematical expression is as follows:

Re = _fDi_ )
IUAcrass
where i1 is the mass flow rate (kg/s), Dy, is the hydraulic diameter of the gyroid lattice (m),
Avcross 18 the cross-sectional area (m?), and y is the dynamic viscosity of the fluid (Pa-s). For
non-circular cross-sections, such as TPMS geometries, the hydraulic diameter can be computed
as:

4y
=3

From the above expression, V, represents the volume of the fluid region, and A, denotes the
wetted surface area. Utilizing the mass flow rate simplifies the analysis, especially when the flow
rate is easier to measure or control compared to flow velocity. The hydraulic diameter, which
depends on the characteristic channel size within the gyroid structure, is crucial for determining
the Reynolds number and assessing whether the flow is laminar or turbulent. It is essential to note
that the hydraulic diameter of the gyroid TPMS is not constant along the unit cell size. Instead,
it fluctuates periodically, similar to the flow area (refer to Figure 2) [8].

As a result of the flow area fluctuation, it was deemed necessary to calculate the hydraulic
diameter as a function of V, and A;. By incorporating the volume of the fluid region and the
wetted surface area into the calculation, we can better predict the flow characteristics and ensure
precise determination of the Reynolds number.

Dy,

3

3. Experimental Setup

INL and the University of Wisconsin (UW) - Madison collaborated to build an experimental
facility designed to test self-heating TPMS geometries using air as the HTF. The primary purpose
4
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Figure 2: Variation of flow area along a gyroid TPMS geometry. The flow cross-sectional area is normalized by the total
frontal flow area and the axial length is normalized by the unit cell size.

of this facility is to generate experimental data on TPMS geometries that could be applied in
nuclear contexts. Before conducting experiments with nuclear fuels, UW constructed an out-of-
pile experimental facility to test self-heating TPMS geometries, simulating the fission heating
that occurs in nuclear fuels. The initial phase of the research involves experiments using air to
establish a baseline before transitioning to other fluids relevant to nuclear systems.

3.1. Lattice Fabrication and Preparation

The test articles were meticulously designed utilizing the gyroid TPMS equation to generate
hexagonal gyroid lattices, as shown on the left-hand side of Figure 1. These lattices were saved
in an STL file format, which was subsequently employed to 3D print the test articles using
electrically conductive polylactic acid (PLA) filament, Proto-pasta [13]. The 3D printing process
was carried out with a layer height of 0.15 mm on an Ultimaker S3 printer.

To integrate temperature measurement capabilities, the printing process was paused at the
mid-plane, where channels were designed to allow thermocouples (TCs) to be press-fitted into
place and secured with a high-temperature adhesive. Six embedded TCs, manufactured in-house
from perfluoroalkoxy insulated K-type 30-gauge wire (Omega TT-K-30-SLE), measured the
solid wall temperature and the fluid temperature at three locations along the centerline of the
lattice: the first open channel at the inlet, at the middle 50 mm downstream from the inlet, and
at the exit in the last centerline open channel, as shown in Figure 3. These measurements were
used to estimate the local heat transfer coefficient. Once the TCs were embedded, the print was
then resumed and completed. finally, the test section was wrapped with fiberglass insulation to
minimize heat loss to the environment.

A comprehensive summary of the gyroid TPMS geometry properties is provided in Table 1.
This detailed information is essential for understanding the geometric parameters that influence
the fluid dynamic performance of the test articles. Furthermore, the use of electrically conduc-
tive PLA filament enabled the application of direct current (DC) voltage for volumetric heating,
simulating the conditions found in nuclear fuel applications. This innovative approach allows for
precise control of the thermal environment within the test section, providing valuable insights
into the heat transfer capabilities of TPMS geometries.

5



Flow Direction

Figure 3: Embedded K-type TCs within the TPMS lattice for temperature measurement in both solid and fluid regions at
the inlet, middle, and outlet.

Table 1: Summary of TPMS geometry characteristics.

Description Value
TPMS geometry Gyroid
Axial length 100.0 mm
Porosity 0.3693
Solid volume 171,272 mm?
Total volume 271,558 mm?®
Hexagonal area 2,716 mm?

3.2. Experimental Facility

The facility consists of a compressed air line that forces the HTF, at approximately room
temperature, through the 3D-printed gyroid lattice test article at mass flow rates ranging from 5 to
25 g/s. A Swagelok integral bonnet needle valve (Cv=1.8) was installed to control the flow rate,
which was measured with a Flow-Dyne venturi flow meter. The pressure drop within the venturi
was measured between the throat and expansion section using a Rosemount differential pressure
transducer (Rosemount 3051) with an accuracy of +0.025% [14]. The absolute pressure of the
air, necessary for determining fluid properties, was measured using a Rosemount 3051T pressure
transmitter (span accuracy +0.04%) [15], located immediately downstream of the venturi flow
meter. The experimental apparatus used to validate the CFD simulations is shown in Figure 4.

The pipe size gradually increased to a 2.5-inch NPS schedule 10 stainless-steel pipe, where
the fluid’s centerline temperature was measured using a K-type Omega TC. The differential pres-
sure across the test section was measured using a Siemens Sitrans-P pressure transducer, with
taps located 30 mm from the inlet and outlet. The downstream temperature of the fluid was then
measured. Finally, the pipe was reduced to its original diameter, and the air was exhausted into
the atmosphere. All data were monitored and collected using a LabVIEW program in conjunc-
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Figure 4: Schematic of the UW-Madison test bed for electrically-heated TPMS, illustrating the instrumentation layout.

tion with a National Instruments data acquisition system.

Threaded rods were used to clamp the test article between two laser-cut stainless-steel elec-
trode plates, aligning with the inlet and outlet faces of the test article. A silver-filled electrically
conductive epoxy (Al Technology EG8050) was applied to enhance electrical contact between
the conductive PLA test article and the electrode plates. The electrode plates were then con-
nected to a DLM-300-13E DC power supply, with the positive terminal connected to the right
plate, as indicated in red in Figure 5, and the negative terminal connected to the left plate. This
configuration facilitated the passage of current through the test article. As the power supply was
turned on and adjusted according to experimental needs, the conductive PLA heated up due to
the current passing through it, resulting in volumetric heat generation within the solid material.
To ensure that the current was directed solely through the test article, the remainder of the test
section and instruments were electrically insulated, preventing any unintended current draw from
the power supply.

Data were collected during the steady-state operation of the test article. First, the desired
flow rate was established through the test section. Next, the desired power was applied, and the
system was allowed to reach steady-state conditions. Once steady-state was achieved, data were
recorded for 20 seconds at a rate of 2 samples per second. The recorded data were then averaged
to obtain a single data point at the desired flow rate and load.

3.3. Experimental Uncertainty

The method used to quantify the uncertainty of a measurement resulting from multiple factors
is the root-sum-of-squares (RSS) method. This method calculates the combined uncertainty (i),
which is the square root of the sum of the squares of the individual standard uncertainties (u;)
from each measurement, as shown in Equation 4.

“

In the above equation, ¢ denotes the sensitivity coefficient. In this study, we also utilize the
expanded uncertainty (u,), which is the combined uncertainty multiplied by a coverage factor
7



Negative | Positive V “

Terminal P Terminal [+
& ~ -
TC Fluid Nl i
Out
TG, C 5 TC

Fluid In

"‘a.‘;urrént @ J

Figure 5: Top left: Overview of the UW experimental setup, showcasing the arrangement of equipment and sensors.
Right: Close-up of a thermocouple strategically embedded within the TPMS lattice structure. Bottom left: Detailed view
of the experimental setup, highlighting the air flow direction (blue) and electrical current direction (red).

(1), to accommodate the desired confidence level in the measurements, refer to Equation 5. A
coverage factor of 2 is applied to compute the expanded uncertainty with a 95% confidence level.

e = A- U o

The accuracy of the k-type TCs is 0.75% or 2.2°C, whichever value is larger [16]. Given
that the experiments were conducted at room temperature, the sensors should have a standard
error limit of +£2.2°C. The uncertainty of the temperature measurements was determined by as-
suming a rectangular distribution for the standard uncertainties and a sensitivity coefficient of
1. A repeatability study encompassing four measurements was carried out. The results of this
uncertainty quantification are summarized in Table 2.

Table 2: Calculated combined and expanded uncertainty for temperature measurements.

Uncertainty component Distribution Uncertainty | Contribution percentage
Accuracy (u,) Rectangular 2.2 64.85%
Repeatability (u,) Rectangular 0.83 35.15%
Combined uncertainty (u,) 2.4°C -

Expanded uncertainty (1=2) 95% confidence 4.7°C -

The uncertainty associated with the pressure measurements was calculated using a similar
8




approach to the one outlined for the temperature measurements. The Rosemount differential
pressure has an accuracy of +0.025%, whereas the absolute pressure transducer has an accuracy
of £0.04%. Based on the obtained measurements and the repeatability study, the differential pres-
sure measurements have an uncertainty of 90.91 Pa with a 95% confidence level. The absolute
pressure measurements, on the other hand, have an uncertainty of 9353 Pa with a 95% confi-
dence level. A summary of the values used to compute the expanded uncertainty is presented in
Tables 3 and 4.

Table 3: Calculated combined and expanded uncertainty for absolute pressure measurements.

Uncertainty component Distribution Uncertainty | Contribution percentage
Accuracy (u,) Rectangular 252.3 0.15%
Repeatability (u,) Rectangular 4670 99.85%
Combined uncertainty (u.) 4677 Pa -

Expanded uncertainty (1=2) 95% confidence 9353 Pa -

Table 4: Calculated combined and expanded uncertainty for differential pressure measurements.

Uncertainty component Distribution Uncertainty | Contribution percentage
Accuracy (u,) Rectangular 0.1228 0.01%
Repeatability (u,) Rectangular 45.46 99.99%
Combined uncertainty (u.) 45.46 Pa -

Expanded uncertainty (1=2) 95% confidence 90.91 Pa -

The mass flow rate is obtained using the fluid density, pressure difference from upstream
to the throat of the venturi meter (Ap,), the expansion factor (g), the venturi’s throat diameter
(d;) and downstream diameter (d,;), the discharge coefficient (C;), and the venturi meter cross-
sectional area at the throat (A;). The mathematical function to calculate for the mass flow rate is

shown in Equation 6 [17].
. 2pAp,
=C,A _— 6
"IN TS ufda) ©

The mass flow rate’s uncertainty can be determined using uncertainty propagation, where the
uncertainty in the mass flow rate is calculated based on the uncertainties in the pressure drop
across the venturi and the air density. Equation 7 presents the general mathematical expression
for calculating uncertainty propagation [18].

up = \/(g—;u(m))z + (:—iu(xz))z oot (;}i M(Xn))2 N

The partial derivatives can be determined by employing Equations 8 and 9. The uncertainty
from diameters, and discharge coefficient can be neglected due to its negligible impact on the

mass flow rate uncertainty.
om e 2
— =CjAc ®)
anp, ~ N ap \T=dilda)’
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By replacing Equations 8 and 9 into Equation 7, it yields the following function:

(C AL 2 )2 + (c Ae | 220 1 )2 (10)
Uy = & Upp, & u,
Ay N = (difday* ™ TN o 1= (d/day

The combined and expanded uncertainty for the mass flow rate is summarized in Table 5.

Table 5: Calculated uncertainty of mass flow rate measurements obtained from the venturi flow meter.

Description Distribution Value
Uncertainty contribution from air density (p) [kg/m>] Rectangular | 2.77-107%
Uncertainty contribution from venturi’s pressure drop (Ap,) [Pa] | Rectangular 62.0
Venturi’s throat diameter (d;) [in./m.] 0.215/0.006
Downstream diameter (d,;) [in./m.] 0.870/0.022
Discharge coefficient (Cy) [-] 0.995
Expansion factor [K~1] 0.004
Uncertainty (u,,) [kg/s] 2471077

4. Numerical Modeling of TPMS

CFD modeling of a TPMS is a complex process, particularly when trying to achieve numeri-
cal convergence. This section discusses the governing equations employed in the CFD software
to solve the case scenario under consideration, evaluates different turbulence models to improve
the model’s prediction capabilities, and other settings that support numerical stability and con-
vergence. To evaluate the prediction performance of the CFD models, a validation study is
conducted using experimental data as a basis to determine the model’s capability to accurately
recreate real-world phenomena.

The validation approach involves recreating the electrically heated TPMS experimental data
collected by UW. This validation study assesses the assumptions, physics models, boundary
conditions, and the numerical uncertainty introduced by spatial discretization. Special attention
is given to the evaluation of spatial discretization, aiming to identify the ideal mesh size for
accurate modeling of the phenomena occurring within the TPMS. The goal is to use a mesh large
enough to capture significant phenomena while being small enough to capture relevant details
without creating computationally expensive models.

4.1. Governing Equations

The computational domain of the TPMS geometry was created using the STL file generated
for the 3D-printed lattices. This file was imported into the commercial software STAR-CCM+
2406 (19.04.009-R8 double precision) to generate the solid and fluid regions. Once the domain
was established, it was crucial to ensure accurate simulation of the physical processes within
these regions. To achieve this, the fundamental conservation equations of mass, momentum, and
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energy, which govern fluid flow and heat transfer, were applied. These equations are essential for
capturing the dynamics within the TPMS structure and were implemented to model the complex
interactions between the solid and fluid phases in the computational domain.

The continuity equation, a fundamental principle in fluid dynamics simulations, ensures mass
conservation and is presented in Equation 11.

V- (oi) =0 (11)

In Equation 11, p represents the fluid density, and v denotes the fluid velocity vector. This
equation states that the rate of mass entering a control volume is equal to the rate of mass leaving
it, ensuring that mass is neither created nor destroyed within the flow field.

The energy equation, which accounts for thermal effects within the fluid, is expressed math-
ematically as follows:

V- (0E¥) = =V - (kVT) + V - (u¥ - V) + pil- @ (12)

In this equation, (E) is the total energy per unit volume, which includes internal energy and
kinetic energy of the fluid, (7') is the fluid temperature, and (k) is the thermal conductivity. The
left-hand side represents the convective transport of energy. The right-hand side includes the heat
conduction term, the viscous dissipation term, and the work done by the gravitational force. This
equation is essential for predicting temperature distributions and thermal effects within the fluid.

The momentum equation, another critical component in fluid dynamics, governs the conser-
vation of momentum and is given by:

V. (o) = -Vp + V- (uV¥) + pg (13)

where p is the pressure, and g represents the gravitational acceleration vector. The left-hand side
of the equation represents the convective transport of momentum. The right-hand side encom-
passes the pressure gradient force, the viscous forces (or shear stress), and the body force due to
gravity. This equation describes how the momentum of the fluid is influenced by these forces.

The modeling of turbulence can be addressed using several turbulence models. The main
turbulence models employed in this analysis are the Reynolds-averaged Navier-Stokes (RANS)
realizable k-epsilon (k-&) two-layer model and the k-omega (k-w) Menter Shear Stress Transport
(SST) model, along with Lag Elliptic Blending (LEB) k-& model.

The realizable k-& model is beneficial for its robustness in predicting the mean flow charac-
teristics for a wide range of turbulent flows, including those with complex geometry and flow
separation [19].

The realizable k-& model is governed by the following equations:

0(pk) N dpku;) 9 (( LB

ot 0x; B B_xJ o

k
)6—)+Gk+Gh—YM+Sk—p8 (14)
(9Xj

2

+

dpe)  Olpeuy) 0 (( L He

Oe & &
) )+pClSa—pC2 = +Cie—C3.Gp, + S8,  (15)

ot ax;  0Ox; 0. ) ox; k+ ve k
where
Cy = max|0.43, —1_ —sk 5o s, (16)
1= B ,’7+5 s n= 8’ - ijoij
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From above, 4, is the turbulent eddy viscosity, G; denotes the production of turbulence kinetic
energy from mean velocity gradients, while Gy, is the production of turbulence kinetic energy
due to buoyancy. The term Y, accounts for the impact of fluctuating dilatation in compressible
turbulence on the overall dissipation rate. C, and C;. are constants, and o and o, are the
turbulent Prandtl numbers for k and &, respectively. S; and S, are user-defined source terms.

The k-w SST model, on the other hand, combines the advantages of the k-omega model
in the near-wall region with the k- model in the far-field. This hybrid approach allows for
better prediction of boundary layer properties and flow separation, making it suitable for handling
adverse pressure gradients and transition flows [20]. The k-omega SST model is governed by the
following equations:

A(oku;
M+ (k) -0 (u+/wk)% + G + Gy + G = Bpfp(wk — wok,) + S (17)
ot axj axj an

Ao S0 L) G2+ G D= o =)+, (8)
t 0x; 0x; 0x;

where o, is the turbulent Prandtl number for the specific dissipation rate w, f- is the free-shear
modification factor, fz is the vortex-stretching modification factor, S,, is a user-specified source
term, k, and w, are the ambient turbulence values that counteract turbulence decay, G, is the
specific dissipation production, D, is the cross-diffusion term, G,; is the non-linear production
term, and 5 and 5" are model coefficients.

The LEB model combines the Standard Elliptic Blending model, which solves transport
equations for turbulent kinetic energy (k), turbulent dissipation rate (&), normalized wall-normal
stress component, and the elliptic blending factor to determine turbulent eddy viscosity, with the
stress-strain lag concept introduced by Revell et al. [21].

In flow regions where non-equilibrium effects lead to a misalignment between the principal
components of the stress and strain-rate tensors, linear eddy viscosity models tend to overesti-
mate the turbulent kinetic energy. The LEB model incorporates the angle between these compo-
nents to mitigate this overestimation. For further information, it is recommended to consult the
STAR-CCM+ user guide [22].

The application of these continuity, momentum, energy, and turbulence equations in STAR-
CCM+ is essential for accurately simulating fluid flow and heat transfer in complex geometries
such as TPMS structures. These equations provide the foundational principles that ensure the
reliability and precision of the simulations, thereby enabling a thorough evaluation of hydraulic
and thermal performance metrics.

4.2. Spatial Discretization

The spatial discretization of the fluid and solid regions of the TPMS was created using a
polyhedral mesh with a base size of 0.35 mm. To better capture the curvature of the gyroid
TPMS, the minimum surface size was adjusted from its default value of 10% to 5% relative to
the base size. For modeling the boundary layer, a prism layer mesh model was adopted primarily
to capture the fluid behavior near the TPMS walls. Achieving a conformal mesh between the
solid and fluid regions required special treatment. A surface control option was implemented to
customize the mesh of the solid near the fluid region, ensuring improved discretization between
these two areas. Figure 6 displays the computational domain along with its dimensions.
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Figure 6: Cross-sectional view of a gyroid TPMS computational domain, showcasing a half-section. The solid region,
comprising the gyroid structure, is represented in pink, while the fluid region is depicted in blue.

The number of prism layers for the solid region was reduced from five to one to streamline
the mesh while maintaining accuracy. In contrast, the fluid region retained its imposed five prism
layers, which proved effective in capturing the boundary layer across a wide range of flow rates.
The total prism layer thickness was customized to an absolute value of 3.75-10™ m. Figure 7
showcases the discretization of the solid and fluid regions, highlighting the efforts made towards
accurately discretizing the regions near the TPMS wall.

Customized
Solid Region —
Prism Layer

aéﬁ' '
FH

[Jsolid Region

[ Fluid Region

Figure 7: Spatial discretization of the solid and fluid regions of a gyroid TPMS using STAR-CCM+ meshing software.

Meshing these types of geometries required further optimization, particularly when using
the k-w (Menter) SST turbulence model due to its sensitivity to cell quality when calculating
the cross-diffusion term [23]. To address this, the optimization cycle of the core mesh was
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activated and customized to perform five cycles with a quality threshold of 0.5, resulting in a
high-quality mesh. It is important to note that while five optimization cycles were adopted for
this study, other users may choose to perform more or fewer cycles based on their specific case
study. Additionally, post-optimization options for the boundary vertices and cell topology were
activated to further enhance mesh quality. A summary of the mesh settings adopted in this study
is provided in Table 6.

Table 6: Overview of mesh settings used for the spatial discretization of a Gyroid TPMS geometry.

Base size: 0.375 mm

Surface Remesher (Method: enhanced quality triangle) Minimum surface size: 5%

Polyhedral Mesher Surface growth rate: Slow

Prism Layer Mesher (Distribution mode: wall thickness) | Number of prism layers: 5

Prism layer total thickness: 0.125 mm
Customize number of prism layers: 1
Customize total thickness: 3.75-107 m

Surface Controls

4.3. Numerical Uncertainty

In CFD and experimental research, it is vital to comprehend the sources of uncertainty to
validate the reliability of the results. Uncertainty in numerical simulations can arise from grid
resolution and temporal discretization errors, while experimental uncertainty may result from
measurement errors, instrument precision, and environmental conditions. A thorough analysis of
these uncertainties allows for the assessment of result confidence levels and ensures robust and
reliable conclusions.

The numerical uncertainty quantification was conducted using two different methods. Gen-
erally, it is recommended to use the American Society of Mechanical Engineers (ASME) 20-
2009 standard for verification and validation (V&V) in computational fluid mechanics and heat
transfer [24], which provides step-by-step an approach to verify and validate CFD models. The
uncertainty quantification presented in the ASME 20-2009 standard for V&V relies on the grid
convergence index (GCI) proposed by Roache [25]. One drawback of employing the GCI method
is that its uncertainty solution is unreasonably small when the estimated order of accuracy (prg)
is greater than the theoretical order of accuracy of the numerical method (py;,) [26]. Additionally,
there is a lack of statistical information regarding the confidence level the GCI can achieve. The
factor of safety (FS) method was considered in this study as well since this method provides
a lower confidence limit of > 1.2 at the 95% confidence level [26]. The following subsections
overview the methodology followed to evaluate the convergence and uncertainty of CFD models.

4.3.1. Convergence study

An essential aspect of CFD modeling is to achieve numerical convergence, which can be
evaluated. Before comparing different CFD modeling setups, it is crucial to establish a solid
basis for evaluating the various physics model options. The numerical convergence of the CFD
models discussed in this study is evaluated using a systematic refinement of three grid sizes. The
coarse (x3), medium (x»), and fine (x;) meshes are refined based on a refinement ratio () of 1.4,

as shown in Equation 19.
_2_B (19)

X2

r

X1
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This approach systematically refines the computational grid by reducing the cell size by
a factor of 1.4 while keeping the prism layers the same size and distribution throughout the
model. This allows for more precise capture of flow features with smaller mesh sizes and better
quantification of the results’ dependence on grid resolution. Table 7 summarizes the mesh sizes
and the corresponding number of cells resulting from the discretization of the geometry using
this mesh refinement approach.

Table 7: Mesh sizes and corresponding number of cells used in the grid independence study.

Mesh size Volume Number of Cells
(mm) (m?) Solid Region | Fluid Region | Overall X
Fine 02500 | 5.7998-10 | 11,839,681 | 15,867,955 | 27,707,636 | 2.7560-10
Medium | 03750 | 5.8028:10% | 5,649,043 8,219,182 | 13,868,225 | 3.4717-10%
Coarse | 05625 | 5.8062.10 % | 4,120,115 5,997,668 | 10,117,783 | 3.8572-107

For nonstructured grids, the representative mesh size can be obtained using the following
equation [27]:

N 1/3
c=|(Davi)w| (20)
i=1
where N and AV; are the total number of cells and the volume of the ith cell, respectively. The
convergence ratio (R) is a metric used to evaluate the convergence behavior of a variable based
on the value of R as the grid is refined [28]. The different convergence behaviors are listed below:

(a) Monotonic convergence: 0 < R < 1

(b) Oscillatory convergence: R < 0 and |R| < 1
(c) Monotonic divergence: R > 1

(d) Oscillatory divergence: R < 0 and |R| > 1

The convergence ratio requires minimum three solutions for convergence evaluation, and it
is calculated using the following set of equations:

rR=2L @1
€32

€ =52,-5, (22)

E32=S3—S2 (23)

From above, S, S,, and S5 are the solutions to the fine, medium, and coarse meshes, re-
spectively. It is recommended that the solution’s convergence behavior be evaluated prior to
proceeding.

The Richardson extrapolation method is used to estimate the order of accuracy (pgg) and
error estimate (6gz), which are essential to calculate the distance from the asymptotic range and
numerical uncertainties. These two values are calculated as follows:

_In(en/en)

= 24

PRE () (24)
]

ORE = P (25)

15



If the solutions are in the asymptotic range, the estimate order of accuracy is equal to the theo-
retical order of accuracy (pgre = pm). However, many solutions do not fall within the asymptotic
range, resulting in prg # pu. The distance to the asymptotic range is calculated using Equa-
tion 26.

p=LRE (26)
Pth

The convergence study for different CFD setups is discussed in Section 4.5.

4.3.2. Numerical Uncertainty Quantification Method

Previously, it was mentioned that this study calculates the numerical uncertainty using two
methods, GCI and FS. The GCI is only used as a reference in this study to compare it against
the factor of safety. Ultimately, the factor of safety is the adopted methodology for uncertainty
quantification as it overcomes the two main deficiencies of the GCI method [26]. The numerical
uncertainty using GCI (Ugcy) is calculated using Equation 27.

€]
rPre — 1

Uccr = FS = FS |0kl 27

where FS is the variable factor of safety. According to [25], a F'S = 3 should be used when
two-grid solutions are available using py;,. If at least three grid solutions are available using pgrg,
then F'S = 1.25.

The other numerical uncertainty calculation method, factor of safety (Ury), uses an equation
that is conditional to the value of P, as illustrated in Equation 28.

Uss = FS(P) el - {[FSIP +FSo(l = P)lloel, 0 <P <1 08)
[FS{P+ FSy(P—1]|6gel, if P>1.

The constants F'So, FS, and FS, are obtained from a statistical analysis using samples
based on numerical and analytical benchmarks. The result of this statistical analysis indicates
that the recommended values for F'S, FS |, and F'S, are 2.45, 1.6, and 14.8, respectively [26].
Therefore, Equation 28 can be written in the following form:

(2.45 - 0.85P) |6gel, ifO<P<1
Urs = FS(P)|6kz| = RE (29)
(16.4P — 14.8) |6ge|, if P> 1.

4.4. Initial and Boundary Conditions

In the CFD models developed for this study, boundary conditions were meticulously defined
to mirror the experimental setup, where the TPMS structure was electrically heated. Heat gener-
ation within the TPMS was simulated by imposing a volume heating boundary condition, with
the power adjusted to match the power input applied in the experiments. At the inlet, a mass
flow rate boundary condition was applied based on the experimentally measured mass flow rate,
ensuring that the airflow entering the domain accurately reflected the experimental conditions.
Additionally, the inlet air temperature was set according to the experimentally recorded val-
ues to maintain thermal consistency. The outlet was modeled with a pressure-outlet condition,
simulating atmospheric conditions by setting the gauge pressure to near ambient levels. This
comprehensive approach ensured that the CFD simulations closely replicated the experimental
environment, providing reliable and comparable results.
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Regarding initial conditions, the simulations were initialized with a uniform air temperature
and static pressure throughout the computational domain, closely aligning with the initial con-
ditions of the experimental setup. The initial velocity field was set to zero, representing a flow
starting from rest and allowing the flow to develop naturally as the simulation progressed. The
initial temperature of the TPMS was set according to the pre-heating conditions documented in
the experiments. The electrical heating of the TPMS was applied instantaneously to minimize
computational costs associated with simulating the heating process. For each experimental set-
ting, the previous flow conditions were used as new initial conditions to ensure continuity and
further reduce computational costs by avoiding the need to start each simulation from a zero
velocity field and calculate the entire flow development from scratch. By ensuring that both the
boundary and initial conditions, including the heat input from the electrically heated TPMS, were
consistent with the experimental setup, the CFD models provided a reliable basis for comparing
temperature and flow behavior. This rigorous approach ensured that the simulations accurately
reflected the dynamics observed experimentally, thereby validating the computational results.

4.5. Physics Models

The selection process for the physics models of the solid region was a straightforward pro-
cess. The electrically conductive material used to 3D print the TPMS was assumed to have a
constant density, thermal conductivity, and specific heat capacity of 1240 kg/m?, 0.13 W/m/K,
and 1210 J/kg/K, respectively. Since the TPMS was electrically heated, the solid energy model
was activated.

The selection process for physics models in the fluid region requires careful consideration.
The TPMS experiments utilized air as the HTF, with its thermophysical properties at atmospheric
pressure described by the polynomial functions summarized in Table 8. Modeling the fluid dy-
namics within a TPMS structure can be approached using various physics settings, each with its
own advantages and disadvantages depending on the specific case. Consequently, a comparative
study is presented below, evaluating different settings and highlighting their respective pros and
cons.

Table 8: Thermo-physical properties of air at atmospheric pressure, with polynomial expressions valid over the temper-
ature range of 250 to 950 K [29, 30].

Property Function
Density [kg/m’] p =8.2398-10"27% —2.4234 - 107°77 +2.7246 - 107°T? — 1.4551 - 107°T +3.6701
Thermal conductivity [W/m/K] | k = —8.3709 - 107777 +7.9348 - 1077 + 3.1921 - 1073
Specific heat capacity [J/kg/K] | Cp = -3.1234- 10773 + 7.3833 - 107*72 - 3.3198 - 10717 + 1048.95
Viscosity [Pa-s] u=1.4467 - 10773 —4.2602 - 10777 + 6.8382 - 10°7 + 1.3689 - 10°

4.5.1. K-omega (Menter) SST vs. realizable k-epsilon: steady temporal solver

STAR-CCM+ offers several turbulence models, with the realizable k-¢ two-layer and k-w
(Menter) SST being two commonly used options. The realizable k-& two-layer turbulence model,
which is a two-transport-equation model that solves for the kinetic energy (k) and turbulent dis-
sipation (&), was chosen for evaluation due to its robustness, relatively simple formulation and
improved prediction of turbulent flows compared to the standard k- model. Realizable k-& has
been used in other studies that evaluate the thermal-hydraulic performance of TPMS structures
[5, 31]. Consequently, the realizable k-¢ turbulence model was chosen for this evaluation study,
while the standard k-& model was excluded from consideration.
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Similarly, the k-w (Menter) SST model, which is also a two-transport-equation model solving
for turbulent kinetic energy (k) and specific dissipation rate (w), was evaluated for modeling
fluid dynamics within a TPMS geometry. This model provides superior turbulence prediction
compared to the standard k-w model by using a blending function to combine the Wilcox k-w
model near walls with the standard k-& model away from walls [32]. Therefore, the k-w (Menter)
SST model was included in this study.

The initial comparison aimed to assess the performance of these turbulence models using
segregated flow under steady-state conditions. Despite identical initial and boundary conditions,
the models differed in their turbulence model choice. Figure 8§ visually compares the numerical
results of the aforementioned k-w and k-¢ turbulence models with experimental data across three
different mesh sizes, with the experimental measurement shown as a dashed line. The analysis
indicates that the k-w (Menter) SST model outperforms the realizable k-& model, particularly in
predicting pressure drop accuracy when using a segregated flow solver. Several potential reasons
for these results include:

1. TPMS surfaces have inherently complex geometries that make it challenging to predict
flow near the wall. The k-w (Menter) SST model provides superior near-wall treatment
compared to the realizable k- model, which could improve the accuracy of pressure drop
predictions.

2. Flow separation and reattachment are crucial phenomena in TPMS structures, particularly
as the flow may separate and reattach multiple times due to the periodic nature of the
surface. The k-w (Menter) SST model excels in predicting these phenomena, positively
impacting pressure drop predictions.

3. The k-w (Menter) SST model is better suited for flows involving complex curvature and
intricate geometries, which are characteristic of TPMS. This model can handle the effects
of adverse pressure gradients and flow separation more effectively than the realizable k-&

model.
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Figure 8: Comparison of turbulence models: Bar plot illustrating the performance of the realizable k-epsilon and k-
omega (Menter) SST models under steady-state conditions.

The comparison analysis also demonstrated that the realizable k-& model produced results
faster than the k-w (Menter) SST model. However, it negatively impacted the accuracy of the
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predicted pressure drop. Additionally, we consistently encountered a challenge when using these
two turbulence models, as the convergence ratio (R) fell below -1.0, indicating oscillatory diver-
gence in the results.

4.5.2. K-omega (Menter) SST: implicit unsteady temporal solver

Initially, the CFD models were executed using a steady-state solver, with results averaged
over 500 iterations using statistical reporting. However, numerical instability and high residual
values, particularly in the turbulence dissipation rate, were observed when using the k-w (Menter)
SST model. To achieve numerical stability and convergence, the temporal solver was switched
from steady-state to implicit unsteady.

A comparison analysis was conducted to evaluate the numerical results, convergence, and
stability of a TPMS CFD model using the k-w (Menter) SST model, which showed slight supe-
riority over the realizable k-& model. The variable under consideration was the temporal solver,
with both steady-state and implicit unsteady solvers tested.

For the steady-state solver CFD model, the residuals reached values below 1 - 1077 across
most variables, except for the turbulence dissipation rate residuals, which remained relatively
high. Additionally, as shown in Figure 9, despite the residuals leveling out, the numerical re-
sults exhibited instability. The temporal solver was then changed from steady-state to implicit
unsteady with a time-step of 1-107° seconds. After two time steps, the numerical results showed
stability. As the simulation reached numerical stability, the residuals decreased significantly,
reaching absolute values below 1 - 1074,
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Figure 9: Comparison of pressure drop results using steady-state and implicit unsteady temporal solver with a k-w
(Menter) SST turbulence model, showcasing the impact of the temporal solver option on the numerical stability.

One challenge faced when evaluating the implicit unsteady CFD model is that the outlet
temperature results indicated oscillatory divergence behavior (R=-3.5792), while the pressure
drop results indicated oscillatory convergence (R=-0.7240). The comparison of steady-state and
implicit unsteady temporal solvers is illustrated in Figure 10.

These results indicate that an implicit unsteady temporal solver could improve numerical
stability and reduce turbulence dissipation rate residuals. Nonetheless, the computational cost
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Figure 10: Bar plot illustrating the performance of the k-omega (Menter) SST turbulence model using steady-state and
implicit unsteady temporal solvers.

increased significantly when using an implicit unsteady CFD model. Despite the benefits of
using an implicit unsteady time solver, the authors decided to explore alternative configurations
to achieve solution convergence and numerical stability while using computationally efficient
CFD models.

4.5.3. Constitutive Relationships

Most RANS turbulence models typically use the Boussinesq approximation for closure of
the turbulence in the system of equations. This approximation assumes that the turbulent stress
tensor is proportional to the mean shear stress tensor in the flow, thus introducing the concept
of turbulent eddy viscosity. Therefore, RANS equations using this approximation are known as
eddy viscosity models. Modifications to the Boussinesq approximation can be made in certain
k-w and k-¢ turbulence models through the use of nonlinear constitutive relationships to improve
accuracy [33].

Three options for the constitutive relationship of k-w are available. The default choice is a
linear relationship, but this study examines the other available constitutive relationship options
for the k-w (Menter) SST model: the quadratic constitutive relation (QCR) and cubic. Altering
the constitutive relationship can potentially improve the turbulence model’s performance when
predicting turbulence in flows with strong secondary recirculation, streamline curvature, or under
highly non-equilibrium conditions [34].

The first comparison evaluates the k-w (Menter) SST model using a steady-state time solver
with three different constitutive relationships. The comparison of the three different options is
showcased in Figure 11. While the pressure drop and outlet temperature results differ by small
amounts, the solution convergence varied from case to case. The convergence ratio of each case
scenario is summarized in Table 9.

The results presented in Table 9 indicate that a linear relationship does not yield convergent
results for both pressure drop and outlet temperature. A QCR relationship improves solution con-
vergence, resulting in oscillatory convergence for pressure drop and monotonic convergence for
outlet temperature. The cubic constitutive relationship yielded solutions that indicate monotonic
convergence for both pressure drop and outlet temperature. These results highlight the impor-
tance of adjusting the constitutive relationship. The results provided above are from CFD models
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Figure 11: Bar plot illustrating the performance of the k-w (Menter) SST turbulence model under steady-state conditions
with different constitutive relationships.

Table 9: Solution convergence for CFD models with different constitutive relationships.

Constitutive e Mesh Convergence
relationships Fine Medium | Coarse ratio (-)
Linear Pressure drop 5536.05 5415.70 | 5473.77 -2.0725
Outlet temperature | 301.6342 | 300.5003 | 301.5387 -1.0919
QCR Pressure drop 5469.63 | 5564.66 | 5309.18 -0.3720
Outlet temperature | 301.6369 | 301.5992 | 301.4492 0.2517
Cubic Pressure drop 5623.44 | 5522.24 | 5277.18 0.4130
Outlet temperature | 301.7015 | 301.5638 | 301.3903 0.7937

using a steady-state temporal solver. However, the authors wanted to investigate the impact of
the constitutive relationships when implementing an implicit unsteady mode, which is discussed
below.

The impact of the constitutive relationships on the numerical solutions is also evaluated us-
ing an implicit unsteady temporal solver. The results of this comparison analysis are presented
in Figure 12. It is important to note that when testing the cubic option with a steady-state tempo-
ral solver, the CFD model reached numerical convergence and yielded reasonably good results
when compared to experimental data. However, the results of the CFD model that used the im-
plicit unsteady temporal solver could not be analyzed as the simulation became highly unstable.
Therefore, the results of the CFD model that uses the cubic constitutive relationship could not be
presented.

The use of a QCR constitutive relationship did not yield significant improvements in the nu-
merical results compared to the model that used the linear constitutive relationship. However, the
numerical solution convergence did improve, as the outlet temperature exhibited an oscillatory
convergence behavior when a linear constitutive relationship was used. The numerical solution
changed to monotonic convergence when using the QCR constitutive relationship. The main
drawback of using an implicit unsteady time solver is the considerable increase in computational
time compared to the steady-state CFD models.

To further enhance solution convergence, the low Re damping modification option was ac-
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Figure 12: Bar plot illustrating the performance of the k-omega (Menter) SST turbulence model using the implicit
unsteady time solver with different constitutive relationships.

tivated. This option is often associated with the simulation of flows at low Reynolds numbers,
where the flow is more laminar than turbulent. In such cases, damping oscillations or fluctua-
tions in the flow becomes crucial to achieve a stable and accurate solution [34]. It is important
to note, however, that caution should be exercised when running simulations with high Reynolds
numbers, as the low Re damping modification may not be suitable and could potentially lead to
inaccurate results.

A comparison of the CFD model with the low Re option activated versus deactivated is sum-
marized in Table 10, demonstrating an improvement in numerical solution convergence. Specifi-
cally, the outlet temperature and pressure drop solutions exhibit monotonic convergence behavior
with the low Re option activated.

Table 10: Solution convergence of steady-state CFD models with QCR constitutive relationship with and without Low
Re damping modification.

Low Re Damping Option Mesh Convergence
Modification Fine Medium Coarse ratio (-)
Activated Pressure drop 5498.6781 | 5466.7719 | 5277.1763 0.1683
Outlet temperature | 301.6496 | 301.5886 | 301.3903 0.3075
Deactivated Pressure drop 5469.63 5564.66 5309.18 -0.3720
Outlet temperature 301.64 301.60 301.45 0.2517

4.5.4. k-omega (Menter) SST vs. LEB k-epsilon

So far, the comparison analysis has been addressed using realizable k-& and k-w (Menter)
SST turbulence models with different options activated. Another model proposed in past studies
to predict flow turbulence is the LEB model. One of the advantages of k-& over k-w is that
the turbulence dissipation rate formulation is more stable [35]. The LEB k-& turbulence model
exhibits superiority over realizable k-¢ in terms of accuracy in the near-wall region and better
numerical stability than k-w SST [35].

The LEB model is a turbulence model that solves the transport equations for turbulent kinetic
energy (k), turbulent dissipation rate (&), the normalized wall-normal stress component, and the
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elliptic blending factor (@) to calculate the turbulent eddy viscosity. This model is particularly
useful in CFD for simulating turbulent flows [35] as it combines the stress-strain lag concept
introduced by [21]. The simulation using the LEB k-& turbulence model was compared to the
k-w (Menter) SST with QCR constitutive relationship at low Re using a steady temporal solver.
The results of this comparison for the steady time solver are depicted in Figures 13.

The results obtained from using LEB k-¢ indicate that numerical stability was improved even
when a steady-state temporal solver was used. The k-w (Menter) SST model under steady-
state conditions was better at predicting the pressure drop within the TPMS, with the maximum
difference between numerical and experimental results being 11.8% using a coarse mesh. In
contrast, when using the fine mesh, the LEB k-& model predicted the pressure drop with a 23.9%
difference. Regarding outlet temperature prediction, the LEB k-& model performed better, with
the maximum reported difference compared to experimental data being 4.74°C when using a
coarse mesh. On the other hand, the k-w (Menter) SST over-predicted the temperature by 5.26°C.
The numerical solution convergence behavior for both CFD models was monotonic convergence.

8000
= © komega
[ g 30 ® kapsion
2 3 o LEBk-epsion| | 1
e 2 20 " | |
; 4000 o E | |- = -Experiment |
: 5o ] L R
3 e e e e e e e |
1]
o i | l
2000 E
& 10 ;s |
_,o !

Fine |Med.[Coarse| Fine [Med.[Coarse| Fine [Med.[Coarse (b) TPMS outlet temperature.

k-omega (QCR) |  LEB k-epsil | Reaii k

(a) Pressure drop across TPMS.

Figure 13: Bar plot illustrating the performance of the k-w (Menter) SST, LEB, and realizable k-& turbulence models
using the steady time solver.

4.5.5. Segregated vs. coupled flow solver

The performance of the k-w (Menter) SST model was evaluated using both segregated and
coupled flow solvers. The studies discussed earlier primarily relied on segregated solvers, which
solve the governing flow equations sequentially, simplifying the computational process. How-
ever, the coupled flow solver, which simultaneously solves these equations, offers potential ad-
vantages, particularly in terms of capturing tighter coupling between variables and improving
convergence behavior in complex flows. Despite these benefits, the use of coupled solvers comes
with a significant drawback: the computational cost increases substantially. This is because cou-
pled solvers take longer to reduce residuals and achieve convergence, requiring more iterations
and higher memory usage compared to segregated solvers.

Given the considerable computational expense associated with the coupled solver, particu-
larly in the context of the CFD models used in this study, the authors decided to forgo its im-
plementation. Nonetheless, the authors encourage others to consider the coupled solver in future
evaluations, as it may offer improved accuracy or stability in certain scenarios. This decision
should be weighed against the potential increase in computational resources required.
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The segregated flow solver was chosen and performed well. When combined with the steady-
state temporal solver, it produced results that closely matched experimental data and consistently
achieved numerical convergence across all parameters of interest. This shows that the segregated
solver is reliable and computationally efficient for the flow conditions and turbulence models
studied.

5. Experimental vs. Numerical Results

This section focuses on comparing the pressure drop, temperatures, and heat transfer co-
efficient of a gyroid TPMS geometry between experimental and numerical results. Assessing
the hydraulic efficiency of heat exchangers heavily relies on pressure drop, as it directly influ-
ences the energy required to maintain fluid flow through the system. The complex geometry of
the gyroid TPMS presents unique challenges for accurately predicting pressure drop using CFD
simulations. Therefore, directly comparing experimentally measured pressure drops with those
predicted by the CFD model provides valuable insights into the reliability and accuracy of the
numerical simulations.

Accurate temperature measurements are crucial for determining the thermal performance of
the TPMS geometry. Comparing experimental temperature data with CFD predictions helps val-
idate the model’s capability to capture the thermal behavior of the system. The embedded ther-
mocouples used in the experiments enable precise temperature measurements at various points
within the lattice, allowing for a detailed comparison between experimental and numerical re-
sults. Furthermore, the heat transfer coeflicient is a key parameter for evaluating the convec-
tive heat transfer performance of the gyroid TPMS. By comparing the heat transfer coefficients
derived from experimental data with those obtained from CFD simulations, we can assess the
model’s accuracy in predicting convective heat transfer.

For the benchmark analysis, the k-w (Menter) SST model with QCR and Low Re options
was selected, utilizing a steady-state solver. Before comparing experimental and numerical data,
it is crucial to quantify numerical uncertainty. This was meticulously analyzed through a grid
independence study, employing a refinement ratio of 1.4, which provides a robust basis for eval-
uating the impact of grid resolution on simulation outcomes. Both the GCI and FS methods were
implemented to estimate the numerical uncertainties and identify the most appropriate method
for further uncertainty quantification. As shown in Table 11, the convergence ratio, order of ac-
curacy, distance to the asymptotic range, error estimate, and uncertainties from both methods are
presented. The table highlights that the FS method provides more conservative values compared
to the GCI method. Additionally, it showcases the convergence ratios for critical parameters such
as pressure drop and outlet temperature, indicating monotonic convergence. For conservative
purposes, the uncertainty obtained through the FS method is employed in subsequent analyses.
This integrated approach ensures a more accurate comparison between numerical predictions and
experimental data, ultimately leading to more robust conclusions regarding the performance of
the CFD model.

The pressure drop across the gyroid TPMS is the first parameter compared between numer-
ical and experimental data. Experimentally collected measurements are plotted alongside nu-
merical results obtained from simulations, where the TPMS power generated remained relatively
constant at approximately 78.4 W. In our analysis, we conducted a comprehensive comparison,
evaluating model performance at both low and high flow rates. This approach allowed us to
assess the numerical stability of the model under different flow conditions. The comparison re-
sults between experimental and numerical data are visually represented in Figure 14, providing
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Table 11: Numerical uncertainty quantification of CFD model, using k-w (Menter) SST with QCR and LowRe options

activated.
Convergence
Parameter - l% ) Pr. P ORe Urs | Ugcr
Pressure drop 0.1683 5.30 | 2.6506 | 6.4558 | 185.08 | 8.07
Outlet temperature 0.5109 2.00 | 0.9990 | 0.1095 0.18 0.14

insights into the performance and reliability of the models under varying flow conditions. This
visual representation facilitates a clear understanding of the models’ accuracy and highlights any
discrepancies between the experimental and numerical results.
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Figure 14: Comparison between experimental and numerical pressure drop results with a constant power input of a
gyroid TPMS.

Initial findings from the benchmark analysis reveal that while the CFD model captured the
overall trend of pressure drop across the gyroid structure, discrepancies were observed between
the experimental and numerical results as the flow rate transitioned from laminar to turbulent.
This variance could be attributed to the complexities of accurately resolving turbulence and flow
separation within the highly convoluted TPMS geometry. Although the CFD model exhibited
numerical stability at low flow rates, numerical instability increased as the flow rate rose. Addi-
tionally, the analysis of the constitutive relationships indicates that the Low Re option is adequate
for handling low Reynolds numbers but may not be suitable for high Reynolds number values,
which could be a factor impacting the numerical results. To further investigate any potential bias,
a one-to-one comparison of pressure drop measurements obtained experimentally and numeri-
cally is presented in Figure 15.
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Figure 15: One-to-one pressure drop comparison between experimental and numerical data collected with 20% error
margin shaded.

Figure 15 indicates that the CFD model underpredicts the pressure drop by about a consis-
tent 20% or less for varying flow rates. Despite this drawback, the k-w (Menter) SST model
outperformed previously mentioned CFD models with different turbulence models and settings.

The temperature difference between the inlet and outlet of the HTF was another parameter
evaluated against experimental data. As air flows through the gyroid TPMS geometry, convective
heat transfer removes heat, causing the temperature of the air to rise. This parameter is crucial
as it provides insights into the heat transfer characteristics of the gyroid TPMS and aids in char-
acterizing the heat transfer coefficient. The gyroid TPMS was subjected to various power inputs
(38.08, 61.92, 79.20, and 124.55 W) at a constant flow rate of approximately 0.005 kg/s. The
results of this comparative analysis are illustrated in Figure 16.

igure 16 illustrates that the CFD model generally overestimates the temperature difference.
Nonetheless, most of the predicted temperature differences fall within the error margins of the
experimental measurements. This indicates that while the model tends to predict slightly higher
temperatures—particularly at the outlet—it maintains an acceptable range of accuracy.

To identify any potential bias, a one-to-one comparison of the temperature difference between
the inlet and outlet for the HTF using both experimental and numerical data is conducted. This
comparison, presented in Figure 17, facilitates a direct evaluation of the model’s performance
against actual measurements. By analyzing this comparison, researchers can better understand
the discrepancies between the model and experimental data. This analysis can inform further
refinements of the CFD model or adjustments in experimental procedures, thereby improving
the alignment between the two. This iterative process is essential for enhancing the accuracy and
reliability of the CFD simulations in predicting the thermal performance of the gyroid TPMS.
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Figure 16: Comparison between experimental and numerical HTF temperature difference results of an electrically heated
gyroid TPMS.
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Figure 17: One-to-one comparison of inlet and outlet temperature differences for HTF using experimental and numerical
data.

Figure 17 suggests that the measurements may under-report the temperature difference be-
tween the inlet and outlet. According to the uncertainty quantification of these measurements,
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most of the uncertainty is attributed to the accuracy of the thermocouples (TCs). While the
discrepancy between the experimental and numerical data can largely be attributed to the under-
estimation by the temperature measurements, it is also partly influenced by the overestimation
from the CFD model. Despite these differences, the CFD results remain within an acceptable
range of accuracy.

The temperature distribution within the TPMS was measured in the solid region to compare
the experimental and CFD results. In Figure 18, the experimental measurements in the solid re-
gion reveal a broader temperature distribution from the inlet to the outlet sections of the TPMS.
The high temperature measurements observed in the solid region near the outlet, except for the
38.08W power experiment, but lower temperatures in the middle and inlet sections, can be at-
tributed to several factors: (1) the reduced thermal mass and increased porosity of the lattice
may cause localized hotspots, particularly near the outlet where the fluid has already absorbed
heat. This can result in higher temperatures in the solid region close to the outlet compared
to other sections; (2) the infill combined with the sensor placement could have impacted the
measurements as the increase of power in the lattice had little effect in the inlet and mid-point
temperature measurements. In contrast, the CFD simulations show a more uniform and narrower
temperature distribution along the same path. The narrower temperature gradient in the solid
structure within the CFD model leads to less heat being transferred to the fluid, impacting the
accuracy of temperature predictions, particularly near the inlet where the largest heat transfer
gradients are expected.

Furthermore, it is important to note that the 3D-printed lattice has an infill percentage of less
than 100%. This reduced infill means the lattice contains less material, resulting in a diminished
thermal mass. Consequently, the lattice heats up more rapidly, potentially causing higher fluid
temperatures at the inlet and reducing the temperature difference between the inlet and outlet.
This could explain why the experimental data shows lower temperature differences compared to
the CFD data.

The temperature distribution within the TPMS was measured in the solid region to compare
the experimental and CFD results. In Figure 18, the experimental measurements in the solid
region reveal a broader temperature distribution from the inlet to the outlet sections of the TPMS.
Notably, higher temperature measurements were observed in the solid region near the outlet
when compared to the numerical data, except for the 38.08 W power experiment, while lower
temperatures were recorded in the middle and inlet sections. This discrepancy can be attributed
to several factors:

1. The reduced thermal mass and increased porosity of the lattice may cause localized hotspots,
particularly near the outlet where the fluid has already absorbed heat. This can result in
higher temperatures in the solid region close to the outlet compared to other sections.

2. The combination of reduced infill and sensor placement could have impacted the measure-
ments. This could explain why the increase in power within the lattice had little effect on
the solid inlet and mid-point temperature measurements.

In contrast, the CFD simulations show a more uniform and narrower temperature distribution
along the same path. The narrower temperature gradient in the solid structure within the CFD
model results in less heat being transferred to the fluid, affecting the accuracy of temperature
predictions, particularly near the inlet where the largest heat transfer gradients are expected.

The performance of TPMS nuclear fuel lattices is critically dependent on efficient convective
heat transfer, making the heat transfer coeflicient () a crucial parameter to accurately character-
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Figure 18: Comparison of temperature measurements at the inlet, middle, and outlet sections of the solid region of the
gyroid TPMS. Experimental data are represented by solid lines, while numerical data are depicted with dashed lines.

ize. Initial efforts were made to predict the heat transfer coefficient using temperature measure-
ments obtained from embedded thermocouples (refer to Figure 3). Accurate characterization of
(h) is essential for optimizing the thermal performance and safety of TPMS nuclear fuel lattices.

The convective heat transfer coefficient is defined as follows [36]:

_ Q
As(Twall - Tfluid)

The power (Q) is obtained from the power applied to the lattice through the power supply.
The heat transfer surface area (A;) is derived from the STL model used to 3D print the lattice.
The fluid temperature (7'fy,) and wall temperature (7,,) are measured using the embedded
thermocouples shown in Figure 3. While the heat transfer coefficient can be determined from
these experimental measurements, its accuracy depends heavily on the precision of the variables
involved. One significant challenge in this approach is the accurate measurement of the wall
temperature [37].

Measuring wall temperature is particularly challenging due to several factors that can com-
promise accuracy. One critical factor is the thermal resistance caused by the thermal contact
between the temperature sensor and the wall. This thermal contact resistance can lead to discrep-
ancies between the actual wall temperature and the measured temperature. Additionally, thermal
lag due to the sensor’s response time, heat conduction along the thermocouple wires, and poten-
tial signal interference from electrical noise can further affect the accuracy of the measurements.
Variations in the material properties at the sensor location, such as differences in thermal con-
ductivity or surface roughness, can also influence the readings. Moreover, the placement and
embedding process may introduce mechanical stress and strain, potentially altering the sensor’s
performance.

h (30)
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A comparison of heat transfer coefficients, derived from experimental data and numerical
CFD simulations, was conducted. The heat transfer coefficients from the inlet, middle, and
exit sections of the lattice were calculated and averaged. The results, illustrated in Figure 19,
demonstrate that the predicted values from the CFD model and the experimentally calculated
values generally fall within the error margins. However, a closer examination reveals distinct
trends based on the flow regime. In the laminar flow region, the CFD model tends to underpredict
the heat transfer coefficient, whereas for flow in the turbulent regime, the model overpredicts the
heat transfer coefficient.
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Figure 19: Comparison of heat transfer coefficients calculated from experimental data using embedded thermocouples
and predicted by numerical CFD simulations.

The maximum difference between the numerical results and those calculated from experi-
mental data is 46.78 W/m?-K, with the smallest difference being 5.70 W/m?-K. These results
highlight the critical importance of implementing correction factors for wall temperature mea-
surements to enhance the accuracy of the heat transfer coefficient. By refining our measurement
techniques and incorporating these correction factors, we can significantly improve the relia-
bility of our heat transfer calculations. These initial studies provide valuable insights that will
inform future research efforts, enabling us to develop more precise and accurate methodologies
for determining heat transfer coefficients. This, in turn, will lead to a better understanding and
optimization of TPMS nuclear fuel lattice designs.

6. Conclusion

The adoption of complex geometries, such as TPMS, has gained substantial traction across
various industries, particularly in the nuclear and thermal management sectors, due to their
exceptional thermal-hydraulic properties and potential for enhancing heat transfer efficiency.
TPMS structures, such as the gyroid and diamond, have demonstrated considerable promise
in improving heat exchange processes, making them viable alternatives to traditional designs.
Despite the growing interest, there remains a significant gap in the literature concerning compre-
hensive numerical analyses and standardized practices for effectively modeling these geometries
using CFD tools.
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This study provides a comprehensive analysis of TPMS lattices, including the validation of
CFD models, evaluation of turbulence models, and detailed numerical uncertainty analysis. The
key contributions of this work include establishing best practices for CFD modeling, conducting
a benchmark analysis, and performing in-depth uncertainty and convergence studies. These find-
ings advance the understanding and modeling of TPMS lattices and support the development of
methodologies for future applications in the nuclear sector and beyond.

To address the gap in the existing literature, this study benchmarks the thermal-hydraulic
performance of a gyroid TPMS geometry, focusing on key performance metrics such as pres-
sure drop, fluid inlet/outlet temperature difference, and heat transfer coefficient. The results un-
derscore the necessity of employing robust CFD methodologies to obtain accurate predictions.
Specifically, the study demonstrates the value of using a steady-state temporal solver paired with
the k-w (Menter) SST turbulence model, with QCR and low Reynolds options activated, to en-
hance numerical stability and precision. However, caution is recommended when implementing
the Low Reynolds option, as it could negatively impact numerical results when the flow falls
within the turbulent regime.

Through the development of these best practices, this research lays a foundation for future
studies and the broader industrial implementation of TPMS geometries. The enhanced under-
standing of their thermal-hydraulic behavior will support their adoption in sectors where opti-
mized heat transfer and pressure drop characteristics are critical, such as nuclear technology.
The insights gained from this study will ultimately drive innovation in advanced thermal man-
agement solutions, enabling more efficient and effective heat transfer systems. Moreover, the
methodologies and findings presented here can serve as a reference for researchers and engi-
neers, facilitating the development of next-generation TPMS-based applications that leverage
their unique properties for improved performance.

By addressing the gaps in the current literature and providing a robust framework for CFD
modeling and analysis of TPMS structures, this study significantly contributes to the advance-
ment of thermal-hydraulic engineering. The integration of detailed geometric information, un-
certainty quantification, and convergence studies ensures that the results are both reliable and
applicable to real-world scenarios. As a result, this work not only enhances the scientific under-
standing of TPMS lattices but also paves the way for their practical implementation in various
high-performance thermal systems. Future efforts will focus on further refining the CFD model
and expanding experimental testing to include other fluids relevant to nuclear systems, ultimately
driving the development of advanced TPMS applications.
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