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Abstract: Triply Periodic Minimal Surfaces (TPMS) are periodic implicit surfaces
with zero-mean curvature. Zero-mean surfaces are those that locally have minimum
surface area for a given boundary. This study investigates the thermal performance
of a TPMS geometry, Schoen’s I-graph Wrapped Package (I-WP), for application
as a compact heat sink. While most prior work focuses on gyroid-based TPMS
structures, this research explores the less-studied I-WP architecture fabricated from
copper with a fixed porosity of 0.7. The influence of unit cell size on convective
heat transfer and flow resistance is examined both experimentally and numerically.
Experimental testing was conducted for unit cell sizes of 4 mm, 6 mm and 8 mm,
while numerical simulations using COMSOL Multiphysics extended the analysis
to sizes of up to 14 mm. Strong agreement between the measured and simulated
results (within a 3% temperature deviation and 7% for the local Nusselt number)
validated the numerical model. Empirical correlations for the average Nusselt
number were developed based on both experimental and numerical data. The
novelty of this paper lies in the performance of the experiment for different flow
rates and unit cell sizes. The study identified 12 mm as the optimal unit cell size,
yielding the highest Performance Evaluation Criterion (PEC) and demonstrating an
effective balance between thermal enhancement and hydraulic performance.
Furthermore, uniform temperature distributions observed across the flow direction
underscore the advantages of TPMS structures over conventional metal foams. These
findings establish the I-WP geometry as a promising candidate for next-generation,
geometrically tunable heat exchangers that can be enabled by additive manufacturing.

Keywords: TPMS; I-WP; heat sink; experimental measurement; heat enhancement;
CFD; optimization

1. Introduction and Literature Review

Triply Periodic Minimal Surfaces (TPMS) are geometric structures that repeat periodically in all three spatial
directions and exhibit equal surface curvature in three directions. Their distinctive structure provides a high
specific surface area, making them highly effective for maximizing heat transfer between adjacent regions and
improving thermal efficiency. The shape and complexity of TPMS can be precisely controlled through the
parameters of their implicit equations, enabling highly customizable thermal system designs. By modifying the
parameters of the implicit equations, a variety of TPMS structures can be generated, each with distinct geometric
and functional properties [1]. TPMS structure could be found in nature, whether in insect bodies, chemistry, or
other engineering applications. More interest is rising in using such structures in cooling surfaces. Their advantage
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is that they provide uniform cooling and are lightweight [1]. The new heat exchanger model, which incorporates
a TPMS structure, is an example of an engineering application in the aerospace industry [2,3]. TPMS structures,
widely utilized in additive manufacturing, are generally classified into two primary types: sheet network and solid
network structures. These types encompass a range of topologies, such as gyroid, diamond, I-WP, Fischer-Koch
S and primitive, among others. TPMS structures, characterized by their unique geometries and mechanical properties,
offer versatile opportunities for designing and fabricating advanced materials and functional devices [4].

Level-set equations describe surfaces implicitly using a scalar function ®(X,Y,Z), where the surface of
interest is defined by the condition ®(X,Y,Z) = c, with ¢ being a constant iso-value that determines the exact
shape and topology of the surface. The resulting surface, often referred to as an iso-surface, represents the set of
all points (X,Y,Z), that satisfy this equality. In contrast, X = 2mx,Y = 2my, and Z = 2mz represent Cartesian
coordinates that define the three-dimensional spatial framework of the surface. Table 1 presents examples of TPMS
forms and their corresponding mathematical expressions, which are commonly used in the literature and
formulated using trigonometric or algebraic expressions, allowing for the representation of complex geometries in
a compact mathematical form [3,5].

Table 1. Common level-set equations and their corresponding iso-surfaces [3].

Pattern Name Visualization Mathematical Function

Gyroid ®(X,Y,Z) = cos(X).sin(Y) + cos(X).sin(Z) + cos(Z).sin(X) = 0

D(X,Y,Z) = cos(2X)sin(Y)cos(Z) + cos(2Y)sin(Z)cos(X)

Fischer-Koch $ + cos(2Z)sin(X)cos(Y) = 0

®(X,Y,Z) = sin(X).sin(Y).sin(Z) + sin(X).cos(Y). cos(Z)
+ cos(X). sin(Y). cos(Z) + cos(X). cos(Y).sin(Z)
=0

Schwarz
Diamond (D)

®(X,Y,Z) = cos cos (2X) sin sin (Y)cos cos (Z)

Fliickenstuck-Reiche +cos cos (X) cos cos (2Y) sin sin (Z)

F-RD +sin sin (X) cos cos (Y) cos (2Z)
WP P(X,Y,Z) = 2[cos(X). cos(Y) + cos(Y).cos(Z) + cos(Z).cos(X)]
; — cos(2X) — cos(2Y) — cos(2Z) = 0
. P(X,Y,Z) = 3(cos(X) + cos(Y) + cos(Z))
Neovius + 4cos(X)cos(Y)cos(Z) = 0
Schwarz

Primitive (P) ®(X,Y,Z) = cos(X) + cos(Y) + cos(Z) =0

%
%
@
@
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Baobaid et al. investigated the natural convection performance of TPMS-based heat sinks, including the
Diamond-Solid, Gyroid-Solid, and Gyroid-Sheet networks [5]. Using CFD analysis, they found that TPMS designs,
especially the Gyroid-Sheet, outperformed traditional pin-fin and foam heat sinks, with high heat dissipation. The
study also demonstrated that structural orientation and enclosure conditions have a significant impact on
performance and that radiation can substantially contribute to total heat transfer.

Su et al. demonstrated that 3D-printed stainless steel heat exchangers with TPMS structures (Diamond and
Gyroid) outperform conventional PCHEs in micro gas turbines, with over four times higher Nusselt numbers and
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effectiveness [6]. Despite higher pressure losses, their thermal performance and power density were significantly better,
especially at smaller lattice sizes, making TPMS a promising solution for compact, high-efficiency heat exchangers.

Wang et al. used CFD to evaluate the thermal-hydraulic performance of TPMS-based heat exchangers for
advanced nuclear systems like ADS [7]. Comparing I-WP and Primitive topologies with a conventional PCHE using
LBE and Helium, they found TPMS designs achieved two to three times higher heat transfer with half the volume. The
study underscores TPMS’s potential to enhance nuclear heat exchanger efficiency and compactness. Tang et al.
investigated the heat transfer performance of TPMS structures, specifically those of the Gyroid, Diamond, and
IWP types, using simulations and experiments with air as the working fluid [8]. They found TPMS designs,
especially the Diamond type, significantly improved heat transfer over traditional fins, with up to 196% higher
Nusselt numbers. Despite increased pressure drop, the overall performance was better, making TPMS a strong
candidate for compact, efficient heat sinks.

Gandy et al. discussed different types of TPMS structures, including the IWP structure [9]. They highlighted
mathematically the formulation of each TPMS. They also provided detailed mathematical approximations for the P,
G, D, and I-WP using nodal surface equations. Their work established foundational analytical descriptions for these
complex geometries, enabling their accurate modelling and facilitating their application in materials science and
engineering, particularly for designing advanced porous structures and multifunctional materials. Kobayashi et al.
studied the I-WP minimal surface-based photonic crystal [10]. The crystal’s unique asymmetry and (110)
orientation explain the beetle’s green coloration via a photonic bandgap, and the presence of twin domains suggests
a distinct developmental mechanism.

In contrast to a gyroid or diamond structure found in Butterfly and weevil scales, the I-WP structure is found
in longhorn beetles. Al-Ketan et al. investigated the relationship between architectural property and the possible
creation of Schoen’s I-WP minimal surface to create a lattice structure [4]. They presented experimental and
computational evidence of the robustness and suitability of sheet-based I-WP structures for various engineering
applications that require strong and lightweight materials with high energy absorption. Their findings confirmed
that such a structure exhibits a near-stretching-dominated stiffness and deformation behaviour, as well as bending
behaviour. They concluded that such a structure demonstrated that stiffness and strength values could reach more
than double those obtained for strut-based and skeletal-based lattice structures.

Montazerian et al. focused their research on the effect of pore architecture and porosity in radial and
longitudinal fluid flow directions [11]. They found that I-WP TPMS-based scaffolds are generally more permeable
than lattice-based scaffolds along the flow direction.

Most of Schoen’s I-WP minimal surface structure research focused on its strength, flexibility, and mechanical
properties. Ahmed et al. conducted a numerical modelling to investigate the effect of residual stresses on the
mechanical properties of IN718 triply periodic minimal surface lattices fabricated using selective laser melting
(SLM) for different relative densities [2]. Amongst the structures, I-WP was used in their analysis. The residual
stresses on the elastic module for Schoen I-WP were found to be significant, but they were less critical in terms of
yield strength. Recently, Tang et al. utilized the I-WP structure to investigate the convective heat transfer process
and evaluate its performance criteria [12].

Previous research has focused on the benefits of using I-WP due to its structural flexibility and high Young’s
modulus. Among the three different structures, diamond has the best heat transfer coefficient. Its geometric
structure, without through-holes, led to a more substantial wall disturbance to the fluid, thereby enhancing heat
transfer. However, it is essential to note that the authors used a sheet-based TPMS structure, not a solid-based
structure. Air is used as a circulating fluid, and heating is done using a steam generator.

Zhang et al. investigated the vibrational properties of the I-WP and found that this structure exhibits suitable
vibration isolation properties [13]. They discovered that additively manufactured I-WP type TPMS lattice
structures, made via selective laser melting, exhibit superior mechanical properties and vibration isolation
compared to conventional BCC lattices. Their results show that increasing volume fraction and reducing cell size
enhance stiffness and natural frequency. In contrast, lower volume fractions and larger cells are better for low-
frequency vibration damping, making I-WP type TPMS lattices promising for lightweight, load-bearing, and
vibration-isolating applications. Men et al. investigated a method to enhance the thermal performance of the [-WP
structure in relation to the cooling heat sink [14]. The proposed model establishes a relationship between the
porosity and its effective parameters. The optimization employed a density-based approach by treating the I-WP
as distinct materials. Their findings indicated that the I-WP pressure drop decreased. They demonstrated the
effectiveness of combining a porous media model with topology optimization of the I-WP TPMS model.

Rajkumar et al. provided the foundations for designing a scaffold based on the I-WP TPMS unit cell for application
in new bone structures [15]. Additional work on using I-WP for energy storage is presented by [7,16]. Ouda et al.
developed static mixers based on TPMS and compared them to conventional Kenics mixers [17]. TPMS designs,
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notably Diamond, Gyroid, and I-WP, offered similar or better mixing efficiency with significantly lower energy
consumption, mainly when used in hybrid or modified configurations. Yeranee and Rao reviewed recent studies
on the use of TPMS structures, including Gyroid, Diamond, Primitive, and IWP, in cooling channels [18]. The
review highlights how TPMS design variables (e.g., porosity, wall thickness, and unit cell size) significantly
influence flow behaviour and heat transfer performance. Compared to traditional structures, TPMS geometries
offer enhanced thermal conductivity, better mixing, and reduced pressure loss, making them effective for heat
sinks and compact heat exchangers.

The reviewed literature highlights significant progress in modelling, simulating, and applying TPMS across
various domains, particularly in heat exchangers, static mixers, energy storage, and biomedical scaffolds. The
literature reveals TPMS, particularly structures like Gyroid, Diamond, and I-WP, have emerged as powerful
geometries for advanced thermal and structural applications due to their unique mechanical, thermal, and
morphological properties. While Gyroid and Diamond structures are frequently studied for heat transfer
enhancement, the I-WP topology stands out primarily for its superior mechanical strength, permeability, and
vibration damping. Although recent studies have begun exploring the thermal potential of I-WP-based designs, a
notable gap remains in experimental research validating their performance in cooling systems.

This review reveals that the majority of I-WP TPMS investigations have centred on structural mechanics
such as stiffness, energy absorption, and vibrational behaviour (e.g., [2,4,13]), with few experimental studies
focused on its thermal performance. Among the reviewed works, only a limited number (e.g., [14]) examined I-
WP in cooling contexts, and most of these relied on numerical simulations rather than empirical validation,
underscoring a research gap in experimental thermal characterization of I-WP-based heat exchangers and heat sinks.

Based on the reviewed literature, this study presents a novel experimental investigation of cooling hot
surfaces using the [-WP TPMS structure, with a specific focus on the impact of unit cell size. To the best of our
knowledge, this represents the first experimental validation of the I-WP structure’s thermal performance,
addressing a notable gap in existing research. The experimental results are further compared with numerical
simulations, demonstrating strong agreement and reinforcing the reliability of the computational model.

2. Experimental Description

TPMS are periodic implicit surfaces with zero mean curvature. Zero-mean surfaces are those that locally have
minimum surface area for a given boundary. The TPMS is composed of multiple surfaces in the three principal
directions. Thus, the TPMS network is a repeated lattice structure. Saghir et al. numerically analyzed heat exchangers
using various TPMS structures under forced convection and found enhanced thermal performance due to their flow-
optimizing geometries [19,20]. The study highlights TPMS as a promising candidate for efficient, lightweight heat
exchangers, offering improved heat extraction and more uniform temperature distribution.

The present study focuses on the use of a solid-based Schoen’s I-graph—Wrapped Package (I-WP) structure,
commonly referred to as the -WP TPMS structure. This structure was manufactured using 3D printing by [4].
This specific TPMS geometry is characterized by its continuous, periodic surface with minimal mean curvature,
offering advantageous mechanical and thermal properties. The level set equation representing the Schoen I-WP
structure is expressed as follows:

DX, Y,Z) = 2[(2amx). cos(2Bmy) + cos(2Bmy)cos(2ynz) + cos(2ymnz). cos(2amx)]

— cos2(2amx) — cos2(2Bmy) — cos2(2ynz) = c M

where o, B, and y denote constants related to the unit cell size in the X, y and z direction, respectively. On
the other hand, c is the offset parameter, which is equal to zero for a single cell of the TPMS. The TPMS-based
lattices can be constructed using two methods based on minimal surfaces and are typically categorized into two
main types: solid-based TPMS lattices, also referred to as solid networks, and sheet-based TPMS lattices, known
as sheet networks. Solid-based TPMS structures are characterized by their interconnected, continuous solid regions,
making them particularly suitable for applications requiring high strength, stiffness, and efficient heat transfer. In
contrast, sheet-based lattices consist of thin surfaces and are often used where lightweight structures and high
surface-area-to-volume ratios are desired.

In the present study, a solid-based TPMS lattice is employed to investigate the thermo-fluidic performance
of Schoen’s I-graph—Wrapped Package (I-WP) geometry. Both experimental and numerical analyses are
conducted to evaluate its performance under controlled conditions. The experimental setup used in this study is
illustrated in Figure 1. It consists of a comprehensive arrangement that includes a data acquisition system, flow
meters, circulating pumps, thermocouples for temperature monitoring, and cooling towers to maintain controlled
inlet conditions. This setup is designed to replicate realistic flow and thermal conditions, ensuring accurate
validation of the numerical simulations. To maintain consistency with established methodologies, the experimental
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configuration follows the approach detailed in [19,20]. This foundational setup provides the basis for assessing the
influence of TPMS geometry, specifically the [-WP structure, on heat transfer performance and flow behaviour.

I-WP structure

"s%»ooao

Seven type T
Thermocouples

46mm——s =t Heat Flux
(a) (b)

Figure 1. Experimental setup. (a) the experiment setup; (b) location of the seven thermocouples.

In this investigation, the I-WP structure has a constant porosity of 0.7, and three different unit cell sizes (4 mm,
6 mm and 8 mm) are tested to assess the influence of geometric scaling on heat transfer performance. The TPMS
structure is heated from below using an aluminum block, simulating realistic heat flux conditions. Temperature
measurements are recorded 1 mm beneath the TPMS/aluminum block interface, as depicted in Figure 1b, allowing
for precise monitoring of thermal behaviour at the interface. For comsprehensive details regarding the
experimental apparatus and methodology, the reader is referred to the work by [19,20], which provides an in-depth
description of the instrumentation, flow loop, and measurement protocols employed. This configuration serves as
the basis for validating numerical simulations and analyzing the thermofluidic behaviour of I-WP TPMS structures
under varying conditions.

The three TPMS under investigation are displayed in Figure 2 and are made of copper. The flow rates applied
in the experiments are 11.8 cm’/s, 15.73 cm®/s and 19.85 cm?/s, respectively. This corresponds to an inlet velocity
of 0.15 m/s, 0.2 m/s and 0.25 m/s, respectively. This will maintain a laminar flow circulation during the
investigation. The heat flux applied at the bottom of the aluminum block is kept constant during the entire
experiment and set to 38.4KW/m2. After each run, the circulating fluid, in this case water, is cooled to
approximately 10 °C before the experiment is restarted. For each case, three runs are performed, and sensitivity
analysis has been determined and explained in detail in reference by [19,20]. A thermo-paste is added between the
TPMS structure and the aluminum block to achieve excellent contact between the two structures under
investigation. The test chamber, shown in white, is made of Teflon material, which is known to be a good insulator,
preventing extensive heat leaks into the environment.

(a) (b)

Figure 2. I-WP structure location in the test chamber. (a) UC =4 mm; (b) UC = 6 mm; (¢) UC = 8 mm.
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Figure 2 presents the three TPMS structures, each with a unit cell of 4 mm, 6 mm, and 8 mm, respectively,
inside the test section.

The experimental procedure begins by first establishing a steady-state inlet temperature. The working fluid,
water, is circulated through the system without heat input using a temperature-controlled water bath. This pre-
conditioning phase continues until the inlet water temperature is stabilized at approximately 10 °C, ensuring
consistent initial conditions across all test runs.

Once this temperature threshold is reached, the prescribed heat flux is applied to the bottom surface of the
aluminum heating block, which is in contact with the TPMS specimen.

Following the application of heat flux at the bottom of the aluminum block, the system is carefully monitored
until a new thermal steady state is achieved. Details on the experimental procedure can be easily found in
References [19,20]. This is determined by observing the temperature readings from multiple thermocouples
embedded in the system, ensuring that fluctuations remain within an acceptable margin of error. Once thermal
stability is confirmed, data acquisition is initiated. Temperature data from each thermocouple is recorded continuously
for a period of 10 min, allowing for the determination of an accurate time-averaged temperature at each measurement
location. After the data collection period, the heat flux is turned off, and the system is allowed to cool.

The working fluid continues to circulate through the water reservoir until the inlet temperature once again
approaches 10 °C, thereby restoring the baseline condition. This process is repeated for each test case, with three
independent runs conducted per configuration to ensure repeatability and statistical reliability. For each case, the
average temperature readings from the three trials are used for analysis. Throughout all experiments, the porosity
of the TPMS structures is maintained at 0.7, ensuring that comparisons between different unit cell sizes are based
solely on geometric variations, rather than changes in material volume or flow resistance. This rigorous
experimental protocol is designed to yield reliable, reproducible measurements for evaluating the thermal
performance of the [-WP TPMS structure under well-defined boundary conditions.

Table 2 presents the average temperature distribution harvested at three flow rates for the three TPMS shown
in Figure 2. Figure 3 displays the temperature variation from Table 2 at each thermocouple location. Although the
non-uniform temperature distribution is shown in Figure 3, this is because of the scaling of the temperature axis.

Table 2. Experimental data of the temperature for different flow rates and unit cell sizes.

Flow Rate UC Temperature in °C at Different Thermocouple Positions (mm) Tin
(cm¥s) (mm) 4.2 8.4 12.6 16.8 21 252 29.4 (°C)
11.80 4 27.09 26.45 27.54 27.16 28.13 28.25 28.35 10.99
15.73 4 26.23 25.59 26.68 26.32 27.32 27.41 27.50 10.71
19.85 4 26.40 25.78 26.85 26.47 27.42 27.56 27.64 10.51
11.80 6 25.68 24.88 25.99 25.74 26.75 26.81 26.85 10.81
15.73 6 24.97 24.56 25.77 25.15 26.21 26.30 26.38 10.71
19.85 6 24.55 23.93 24.71 24.72 25.75 25.84 2591 10.46
11.80 8 24.65 23.77 23.57 23.53 24.59 24.58 24.64 10.85
15.73 8 23.62 22.02 22.56 22.60 23.68 23.59 23.617 10.48
19.85 8 23.30 22.31 22.07 22.12 23.25 23.15 23.18 10.42
28 30 .
2| gg|| W Tin=1099°C,Exp =118 em’s
27 @ Tin=10.70°C, Exp = 1573 cm’/s
28+ A Tin=10.51°C, Exp=19.85cm’s
dagl S 2 S a7t + + *
g7 §25 g
g g 5%
E 261 E 24 E 24
B Tin=10.99°C, Exp=11.8cm’s 23 B Tin=10.99°C, Exp=11.8 cm’/s 23-
25 @ Tin=10.70°C, Exp=15.73 cm’ls @ Tin=1070°C, Exp = 15.73 cm’ls 2
A Tin=10.51°C,Exp = 19.85 cm/s | A Tin = 10.51 °C, Exp = 19.85 cm's
o 5 10 15 20 25 30 2y s 10 15 2 25 a0 215 5 40 15 a0
Thermocouple position (mm) Thermocouple position (mm) Thermocouple posmon mm)
() (b) (¢)

Figure 3. Experimental measurement of the temperature for different unit cells. (a) UC =4 mm; (b) UC = 6 mm;
(¢) UC = 8 mm.

As presented in Table 2, the maximum temperature difference observed between the first thermocouple and
the final thermocouple is 1.24 °C, representing a variation of approximately 4%. This minimal deviation is
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indicative of a relatively uniform temperature distribution throughout the domain, which is critical for maintaining
thermal stability in heat management applications.

For a unit cell size of 4 mm, a flow rate of 15.73 cm?®/s demonstrated superior cooling performance compared
to the highest evaluated flow rate of 19.85 cm?/s. This counterintuitive result suggests that higher flow rates may
not necessarily yield better thermal performance, potentially due to reduced residence time within the heat
exchange medium. Additionally, an increase in unit cell size leads to a more uniform temperature profile. This is
primarily due to reduced hydraulic resistance and improved flow uniformity, which together enhance convective
heat transfer.

One of the distinguishing features of employing TPMS structures rather than conventional metal foam
materials is their inherent geometric regularity, which supports more predictable and uniform fluid flow. As a
result, TPMS architectures contribute significantly to achieving a consistent temperature distribution, making them
a promising design strategy for advanced thermal management systems.

Furthermore, the experimentally obtained local Nusselt number is presented in Table 3. A variation of
approximately 7% is observed between the inlet region and the area near the outlet. This decline in the Nusselt
number along the flow direction is indicative of the progressive development of the thermal boundary layer as the
fluid traverses the domain.

The reduction in convective heat transfer performance downstream is characteristic of boundary layer
thickening, which diminishes local temperature gradients and thus reduces the heat transfer coefficient. This effect
is particularly pronounced in configurations with smaller unit cell sizes, where the flow exhibits increased
complexity due to enhanced surface area and intricate geometrical features. In such cases, the initial segments of
the flow path experience higher Nusselt numbers, attributed to the minimal thermal boundary layer and stronger
thermal gradients at the onset of the TPMS structure. As the flow continues downstream, the boundary layer
becomes more fully developed, leading to a reduction in local heat transfer rates.

Table 3. Experimental data of the Nusselt number for different flow rates and unit cell size.

3/s) UC (mm) Local Nusselt Number
4.2 (mm) 8.4 (mm) 12.6 (mm) 16.8 (mm) 21 (mm) 25.2 (mm) 29.4 (mm)

Flow Rate (cm

11.80 4 70.97 73.89 69. 52 70.64 66.66 66.18 65.80
15.73 4 73.60 76.78 71.52 73.19 68.80 68.41 68.04
19.85 4 71.92 74.81 69.93 71.58 67.57 67.03 66.68
11.80 6 76.83 81.19 75.25 76.54 71.66 71.39 71.21
15.73 6 80.14 82.47 75.88 79.12 73.71 73.27 72.90
19.85 6 81.08 84.84 80.18 80.10 74.74 74.29 73.95
11.80 8 82.77 88.44 89.78 90.09 83.15 83.22 82.85
15.73 8 86.96 99.02 94.60 94.24 86.55 87.13 86.99
19.85 8 88.71 96.09 98.04 97.68 89.07 89.76 89.51

These findings underscore the influence of TPMS geometry on local convective behaviour and highlight the
importance of considering boundary layer evolution in the thermal design of such porous media systems.

Despite the observed variation, the local Nusselt number exhibits a consistent and uniform distribution along
the flow direction. It is important to note that the local Nusselt number is inherently sensitive to fluctuations in
temperature, which are represented by the convective heat transfer coefficient or the “thermal conductivity of fluid”.

Even minor deviations in local temperature can significantly impact the computed Nusselt number,
underscoring the importance of precise thermal measurements during experimentation. Given this sensitivity, the
experimental data presented in Tables 2 and 3 serve not only to characterize the heat transfer performance of the
TPMS structure but also to provide a critical benchmark for validating numerical simulations.These datasets offer
valuable insight into the spatial distribution of convective behaviour. They can be used to assess the accuracy and
predictive capability of computational models developed for TPMS-based heat exchangers or thermal management
systems. Ensuring alignment between numerical and experimental results is essential for optimizing design
parameters and improving the reliability of thermal performance predictions. Figure 4 presents the temperature
distribution profiles for three distinct flow rates across three different TPMS unit cell sizes. Figure 4a is the
temperature variation for a unit cell =4 mm, Figure 4b for a unit cell = 6 mm, and finally Figure 4c for a unit
cell = 8 mm.

The compiled data clearly illustrate that as the unit cell size increases, flow resistance decreases, allowing for
more effective fluid circulation and enhanced convective heat transfer. This trend underscores the impact of
geometric configuration on thermal performance within TPMS structures. Figure 5 shows the measured local
Nusselt number at each thermocouple location. It is essential to notice that because the measured temperature is in
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the denominator of the Nusselt number, any slight deviation is noticeable. Figure 5a shows the case of a unit cell
of 4 mm, Figure 5b for a unit cell of 6 mm, and finally Figure Sc for a unit cell of 8 mm.

3

20 ) Exp 11.8 cm’/s I~ Exp 15.73 em’s 30 Exp 19.85 cm’/s

B Tin 10.81°C, Unit cell = 4 mm| B Tin 10.85 °C, Unit cell =4 mm
@ Tin 10.71 °C, Unit cell = 6 mm @ Tin 10.48 °C, Unit cell = 6 mm

28 28 A Tin 10.46 °C, Unit cell = 8 mm 28 A Tin 10.42°C, Unit cell = 8 mm + *
o o o {. +
— - -
© 26 26 ©26-
2 E 2
Q 24 Q24 - Q24
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Figure 4. Experimental calculation of the temperature distribution profiles for each flow rate and for the three-unit
cell. (a) 11.8 cm?/s; (b) 15.73 cm?/s; (¢) 19.85 cm?/s.
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Figure 5. Experimental calculation of the local Nusselt number. (a) UC =4 mm; (b) UC = 6 mm; (¢) UC = 8 mm.

To quantitatively assess the relationship between thermal performance and key design parameters, a
statistical correlation was developed based on experimental measurements obtained for the three-unit cell sizes.
Specifically, the average Nusselt number was modelled as a function of unit cell size (denoted as UC in mm) and
inlet velocity (uj, in m/s). Fisher’s Analysis of Variance (ANOVA) was employed to evaluate the significance
and interaction of these variables. The resulting regression model, expressed in Equation (2), captures the nonlinear
dependence of the Nusselt number on both UC and wujj.

Ny... = f(u, UC)

Uavg

N

Uavg

2
=71.8 — 832 UC + 119.19 u;, + 15.05 u, UC — 428.57 uZ, @

The accuracy of the model was validated by calculating the coefficient of determination (R?), which
confirmed a strong correlation without the need for adjustment. As shown in Equation (2), the fitted model
accounts for the combined effects of geometric scaling and flow dynamics on heat transfer behaviour. Figure 6a
compares the experimentally measured average Nusselt numbers to the values predicted by the regression model,
demonstrating excellent agreement.

Figure 6b illustrates the three-dimensional surface plot of the predicted Nusselt number variation, further
confirming the robustness of the proposed formulation. Overall, the strong alignment between the model and
experimental data substantiates the predictive capability of the regression approach for optimizing TPMS-based
heat exchanger designs.
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Figure 6. Fitted formulation for the average Nusselt number.
3. Comparison between Experimental Measurement and Numerical Modelling

3.1. Numerical Modelling

COMSOL Multiphysics finite element software [21] is used to simulate the experimental setup numerically.
Using the finite element technique, the model is solved numerically by solving the continuity equation, the Navier-
Stokes equation and the heat transfer formulation. Two non-dimensional parameters have been evaluated: the local
Nusselt number (N,,), and the performance evaluation criteria (PEC).

3.1.1. Finite Element Formulation and Boundary Condition

The problem is solved numerically using the COMSOL software. The fluid is modelled as Newtonian,
incompressible, and flowing under laminar conditions. The governing equations include the continuity equation
and the Navier-Stokes equations for incompressible flow. The continuity equation is given by:

V.V=0 3)

where V is the velocity vector, comprising components u,vand w, each expressed in m/s, in the x,y,and z
directions, respectively. The incompressible Navier-Stokes equations describe the fluid dynamics—Stokes
equations, presented in vector form as:

a‘_i — — 2—)
por+V. W) = ~Vp+uv?V (4)

where p is the fluid density (kg/m?®), u is the dynamic viscosity (kg/m - s), and p is the pressure (N/m?). These
equations are solved in conjunction with the energy equation to evaluate heat transfer performance under the
specified boundary conditions.

To account for thermal effects, the model includes the energy conservation equation, as the system is heated
from below. The energy equation governing heat transfer in the fluid domain is expressed as:

V.(pC,VT) = V. (kVT) Q)

where C, is the specific heat capacity of the fluid (J/kg - K), k is the thermal conductivity (W/m - K), and T is
the temperature (K). This equation describes the convective and conductive heat transfer within the fluid.

The solid regions of the model, comprising the TPMS structure and the heated base block, are treated
separately. In the current experimental setup, the TPMS geometry is made of copper, while the heated base block
is fabricated from aluminum. Heat conduction within these solid materials is governed by the steady-state heat
conduction equation (Laplace equation), given by:

V. (k,VT) = 0 (©6)

where Kk represents the thermal conductivity of the solid material, which can be either copper or aluminum,
depending on the region.
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The boundary conditions applied to the numerical model are defined as follows:

¢ Inlet Velocity Condition: A uniform inlet velocity u = ui, is prescribed in the x-direction at the channel
entrance. Three different flow rates of 11.8 cm?/s, 15.73 cm?/s and 19.85 cm®/s where both experimentally
and numerically. These flow rates correspond to inlet velocities of 0.15 m/s, 0.2 m/s and 0.25 m/s,
respectively.

*  Inlet Temperature Condition: The fluid enters the domain with a prescribed temperature T = T;,, which
varies slightly depending on the experimental conditions but is approximately 10.5 °C.

*  Outlet Boundary Condition: An open boundary is applied at the outlet, where all normal stresses are set to
zero, allowing for fully developed flow to exit the domain without artificial pressure buildup.

¢  Thermal Boundary Condition: All external surfaces of the computational domain are assumed to be adiabatic,
implying no heat loss to the surroundings. This is implemented using a Neumann boundary condition such

aT .
that 0_ns = 0, where n is the outward normal vector to the surface.

Figure 7 illustrates the computational domain and the corresponding boundary conditions applied in the
numerical simulation.

I-WP TPMS Outlet
_— Structure ; Open Boundary
uid |
Chambcr\ | ‘)
,Iy:f - e
- 1 4 b . -
. TER
- - s

=

Inlet flow A\\m\\““m

(Uin, Tin)
‘ (IQ.

Heat Flux (W /m?)

\"'
Y
L
v
\
7

Blo¢

Figure 7. Boundary conditions.

3.1.2. Mesh Sensitivity Analysis and Convergence Criteria

Mesh sensitivity analysis is essential to ensure the accuracy and reliability of the numerical results. Table 4
summarizes the various mesh configurations adopted in COMSOL Multiphysics®, where unstructured tetrahedral
elements are employed throughout the geometry including the edges, boundaries, and interior domain. Each mesh
level is characterized by its total number of elements, and the average Nusselt number is used as the primary
indicator for assessing mesh independence. For this analysis, the inlet velocity is set to u;, = 0.15 m/s, and the
inlet temperature is T = 10.5 °C. A uniform heat flux of 38.4 kW/m?, consistent with the experimental setup, is
applied to the heated surface.

As shown in Table 4, the results indicate that Normal mesh is the suitable mesh size to be used. However, if
one examines the Nusselt number for the coarse mesh and the normal mesh, the difference in Nusselt number is
0.32. Thus, to save in computation time, a coarse mesh is used for this case. Thus, balancing computational
efficiency and precision.

Table 4. Mesh sensitivity analysis.

Mesh Level Total Number of Elements Nuavg
Extra Coarse 79,981 82.27
Coarser 147,133 65.35
Coarse 322,152 61.18
Normal 888,322 60.86
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A segregated solver approach is employed to decouple and solve the governing equations. The convergence
criteria are imposed on all primary variables, including velocity components, pressure, and temperature, such that
the solution is considered converged when the residuals fall below 1 x 107 between successive iterations. Figure 8
illustrates the mesh structure applied in the numerical model, highlighting the spatial distribution and refinement
of the tetrahedral elements.

Figure 8. Mesh model containing 322,152 elements.

3.1.3. Relevant Non Dimensional Parameters

The dimensionless local Nusselt number (N,,) used in this study is defined as:
hD
Ny = —
k
where h is the local convective heat transfer coefficient (W/m?2.K), Dy is the hydraulic diameter (m), and k is
the thermal conductivity of water (W/m.K). The convective heat transfer coefficient is calculated using:

(N

n

q

h=T—nn ®)

In this formulation, q"’ represents the applied heat flux (W/m?), T, is the inlet fluid temperature, and T is
the temperature measured (or numerically evaluated) 1 mm below the interface between the TPMS structure and
the heated base block. The hydraulic diameter is given by:
_2HW
T H+W
where H and W are the height and width of the flow channel, respectively. For the current setup, the hydraulic
diameter is calculated to be 17.86 mm.

The Reynolds number (R,) is used to characterize the flow regime and is defined as:

Dy ©

— puinD
u
Here, uj, is the inlet velocity (m/s), p is the fluid density (kg/m?), u is the dynamic viscosity (kg/m.s),

and D is the inlet cylinder diameter. Water is used as the circulating liquid. The Darcy friction factor (f) for the
flow domain is computed using the following expression:

p uf,L

Re (10)

(11

where Ap = pip, — Pout 1S the pressure drop across the domain, and L is the length of the heated region. To
evaluate the overall thermal-hydraulic performance of the system, the PEC is employed. PEC combines both heat
transfer enhancement and pressure drop penalty and is defined as:

Nuavg
PEC:W3 (12)

This non-dimensional metric provides an effective measure for comparing different flow and structural
configurations by balancing thermal performance with hydraulic efficiency [19,20]. TPMS geometries were
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generated using the MS-Lattice software developed by Al-Ketan [3], and their corresponding STL files are
illustrated in Figure 9. For numerical-experimental correlation, unit cell sizes of 6 mmand 8 mm were
modelled and compared with the experimental results presented in Table 2. This comparison enabled accurate
calibration of the numerical model. Once validated, the calibrated model was employed to predict thermal
performance for unit cell sizes of 10 mm, 12 mm, and 14 mm, specifically focusing on temperature distribution,
local Nusselt number, and the PEC, as defined in Equation (12). An important parameter considered in this analysis
is the total surface area of each TPMS structure, which is shown in Figure 9. As evident from the figure, the surface
area decreases with increasing unit cell size. This geometric change has a direct influence on heat transfer
characteristics and is critical for performance assessment. It is also noteworthy that all TPMS models used in the
simulations represent solid networks, consistent with the experimental configurations. Among the tested
geometries, the I-WP structure presents significant challenges in numerical modeling. Its complex geometry
complicates mesh generation, necessitating careful meshing strategies to maintain solution stability and accuracy.
This led to an accurate calibration of the model. Then, for unit cells of 10 mm, 12 mm and 14 mm, the
calibrated model is used to predict the temperature distribution and the heat enhancement by investigating the local
Nusselt number and the performance evaluation criteria, as shown in Equations (7) and (12), respectively.

Unit cell=6 mm Unit cell=8 mm Unit cell=10 mm

2
Surface area 10820 mm? Surface area 8165 mm Surface area 7190 mm?

Unit cell=12 mm Unit cell=14 mm
Surface area 5810 mm? Surface area 5347 mm?

B S

Figure 9. TPMS structure used for numerical simulation.

3.2. Comparison with Experimental Data

The set of governing equations described in Equations (3)—(6), comprising the continuity, momentum
(Navier-Stokes), and energy equations, was solved using COMSOL Multiphysics®, which employs the finite
element method to simulate coupled fluid flow and heat transfer within the TPMS domain. To ensure the accuracy
and reliability of the simulation results, a mesh sensitivity study was conducted. This confirmed that the selected
mesh resolution adequately captured the thermal and fluid dynamics without incurring excessive computational
cost. To facilitate a direct and meaningful comparison with experimental data, temperatures were extracted from
the numerical model at the exact locations where thermocouples were placed in the physical setup. The boundary
conditions, including the inlet fluid temperature and applied heat flux, were set to match the experimental
conditions precisely. This consistency between the numerical and experimental setups allowed for a robust
validation of the model.

Figure 10 compares the numerically predicted and experimentally measured temperature profiles for three
different flow rates: 11.8 cm?/s, 15.75 cm®/s and 19.85 cm?/s, all corresponding to a unit cell size of 6 mm. As
shown, there is a strong correlation between the two datasets. Both numerical and experimental results exhibit
similar trends and slope characteristics along the flow direction, indicating that the model effectively captures the
dominant heat transfer mechanisms occurring within the TPMS structure. The slight deviations observed between
the two datasets are likely due to inherent uncertainties in the experimental measurements, including thermocouple
calibration errors, heat losses to the environment, and minor fluctuations in flow rate control.

Despite these factors, the maximum temperature difference between the experimental and numerical results
remains within 3%, as illustrated in Figure 10b. This level of agreement demonstrates the accuracy and robustness
of the numerical model, confirming its suitability for predicting the thermal behaviour of TPMS-based heat
exchangers under varying flow conditions.

14



Yahya et al. Therm. Sci. Appl. 2025, 1(1), 3-20

The comparison between experimental and numerical results was further extended to the case with a unit cell
size of 8 mm. As the unit cell size increases, the geometry becomes more open, resulting in reduced flow resistance
and lower frictional losses. This effect improves flow uniformity and impacts the overall heat transfer performance.
Figure 11 presents the temperature distribution for the 8 mm unit cell, in a format directly comparable to the results
shown in Figure 10 for the 6 mm configuration. Once again, the numerical predictions align well with the
experimental measurements, indicating that the calibrated model remains reliable across varying geometric
configurations. To provide a comprehensive overview, Figure 12 summarizes the temperature distributions for all
tested flow rates across both 6 mm and 8 mm unit cells. This comparison illustrates consistent trends between
numerical and experimental data sets and confirms that the model accurately captures the influence of flow rate

and geometric variation on the thermal response. The continued agreement reinforces the robustness and predictive
capability of the numerical approach used in this study.
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Figure 10. Temperature distribution along the flow for UC = 6 mm for different flow rates. (a) Flow rate = 11.8 cm?/s;
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To further evaluate thermal performance, the local Nusselt number was calculated for both the 6 mm and 8
mm unit cell sizes, and the results are presented in Figure 13.
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Figure 12. Comparison of the temperature between experiment and numerical calculation for all tested flow rates
across both (a) UC = 6 mm and (b) UC = 8§ mm.
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It is important to note that even a 1 °C difference in temperature between the experimental and numerical
datasets can lead to noticeable discrepancies in the Nusselt number.

This sensitivity is attributed to the way convective heat transfer is calculated, as outlined in Equations (7) and (8),
where the temperature appears in the denominator of the expression for the convective heat transfer coefficient.
Despite this sensitivity, the overall difference in local Nusselt number between the two data sets is approximately
7%. For clarity, the vertical axis (temperature or Nusselt number) in Figure 12 is scaled to illustrate these
differences better. Nevertheless, the general trend and magnitude of the values show that a good agreement has
been achieved, reinforcing the validity of the numerical model in predicting both temperature fields and convective
heat transfer behaviour.
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Figure 13. Comparison of the local Nusselt number between experiment and numerical calculation for UC = 6 mm.
(a) UC = 6 mm; (b) UC =8 mm.

For each case, the TPMS geometry was updated accordingly, as illustrated in Figure 9, reflecting the
geometric variation inherent in changes to the unit cell size. The boundary conditions remained consistent with the
validated model: the inlet velocity matched the flow rates previously used in both experimental and numerical
analyses, and the inlet temperature was set to 10.5 °C, ensuring consistency across all simulations. Similarly, the
applied heat flux was kept constant, equal to that used in earlier configurations.

Figure 14 presents the simulated temperature distributions for the three flow rates across the new unit cell
sizes. A closer examination of the results reveals slight temperature fluctuations in the region near thermocouples
2, 3, and 4 for the 10 mm unit cell. Interestingly, these fluctuations are significantly diminished or absent in the
simulations for the 12 mm and 14 mm unit cells.
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Figure 14. Numerical prediction of the temperature distribution for different flow rates and for additional unit cell
sizes. (a) UC = 10 mm; (b) UC =12 mm; (¢) UC = 14 mm.

The results underscore the influence of TPMS geometry on thermal performance and confirm the model’s
capability to resolve subtle differences in heat transfer behaviour associated with structural variation. It is believed
that minor structural deformation may occur in the TPMS geometry at the 10 mm unit cell size, which could
contribute to irregularities in the thermal field. An interesting observation from the numerical results is that the
thermal performance appears to be optimal when the unit cell size is 12 mm. Compared to the 10 mm and 14 mm
cases, the 12 mm configuration consistently exhibits lower temperature magnitudes throughout the domain,
indicating enhanced cooling effectiveness.
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Figure 15 presents the computed local Nusselt number distributions for the three unit cell sizes. The
previously observed temperature fluctuations in the 10 mm configuration are reflected in the local Nusselt number
profile, where non-uniformities and local peaks are more pronounced.

In contrast, the 12 mm unit cell yields a smoother Nusselt distribution with higher average values, confirming
superior convective heat transfer performance.
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Figure 15. Numerical prediction of the local Nusselt number for different flow rates and for additional unit cell
sizes. (a) UC =10 mm; (b) UC = 12 mm; (¢) UC = 14 mm.

Meanwhile, the 14 mm unit cell demonstrates reduced thermal performance, likely due to a decrease in
surface area and reduced flow-structure interaction. These findings suggest that the 12 mm unit cell strikes a
balance between flow accessibility and surface interaction, resulting in more efficient heat transfer. This highlights
the importance of geometrical tuning in TPMS design to optimize cooling performance in thermofluidic
applications. To further assess the superior performance observed with the TPMS configuration at a unit cell size
of 12 mm, the PEC was calculated for all three unit cell sizes (10 mm, 12mm and 14 mm). The results clearly
indicate that the PEC attains its highest value at 12 mm, highlighting this configuration as the most thermally
efficient. Since PEC incorporates both convective heat transfer (through the Nusselt number) and flow resistance
(via the Darcy friction factor), this result confirms that the 12 mm unit cell offers an optimal balance between
thermal enhancement and hydraulic performance. Conversely, the performance drops noticeably for the 10 mm
unit cell. This reduction is likely due to increased flow resistance and temperature non-uniformities, as previously
discussed, which may be caused by local deformation or geometric complexity that affects flow distribution.
Although an initial response surface model (RSM) was previously developed using a subset of data, the fitting
procedure has now been extended to include all five tested unit cell sizes 6mm, 8mm, 10mm, 12 mm and 14 mm.
This comprehensive dataset allows for a more general and reliable correlation. The new empirical formulation for
predicting the average Nusselt number across the full range of unit cell sizes is presented in Equation (13):

N7l? =515 x 107 — 9 x 1075 UC — 23.48 X 10~* u;, — 12 X 1075 u;, UC

+3.68 x 1077UC? + 57.21 x 10™* u;,2 (13)

where u;,, is the inlet velocity in m/s, and UC is the unit cell size in mm. This expanded model provides a valuable
design tool for optimizing TPMS-based cooling structures by simultaneously accounting for geometric and flow-
related parameters. Equation 13 is valid for the following range of variable of 6 mm < UC < 14 mm and
0.15m/s < u;, < 0.25 m/s.

Finally, Figure 16 presents the PEC as a function of unit cell size for all investigated flow rates.

The results clearly illustrate how PEC varies with changes in geometry, capturing the combined effects of heat
transfer enhancement and flow resistance. A peak in PEC is observed at a unit cell size of 12 mm across all flow rates,
reaffirming that this configuration achieves the most efficient thermal-hydraulic performance. To generalize the trend,
a curve fitting was applied to the PEC data using regression analysis. The fitted curve closely matches the computed
values and provides an effective means of predicting performance over a range of unit cell sizes. This visualization
illustrates that the unit cell size plays a crucial role in determining the overall system performance.
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Figure 16. Performance evaluation criteria as a function of unit cell size for all flow rates.

4. Conclusions

TPMS is effective in cooling small surfaces such as heat sinks. This study experimentally and numerically
investigated the thermal performance of Schoen’s I-graph—Wrapped Package (I-WP) TPMS structure as a heat
sink. The influence of unit cell size on convective heat transfer and flow resistance was the primary focus. A
copper-based TPMS structure with a fixed porosity of 0.7 was designed using MSLattices and fabricated using 3D
printing and tested under various flow conditions. Numerical simulations using COMSOL Multiphysics® were
performed for a broader range of unit cell sizes to validate and extend the experimental findings. The experiment
uses unit cell sizes of 4 mm, 6 mm and 8 mm, respectively. The problem is then solved numerically for a broader
range of unit cells, from 4 mm to 14 mm. A comparison between experimental measurements and the numerical
approach showed excellent agreement. The uniqueness of this investigation lies in its use of copper as a TPMS
material and its variation of the unit cell size. An average Nusselt number correlation was developed from
experimental data for unit cell sizes of 4 mm, 6 mm, and 8 mm, capturing the relationship between unit cell
geometry and inlet velocity. A numerical model was successfully validated against experimental data, showing
deviations of less than 3% for temperature and 7% for the local Nusselt number. This model was extended to unit
cell sizes of 10 mm, 12 mm, and 14 mm, providing a broader predictive framework. The optimal thermal-hydraulic
performance was observed at a unit cell size of 12 mm, as indicated by the highest PEC, demonstrating a balanced
trade-off between convective enhancement and pressure drop. Both experimental and numerical results confirm
that the I-WP structure supports uniform temperature distribution along the flow path, contrary to conventional
metal foams with similar porosity, highlighting the potential of TPMS structures for efficient and compact heat
exchanger design.

Overall, this study is among the first to experimentally validate the I-WP TPMS structure for thermal
management, particularly in solid-network configurations. The findings highlight the significance of unit cell size
in optimizing TPMS-based heat sinks and lay the groundwork for future research on geometrically tunable thermal
systems utilizing additive manufacturing.
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Nomenclature

Nuavg Average Nusselt number

Nu Local Nusselt number

T Temperature in °C

Tin Inlet temperature (°C)

W TPMS structure width (mm)

H TPMS structure height (mm)

Uin Inlet velocity (m/s)

f Friction coefficient

p Pressure (N/m?)

Ap The pressure difference (N/m?)
H= ngvi;l-;) Hydraulic diameter (m)

D Cylinder diameter (mm)

p Fluid density (Kg/m?)

n Fluid viscosity (Kg/m.s)

Cp Fluid specific heat (J/kg.K)

k Fluid conductivity (W/m.K)

ucC Unit cell in mm

q" Heat flux normal to the bottom heated block (W/m?)

Nu Local Nusselt number

h Heat transfer coefficient (W/m?.K)

PEC Performance Evaluation Criterion

Re Reynolds number

L TPMS structure length (mm)
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