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Thermal Performance of Triply 
Periodic Minimal Surface 
Lattice Structures in 
Single-Phase Dielectric Fluid 
Cooling of Power Electronics
Additive manufacturing has transformed thermal management by enabling the production of 
complex, optimized geometries that conventional manufacturing methods cannot achieve. 
This study investigates the single-phase convective heat transfer performance of gyroid 
triply periodic minimal surface (TPMS) lattice structures with functional porosity. TPMS 
structures provide high surface area to volume ratios and are amenable to 3D printing. A 
gyroid numerical model was created and validated against an existing experimental study 
with a similar feature size to the investigated geometries. The TPMS structure has a periodic 
width of 1.6 mm, a length of 10 mm, and a height of 4 mm, with a functional porosity ranging 
from 0.5 to 0.8, decreasing with distance from the heated surface. Three different flow 
configurations were examined for an inlet fluid temperature of 70 �C. The inlet velocities 
range from 0.01 to 1.2 m/s, corresponding to a Reynolds number range of 10–900 with a heat 
flux of 50 W/cm2 applied at the base. AmpCool

VR 

AC-110 dielectric fluid (Prandtl number 
59.5) was used as the coolant. Thermal performance and friction characteristics were 
studied for the three flow orientations. The parallel flow configuration was identified as the 
most efficient for heat removal. A detailed analysis of the numerical results highlights the 
underlying physics behind the thermal performance differences among the flow 
configurations. [DOI: 10.1115/1.4069386] 

Keywords: triply periodic minimal surface (TPMS), power electronics, cooling, thermal 
management 

1 Introduction

Rapid advancements in electric-drive vehicles (EDVs), driven by 
the introduction of wide-bandgap devices such as silicon carbide, 
have increased the need for effective thermal management solutions 
in EDV power electronics to ensure optimal performance, safety, 
and reliability. Silicon carbide devices generally have a smaller 
footprint than silicon devices, resulting in higher heat fluxes [1,2]. 
Various high-heat-flux cooling techniques, such as microchannel 
cooling [3], spray cooling [4], and jet impingement cooling [5], are 
available for power electronics devices. Due to its design simplicity 
and high reliability, single-phase forced convection liquid cooling 
remains the preferred method for high-power-density power 
electronics [6]. Additionally, novel heat sink geometries, such as 
metal foams [7] and triply periodic minimal surface (TPMS) lattice 
structures [8], have gained significant attention in recent years due to 
their potential to enhance heat transfer and reduce overall thermal 
resistance.

Ansari and Duwig [9] investigated a gyroid-based TPMS heat 
sink for electronic cooling. Through simulations and experimental 
validation, they demonstrated its superior thermal performance 
compared to traditional designs. Wei et al. [10] reported that TPMS- 
based radiators exhibit lower overall average temperatures and 
enhanced heat dissipation compared to conventional square- 
structure radiators. Khalil et al. [11] studied the forced convective 
heat transfer of TPMS heat sinks and reported that they generally 
induce a highly tortuous spiral flow. Additionally, a recent review by 
Yeranee and Rao [12] examined flow and heat transfer enhancement 
in cooling channels incorporating TPMS structures. Chen et al. [13] 
experimentally investigated gyroid-type TPMS heat sinks and 
reported a thermal resistance decrease by around a factor of 2.4 
compared to pin-fin heat sinks. Hajialibabaei and Saghir [14] 
experimentally studied three Fischer–Koch-S type TPMS heat sinks 
with uniform porosities, and one with graded porosity along the flow 
direction. The 0.6 porosity TPMS heat sink showed the best 
performance, reaching 0.23 �C/W at 0.019 kg/s. Graded TPMS designs 
have also been investigated for heat exchangers. Oh et al. [15] studied 
graded TPMS heat exchangers and achieved 30% enhancement in heat 
transfer and 28% improvement in thermal performance factor.

The current state of the art in EDV cooling uses a water–ethylene 
glycol (WEG) coolant in single-phase conditions. Dielectric fluids 
present a superior approach to reducing thermal resistance between 
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the electronic device junction and the coolant by eliminating 
ceramic substrate layers and allowing for direct contact between the 
coolant and the active device, as illustrated in Fig. 1. Bar-Cohen [16] 
documented the use of dielectric fluids for cooling electronics. 
These fluids have been used with pool [17] or flow boiling [18], 
although some studies have investigated single-phase forced 
convection. Kelly et al. [19] presented a comparison study for 
different dielectric fluids for forced convection cooling of power 
electronics. Sung and Mudawar [20] used HFE 7100 to cool high 
power density devices with a hybrid cooling scheme combining 
microchannel and impingement jet, and achieved a cooling 
performance of 304.9 W/cm2. Muslu et al. [21] used OptiCool-A 
with an integrated cooling approach and reported up to 27% increase 
in maximum heat flux capability compared to the standard packaging 
approach. Mendizabal et al. [22] studied Novec 7300 for direct 
cooling of a planar magnetic converter and achieved an 80% lower 
thermal resistance (0.1 �C/W versus 0.49 �C/W) with an estimated 
80% reduction in pressure drop (2 kPa versus 10 kPa) compared to a 
cold plate benchmark. Moreno et al. [23] predicted that their direct 
cooling concept achieved a 56% reduction in junction-to-fluid 
thermal resistance compared to WEG-based cooling systems.

Expanding upon direct cooling concepts, this study investigates 
the use of TPMS structures as a direct attached heat spreader with 
graded porosity, with different coolant flow orientations. Dielectric 
coolant is utilized under single-phase flow conditions, contrary to 
most TPMS studies that used WEG mixture as the coolant. In 
addition, using dielectric fluids limits the maximum heat transfer 
capabilities and power density levels due to their poor properties 
compared with water-based coolants [24], requiring advanced heat 
transfer geometries having a high surface area to volume ratio. Also, 
the effects of graded porosity and its impact on thermal performance 
remain largely unexplored in the existing literature.

This study aims to reveal the effects of different orientations of 
graded porous TPMS used with dielectric coolant. The main 
objective of this study is to propose a preferred orientation and 
reveal the effects of graded porosity on improved thermal 
performance.

2 Method

The methodology of this study involved defining the geometries, 
setting up the numerical model, determining the nondimensional 
parameters for performance characterization, conducting a mesh 
dependency analysis, and finally validating the numerical model 
with experimental data. The study summarizes interesting findings 
toward using TPMS structures as direct-attach heat spreaders in 
power electronics.

2.1 Geometries. This study investigates the gyroid TPMS 
structures formed by surfaces derived from implicit functions. The 
surfaces are generated using the level-set approximation equation 
for gyroid [25] 

sin Xð Þcos Yð Þ þ sin Yð Þcos Zð Þ þ sin Zð Þcos Xð Þ ¼ c (1)  

The periodicity is represented as X ¼ 2pnxx, Y ¼ 2pnyy, and Z ¼
2pnzz in each Cartesian coordinate. Therefore, nx, ny, and nz define 
the unit cell dimensions.

The parameter c on the right-hand side of Eq. (1) is the level-set 
constant, and it controls the gyroid minimal surface. The solid 
structure is formed by solidifying the volume enclosed by a specific 
c value. Therefore, adjusting c alters the porosity of the generated 
TPMS lattice structure. TPMS lattices with varying porosities are 
shown in Fig. 2.

The functional graded TPMS is assumed to be used in a half- 
bridge inverter, as shown in Fig. 3. The gyroids have dimensions of 
10 mm� 10 mm and a height of 4 mm. To reduce computational 
cost, the flow domain is selected with a width of 1.8 mm, 
corresponding to the unit cell length, as the geometry exhibits 
periodicity with this dimension.

Three different flow configurations were investigated in this 
study, all derived from a gyroid TPMS structure featuring a porosity 
of 0.5 at the bottom (closer to the heat source) and 0.8 at the top, 
resulting in a volume average porosity of 0.65.

The flow orientation differs for each model:

Fig. 1 Three-Dimensional illustration of the conventional power module (left) and low- 
thermal-resistance packaging (right) for dielectric fluid use (DBC: direct-bond copper)

Fig. 2 TPMS lattices with different porosities (0.5, 0.6, 0.7, 0.8, and 0.9) 
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� Wide slot configuration (Fig. 4(a)): This model has a slot jet 
width of 9 mm. The flow enters from above and exits from the 
sides.

� Narrow slot configuration (Fig. 4(b)): This model has a slot jet 
width of 2 mm, with an opening in the flow path at the center. 
As a result, the flow directly impinges on the heated surface. 
The flow then exits from the sides like the previous model.

� Parallel flow configuration (Fig. 4(c)): This model features a 
parallel flow configuration, where the fluid enters from one side 
and flows through the structure.

2.2 Numerical Model. Simulations were performed by ANSYS 

FLUENT 2024 R2 to solve the continuity, momentum, and energy 
equations. The laminar flow model was utilized because the feature 
sizes are too small, and the maximum Reynolds number (Re) based 
on height and TPMS feature sizes are 110 and 830, respectively. The 
governing equations are [26,27] 

r � qV ¼ 0 (2)   

r � qVV ¼ −rpþrs (3)   

r � qcpVTð Þ ¼ kr2T (4)  

In Eqs. (2)–(4), q is the density (kg/m3), V is the velocity vector 
(m/s), p is pressure (N/m2), s is the stress tensor (units of tensor 
components, N/m2), cp is specific heat (J/kg K), and T is temperature 
(K). The energy equation for the solid phase is given by 

ksr
2T ¼ 0 (5)  

In Eq. (5), ks is the thermal conductivity of solid (W/m K). A no-slip 
boundary condition for fluid flow and coupled boundary condition 
for heat transfer are used at fluid–solid interfaces. Coupled heat 
transfer boundary condition ensures continuity of temperature (i.e., 
Tf ¼ Ts) and heat fluxes ( − kf @Tf =@n

� �
¼ −ks @Ts=@nð Þ) at the 

fluid–solid interfaces. Inlet and outlet boundary conditions are 
shown with arrows in Fig. 4. Velocity inlet and pressure outlet 

boundary conditions are used. The inlet temperature is set to 70 �C, a 
typical value for EDV power electronics WEG based coolant inlet 
temperature. All the other sides are defined as adiabatic walls. A heat 
flux of 50 W/cm2 is applied at the bottom of the heat spreader. 
Symmetry boundary conditions are imposed on the sides of the unit 
cell model. The solid was selected as copper, with a density and 
thermal conductivity of 8978 kg/m3 and 387.6 W/m K, respectively. 
The semi-implicit method for pressure-linked equations scheme has 
been used for pressure–velocity coupling with second-order upwind 
discretization for convective terms of momentum and energy 
equations. The pressure is interpolated at faces using a second-order 
scheme from cell centers. Other terms, such as diffusion and viscous 
stresses, are discretized using a second-order central differencing 
scheme. The gradients, as needed, are estimated using a least- 
squares cell-based approach in ANSYS-FLUENT. The scaled (scaled 
based on the first five iteration residuals) convergence criteria were 
set to 10−3 for continuity and momentum equations, and 10−7 for the 
energy equations.

Dielectric fluids offer a promising alternative by enabling direct 
contact cooling of heated surfaces by eliminating ceramic materials 
without the risk of electrical short circuits, thus reducing thermal 
resistance. AmpCool

VR 

AC-110 is a dielectric fluid intended for 
EDVs. It combines key features such as high dielectric strength, 
thermal stability, and low viscosity. While its thermal conductivity 
is lower than that of water-based coolants, its electrical insulation 
allows placement much closer to the heat source, partially 
compensating for the difference. The properties of AmpCool AC- 
110 used in the simulations, as shown in Table 1, were obtained from 
the datasheet [28] and interpolated for 70 �C.

The study covers a range of inlet velocities, volumetric flow rates, 
and Re, as summarized in Table 2. The flow is assumed to be laminar 
and incompressible.

2.3 Data Reduction. The gyroid structures occupy a 
10� 10� 4 mm volume on the cold plate surface. To reduce 
computation time, a smaller computational domain of 
1.8 mm� 10 mm with a height of 4 mm was used as the unit cell 
model. Additionally, the heat spreader has a thickness of 0.4 mm.

Re is calculated by 

Re ¼
qVH

l
(6)  

where l is the viscosity of the fluid, V is the superficial average 
velocity parallel to the heated surface, and H is the channel height, 
which is assumed to be 4 mm in this study.

Fig. 3 Conceptual half-bridge module for the use of dielectric 
fluid and TPMS structure

Fig. 4 Different flow orientations/configurations 

Table 1 AmpCool
VR 

AC-110 properties 

Property Value SI unit

Density 783 kg/m3

Specific heat 2326 J/kg K
Thermal conductivity 0.134 W/m K
Viscosity 0.0034 kg/m s
Dielectric constant 2.08 N/A
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h is calculated as 

h ¼
Ts − Tin

q
(7)  

where Ts is the heated surface temperature (�C), Tin is the fluid inlet 
temperature (�C), and q represents the heat flux applied to the heat 
spreader surface (W/m2).

Nusselt number (Nu) is determined using the channel height as the 
characteristic length 

Nu ¼
hH

k
(8)  

where k is the thermal conductivity of the fluid.
Pumping power (W) is calculated from the following equation: 

PP ¼ _VDP (9)  

where _V is the volumetric flow rate (m3/s), and DP is the pressure 
difference between the inlet and outlet (N/m2).

2.4 Numerical Uncertainty. A grid independence study is 
performed for all configurations. The mesh is first generated in 
tetrahedral control volumes. Next, it is converted into polyhedral 
control volumes to enhance the numerical accuracy and conver
gence at a lower computational cost. The numerical uncertainty was 
estimated by the calculation of the relative difference between the 
selected mesh and a finer mesh for each flow configuration. The 
numerical uncertainty was quantified using the following 
expression: 

Numerical uncertainty %ð Þ ¼
Øselected − Øfine

Øfine

�
�
�
�

�
�
�
�� 100 (10)  

where Øselected and Øfine are the quantities of interest (either heat 
transfer coefficient or pumping power) obtained from the selected 
and finer meshes, respectively.

Table 3 presents the heat transfer coefficients and pumping power 
values, estimated based on Eqs. (7) and (9). For all three 
configurations, the relative errors in both heat transfer coefficient 
and pumping power were found to be less than 1%, with values 
typically in the range of 0.1% to 0.6%. These small differences 
confirm that the selected meshes lie within the asymptotic range of 

mesh convergence and that the numerical results are effectively 
mesh-independent.

2.5 Model Validation. Using a mesh element size identical to 
that obtained in the grid independence study, the numerical model is 
validated against the experimental results of Deng et al. [29], as their 
study presents a geometry most comparable to the TPMS, with feature 
sizes around 500lm. The model used for the validation is shown in 
Fig. 5, and the comparison between the experimental data and numerical 
results is presented in Fig. 6, demonstrating reasonable agreement with 
maximum and average deviation of 9.1% and 7.2%, respectively. 
However, the numerical Nu is slightly higher, likely because the 
numerical model does not capture all thermal resistances present in the 
experimental setup, and the shorter entrance length in the simulations 
may lead to an underdeveloped flow and thus higher heat transfer.

3 Results and Discussion

The comparative heat transfer results with the variation of Re for 
different geometries and flow orientations are presented in Fig. 7. 
The narrow slot configuration exhibits a higher Nu compared to the 
wide slot, as direct impingement onto the heated surface enhances 
heat transfer. Interestingly, despite the absence of impingement, the 
parallel flow configuration achieves a comparable Nu to the narrow 
slot configuration and surpasses it at higher Re. It can also be noted 
that, in terms of flow orientation, the narrow slot can be considered 
as the combination of parallel flow and wide slot. Therefore, it 
results in between these two in the heat transfer results.

Evaluating Nu across different Re conditions helps understand the 
hydrodynamic effects on heat transfer. However, analyzing Nu at a 
fixed pumping power is also crucial, as shown in Fig. 8. The results 
indicate that all three configurations exhibit similar Nu trends with 
increasing pumping power. However, the parallel flow configuration 
slightly outperforms the narrow slot and wide slot configurations 
with increases of 8.2% and 10%, respectively, under higher pumping 
power conditions. This highlights that the higher pumping power 
pushes fluid efficiently through the case with the most resistive flow 
path, which then results in better performance. At lower pumping 
power or lower flow rates, the least resistive case is preferred, i.e., 
narrow slot cases perform better.

The streamlines in the wide slot configuration are shown in Fig. 9
for the highest inlet velocity (0.4 m/s). The fluid enters from a 9 mm 
slot. However, for simplicity, the streamlines are tracked at 
three locations (via a 1-mm-wide plane) on the fluid inlet surface. 
Figure 9(a) illustrates the flow distribution within the TPMS 
geometry, where no direct impingement occurs, preventing the flow 
from directly reaching the heated surface. Instead, the flow is 
directed toward the outlet section near the heated surface. The flow 
farther from the center, shown in Fig. 9(b), exits through the upper 
regions, unable to reach the heated surface effectively. Similarly, the 
flow near the edges, shown in Fig. 9(c), is guided toward the outlet 
through upper regions, where the heat transfer rate per unit pressure 
drop is lower due to reduced solid temperatures.

Streamlines for the narrow slot configuration are shown in Fig. 10
for the highest inlet velocity (1.2 m/s). The flow originating from a 1- 
mm thickness in the center of the 2-mm slot, shown in Fig. 10(a), 

Table 2 Numerical parameter ranges 

Parameter Range SI unit

Inlet velocity 0.01–1.2 m/s
Volumetric flow rate 1.6� 10−7–6.5� 10−6 m3/s
Volumetric flow rate 0.01–0.4 L/min
Re based on height 10–850 N/A
Re based on the hydraulic  
diameter of the channel

15–600 N/A

Table 3 Grid independence and numerical uncertainty 

Wide slot Narrow slot Parallel flow

Mesh  
element  

(M)
h  

(W/m2 K)
Difference  

%
Ppump  

(W) �104
Difference  

%

Mesh  
element  

(M)
h  

(W/m2 K)
Difference  

%
Ppump  

(W) �103
Difference  

%

Mesh  
element  

(M)
h  

(W/m2 K)
Difference  

%
Ppump  

(W) �103
Difference  

%

1.14 21,810 10.9 6.0122 1.2 1.00 29,528 2.6 2.6974 0.8 1.08 32,654 3.6 3.4165 0.5
2.63 21,648 10.1 6.0250 1.1 2.36 29,301 1.8 2.6965 0.8 2.5 32,613 3.4 3.4240 0.3
6.31 19,556 0.6 6.0755 0.2 5.30 28,618 0.6 2.7166 0.1 5.78 31,619 0.3 3.4292 0.1
8.55 19,666 — 6.0896 — 7.16 28,776 — 2.7195 — 7.56 31,533 — 3.4336 —

Note: The shaded row indicates the selected mesh.
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travels directly to the heated surface, where it is distributed 
throughout the TPMS geometry and exits on both sides. In contrast, 
the flow originating from the 0.5-mm section near the edge, 
illustrated in Fig. 10(b), enters into the TPMS geometry and exits 
primarily from the upper regions of the outlet. In general, this 
configuration generates more vorticity compared to the wide slot 
configuration.

The streamlines for the parallel configuration are shown in Fig. 11
for the highest inlet velocity (0.4 m/s). Figure 11(a) shows the 
streamlines originating from the upper part of the inlet section, and 
Fig. 11(b) shows the streamlines originating from the lower part of 
the inlet section. The fluid entering the lower part of the inlet is 
predicted to spread upward more than the downward spreading from 
the upper part of the inlet. This is due to the increased porosity and 
associated lower flow resistance in the upper region.

The following results show the vorticity magnitude in the flow 
field for different cases. It is defined as follows: 

xj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

x þ x2
y þ x2

z

q
(11)  

The vorticity results for the wide slot geometry are shown in 
Fig. 12. The central region generates minimal vorticity. This 
indicates that directing flow from upwards creates a weak flow 
mixing at the central regions, resulting in a weaker heat transfer 
performance. In contrast, vorticity is higher near the sides, 

Fig. 6 Agreement between experimental and numerical results 

Fig. 7 Nu with varying Re for different configurations 

Fig. 5 Validation model 

Fig. 8 Variation of Nu with pumping power for different 
configurations
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especially close to the outlet. Notably, strong vorticity is observed 
along the surfaces as the flow navigates through curves.

The vorticity results for the narrow slot configuration are shown in 
Fig. 13. In contrast to the wide slot configuration, vorticity is more 
homogeneously distributed within the TPMS geometry, indicating 
more efficient flow mixing. Unlike the wide slot configuration, too 
high vorticity near the surfaces is not observed when turning through 

curves. Additionally, the impingement channel in the middle of the 
geometry does not generate notable vorticity.

The vorticity results for the parallel flow configuration are shown 
in Fig. 14. Vorticity is present throughout the TPMS geometry from 
inlet to outlet and is homogeneously distributed. The vorticity 
patterns in the vertical and horizontal channels resemble those of the 
narrow slot configuration, resulting in a similar Nu value, as shown 

Fig. 9 Streamlines for the wide slot configuration with an inlet velocity of 0.4 m/s 

Fig. 10 Streamlines for the narrow slot configuration with an inlet velocity of 1.2 m/s 

Fig. 11 Streamlines for the parallel flow configuration with an inlet velocity of 
0.4 m/s. Streamlines entering the top side (left) and streamlines entering the lower 
side (right).
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in Fig. 7. However, unlike the narrow slot configuration, high 
vorticity is observed near the surfaces when the flow turns through 
curves.

The temperature contours of the solid and fluid regions for the 
wide slot configuration are shown in Fig. 15. The temperature at the 
center of the heated surface is slightly higher than at the sides due to 
the flow being directed toward the outlet before reaching the heated 
surface. Additionally, the thermal boundary layers are very close to 

each other in the lower sections, particularly at the center, which is 
undesirable for efficient heat transfer. This occurs due to the lack of 
vorticity in these regions, leading to an increased thermal boundary 
layer thickness.

The temperature distribution in the fluid and solid regions for the 
narrow slot configuration is shown in Fig. 16. Unexpectedly, the 
heated surface facing the impingement flow exhibits noticeably 
higher temperatures due to the lack of heat transfer surface area (e.g., 

Fig. 12 Vorticity for wide slot configuration with an inlet velocity of 0.4 m/s 

Fig. 13 Vorticity for narrow slot configuration with an inlet velocity of 1.2 m/s 
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fins). Given that the heat sources are usually located at the center of 
the heated surface, this configuration may lead to higher chip 
temperatures. The thermal boundary layers do not overlap 
significantly, indicating efficient heat transfer.

The temperature distribution in the solid and fluid regions for the 
parallel flow configuration is shown in Fig. 17. The temperature of 
the heated surface increases along the flow as the fluid temperature 
rises. Additionally, the fluid temperature is higher in the lower 
sections of the geometry. As the flow progresses, the thermal 

boundary layers become indistinct, particularly at the lower right 
section of the geometry, even though the fluid temperature increases 
significantly.

4 Conclusion

This study investigates the flow and heat transfer characteristics 
of functional TPMS geometries with different flow configurations. 
A unit-size TPMS heat sink was modeled with 1.8 mm symmetry 

Fig. 14 Vorticity for parallel flow configuration with an inlet velocity of 0.4 m/s 

Fig. 15 Temperature contours of solid and fluid for wide slot configuration with an inlet 
velocity of 0.4 m/s
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boundaries, a length of 10 mm, and a height of 4 mm. AmpCool
VR 

AC-110 dielectric fluid was selected as the coolant, while copper 
was chosen as the TPMS material. The numerical model was first 
validated against existing literature. Then, three different flow 
configurations were analyzed—wide slot, narrow slot, and parallel 
flow—within a range of 10–1000. The Nu results were presented as 
functions of Re and pumping power. Additionally, streamlines, 
vorticity, and temperature distributions were examined.

The parallel flow configuration exhibited higher Nu than the 
narrow and wide slot configurations. When normalized by pumping 

power, all three configurations produced similar results, with the 
parallel flow configuration demonstrating superior performance at 
higher pumping power levels around 8% and 10% compared to 
narrow and wide slot configurations, respectively. Moreover, the 
parallel flow configuration resulted in more uniform heated surface 
temperatures. The enhanced thermal performance of the parallel 
flow configuration is primarily attributed to improved flow mixing, 
as confirmed by vorticity analysis. Unlike impingement-dominated 
flows, which suffer from limited lateral mixing, the parallel flow 
promotes distributed vorticity throughout the structure, enabling 

Fig. 16 Temperature distribution in solid and fluid for narrow slot configuration with an inlet 
velocity of 1.2 m/s

Fig. 17 Temperature distribution in solid and fluid for parallel flow configuration with an inlet 
velocity of 0.4 m/s
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more efficient heat transfer. Due to its ease of implementation, the 
parallel flow configuration was selected for further investigation. 
The key learnings can be listed as follows:

� Parallel flow TPMS configuration is thermally effective and 
simpler to implement among the other configurations exam
ined in this study.

� It provides enhanced flow mixing, as evidenced by distributed 
vorticity throughout the geometry, leading to improved heat 
transfer performance.

� The functional porosity helps the flow distribute to the upper 
regions. Therefore, functional porosity can be used to route the 
flow passively in order to contribute to heat transfer.

� It ensures more uniform temperature profiles, which are crucial 
for thermal reliability in power electronics applications.
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