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A B S T R A C T

The rapid miniaturization of modern electronics has led to significant overheating issues, which pose substantial 
risks to their performance, reliability, and service life. This study aims to address these challenges by proposing a 
novel heat sink design incorporating Triply Periodic Minimal Surface (TPMS)-based metal lattice structures 
embedded with a phase change material (PCM). A comprehensive numerical and experimental investigation was 
conducted on a 3D-printed PCM metal-lattice heat sink. By employing a three-dimensional unsteady numerical 
approach and the finite volume method, this study evaluated the metal lattice as a thermal conductivity 
enhancer. A parametric study was performed to assess the impacts of the heater power input, material, design, 
and applied heat flux direction. The tested materials were Stainless Steel (SS) and titanium (Ti), with paraffin 
wax as the PCM. The findings demonstrated that the TPMS-based lattice structure (P3) helps improve the heat 
exchange between the metal and PCM by facilitating gradual and uniform melting within the system. The SS (P3) 
heat sink showed up to a 9 % reduction in base temperature compared to Ti (P3) under heater power inputs 
ranging from 5.1 W to 8.6 W, attributed to its better thermal conductivity. The parametric analysis indicated 
that, when compared to radial fin design (P5) under multidirectional heat input, P5 returns 3 to 4 ◦C lower base 
temperature than P3 for SS and Ti under base-only heating case scenario. On the contrary, P3 outperformed P5 
by maintaining side walls 6 to 8 ◦C cooler during side-only heating. However, the combined effect of base and 
side heating was found to be insignificant for both designs. The analysis concluded that although the radial fin 
design (P5) performs slightly better under base-only heating conditions, the TPMS design (P3) would otherwise 
outperform it, particularly in applications involving multi-directional heat input.

1. Introduction

Efficient thermal management is crucial to address the thermal 
challenges associated with modern electronics. Stabilizing temperatures 
to the desired levels is essential for ensuring performance, reliability, 
durability, and component safety. As electronics become more compact 
and demand higher power, dissipating excess heat becomes critical to 
prevent operational failures. Nearly 50 % of electronic failures can be 
attributed to elevated temperatures [1]. Phase change materials (PCMs) 
have attracted significant attention owing to their appealing thermo
physical properties, especially their high latent heat of fusion. Recent 
reviews [1,2] have discussed the use of PCMs in electronic cooling across 
various temperature ranges. Although PCMs offer several benefits, they 
are typically not employed independently owing to their low thermal 

conductivities. To circumvent this challenge, they are commonly com
bined with thermal conductivity enhancers (TCEs), such as fins [3–5], 
metal fibres [7,8,19], encapsulated PCM [9], metal foams [6,10–12], 
nanoparticles [13–18] and graphitic matrices [20–23].

The recent surge in the adoption of additive manufacturing (AM) 
techniques has redirected research efforts towards employing archi
tected metal lattices as thermal energy storage (TESs) for phase change 
materials (PCMs). AM enables the production of intricate geometries 
that are not possible using other manufacturing methods, thereby 
facilitating the analysis of metal lattices with complex topologies for TES 
applications. Several studies have been conducted in which metal lat
tices embedded with PCM were used for TES. The research conducted by 
Ho et al. [23] developed a paraffin wax-based tree-like heat-sink ge
ometry. The researchers assessed the impact of various paraffin wax 
impregnation levels and analyzed the temperature distribution and heat 
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transfer characteristics. The results revealed that the PCM-based heat 
sink demonstrated superior thermal performance, as indicated by its 
ability to maintain a lower base temperature than a fin-structure and 
plain heat sinks for heat fluxes ranging from 4.00 to 7.24 kW/m2. 
Yuandong et al. [24] demonstrated that using an AM lattice-structure 
heat sink with n-tetradecane PCM in a thermal vacuum chamber simu
lating space conditions can significantly enhance heat transfer perfor
mance. These findings suggest that this heat sink may provide thermal 
management solutions for space applications. The printed metal lattice 
heat sink was found to have an equivalent thermal conductivity 13 times 
higher than that of PCM. Hu et al. [25] found that the use of AM 
structured porous materials as PCM-based heat sinks offers a promising 
solution for efficient thermal management. A study by Righetti et al. 
[26] demonstrated that incorporating PCM in 3D periodic structures 
significantly improved the heat transfer performance, for 10–30 W and 
10–40 mm pore sizes. The authors of the study by Iradukunda et al. [27] 
found that using AM topology-optimized heat sinks in conjunction with 
PCMs outperformed conventional plate fin designs. The findings also 
highlight the potential of additive manufacturing and PCMs for 
improving the efficiency of heat sink designs, which could have 
important implications for a wide range of applications, including 
electronic cooling.

Recently, there has been a growing interest in the utilization of 
Triply Periodic Minimal Surfaces (TPMS) for heat transfer applications. 
This interest is due to the unique properties of TPMS, which allow for 
efficient heat transfer and improved thermal performance compared to 
traditional surfaces, making them ideal for a variety of applications, 
such as thermal management systems, energy efficiency, and heat ex
changers. Furthermore, the capability to manufacture TPMS efficiently 
via AM enables greater flexibility and customization in their design and 
application. Catchpole-Smith et al. [28] investigated AM TPMS lattices 
for thermal conductivity and found that the architecture and porosity of 
these structures have a significant impact on their thermal properties, 
with certain lattice structures exhibiting superior thermal conductivity 
compared to others. This highlights the importance of carefully 
designing and engineering lattice structures for optimal thermal 

management of additively manufactured TPMS components. Qureshi 
et al. [29] conducted an experimental study of TPMS lattices with 
paraffin wax, and their results were consistent with those of previous 
studies. Sél'o et al. [30] investigated the influence of heat treatment on 
the anisotropy and thermal conductivity of 3D-printed TPMS lattices 
and discovered that heat treatment increased thermal conductivity 
while eliminating anisotropy. Building on prior research, further studies 
conducted by Qureshi et al. [31] assessed the performance of TPMS- 
based metal lattices and conventional metal foams under a variety of 
heat flux conditions. The findings demonstrated that TPMS-based lattice 
structures outperformed metal foams in both pure conduction and sce
narios where liquid PCM buoyancy was considered. Their investigations 
of sheet-based and solid TPMS lattices incorporating PCM also revealed 
the potential benefits of these structures in thermal energy storage 
[32,33]. Qureshi et al. [34] sought to further explore the effects of both 
functional grading and porosity on the performance of 3D printable 
TPMS lattices incorporating PCM. By analyzing the results, they found 
that these factors significantly influenced the thermal response, high
lighting the importance of geometric parameters in the design of TES 
systems.

The above literature suggests that while TPMS structures with PCM 
have promising applications, their performance under different mate
rials (stainless steel and titanium), heater power inputs, and applied heat 
flux directions, which are typical of electronic cooling, have not been 
extensively studied. This study aims to evaluate the feasibility of using 
TPMS based metal lattice heat sinks with PCM under heat fluxes ranging 
from 5.1 to 8.6 W. Two heat sink designs, a metal lattice (P3) and a 
radial fin (P5) as depicted in Fig. 1, were selected due to their con
trasting surface areas and liquid PCM flow resistances and analyzed 
under the influence of multidirectional heat input. P3 has symmetrical 
metal lattice structure while P5 has radial fins attached to the base. The 
novelty lies in designing a novel compact TPMS-based metal lattice and 
radial fin heat sink using AM techniques and developing three- 
dimensional numerical models that consider phase change material as 
an energy-storing medium and multidirectional heating. The research 
began with numerical modelling, followed by experimental validation, 

Nomenclature

FVM Finite volume method
PCM Phase change material
TCE Thermal conductivity enhancer
TM Thermal Management
HTC Heat transfer coefficient, W/m2K
TEC Thermal energy storage
CAD Computer aided design
AM Additive manufacturing
TPMS Triply periodic minimal surface
SS Stainless steel
Ti Titanium
HP Heater power
M Million
C Mush constant
cp Specific heat capacity, J/KgK
ρ Density, Kg/m3

g Gravitational acceleration, m/s2

H Height, mm
k Thermal conductivity, W/mK
L Latent heat of fusion, J/KgK
m Mass, kg
p Pressure, Pa
u Velocity component in x direction, m/s
v Velocity component in y direction, m/s

w Velocity component in z direction, m/s
S Source term in momentum eq.
3D Three dimensional
W Width, mm
t Time, s
tfin Fin thickness, mm
tbase Base thickness, mm
twall Wall thickness, mm
Tsol PCM solid temperature, ◦C
Tliq PCM liquid temperature, ◦C
Q Power input, W

Subscripts
ini Initial
l Liquid
m Melting
f Phase change material (liquid)
ref Reference
x, y, z Cartesian coordinates
s Solid (metal)

Greek
μ Viscosity, Kg/ms
β Thermal expansion coefficient, 1/K
λ Liquid fraction
δ Arbitrary small value
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considering possible variable directional heat inputs to assess the design 
feasibility in terms of thermal performance. The ultimate aim is to 
provide insights for selecting the best geometry for the efficient cooling 
of electronics under varying directional heat inputs. This research con
tributes to decision-making in heat-sink design and development for 

effective heat dissipation from high-power electronics. Moreover, future 
recommendations are provided to inform design engineers and re
searchers who wish to leverage phase change material metal lattice heat 
sinks for better thermal management of modern electronics.

Fig. 1. Schematic diagram of heat sinks (a) CAD model of Design P3; (b) CAD model of Design P5; (c) Dimensions – all in mm.

Table 1 
Design of experiments.

Cases Heat sink model Material Power input (W) HTC (W/m2K) Heating Ambient

1 (base) P3 SS 8.6 40.0 Base Atmosphere
2 P3 SS 6.8 40.0 Base Atmosphere
3 P3 SS 5.1 40.0 Base Atmosphere
4 P3 Ti 8.6 40.0 Base Atmosphere
5 P3 Ti 6.8 40.0 Base Atmosphere
6 P3 Ti 5.1 40.0 Base Atmosphere
7 P5 SS 8.6 40.0 Base Atmosphere
8 P5 Ti 8.6 40.0 Base Atmosphere
9 P3 SS 8.6 40.0 Side Atmosphere
10 P5 SS 8.6 40.0 Side Atmosphere
11 P3 Ti 8.6 40.0 Side Atmosphere
12 P5 Ti 8.6 40.0 Side Atmosphere
13 P3 SS 8.6 40.0 Base+Side Atmosphere
14 P5 SS 8.6 40.0 Base+Side Atmosphere
15 P3 Ti 8.6 40.0 Base+Side Atmosphere
16 P5 Ti 8.6 40.0 Base+Side Atmosphere
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2. Numerical model

2.1. Design

Two heat sink designs, namely a TPMS-based metal lattice (P3) and 
radial fins (P5), are considered, with P3 being the main focus of this 
study. P3 had baseline external dimensions of 30 × 30 × 32 mm3 and an 
internal wall thickness of 2 mm (Fig. 1). The design is monolithic, 
featuring four mounting lugs at the base used to secure the heat sink to a 
rig for testing, four side lugs for sensor mounting, and two holes on the 
top face for insertion of a Solid Liquid Phase Change Material (SL-PCM). 
A level set method was used to generate and optimize the TPMS design 
(P3), while SolidWorks 2021 was employed to manually produce the 
radial fin design (P5). The preliminary performance of the designs was 
simulated using ANSYS-Fluent 2021 R2. Both heat sinks were fabricated 
using a powder bed fusion additive manufacturing (PBF-AM) process. A 
GE Concept Laser M2 Series 5 (400 W) was used for printing. This 
process was selected to support the efficient and accurate manufacturing 
of the complex geometries. Heat sinks were produced in two materials, 
Stainless Steel 316 L and Ti-6Al-4 V. A total of 16 cases (Case 1 being the 
base case) were analyzed based on the material, design, heat input, and 
direction of the supplied heat flux. The design of experiments is pre
sented in Table 1 with the base case corresponding to the experimental 
conditions used for validation purposes.

2.1.1. Material
Titanium (Ti-6Al-4 V) and Stainless-Steel 316 L metal material var

iations of the model were tested and numerically modelled. These ma
terials were selected because of the considerable difference in their 
thermophysical properties, namely, specific heat, density, and thermal 
conductivity and are commonly used in PBF-AM to match industry de
mand. Titanium has lower density and thermal conductivity than 
stainless steel. This makes it lighter than stainless steel but not as good at 
conducting heat. By comparison, stainless steel has a lower specific heat 
than titanium, indicating that less input heat is required to raise the 
temperature by a unit of mass. Both materials exhibit high corrosion 
resistance and radiation shielding and are commonly used in latent heat 
energy storage applications.

2.1.2. Internal structure
As shown in Fig. 1, the P3 design featured an internal lattice struc

ture. This TPMS cellular structure was selected to facilitate better 
thermal exchange of heat between the PCM and the heat sink. The lattice 
was designed with smooth surface angles and volume fraction optimized 
to increase heat transfer effectiveness. The geometry comprised 96 cells, 

each with a porosity of 85 % and an overall height of 26 mm. Design P5 
incorporated four evenly spaced 0.98 mm tick radial fins, along with a 2 
mm central pin fin, to enhance unidirectional heat transfer.

2.1.3. Simulation domain
A quarter of the design was sufficient for the numerical analysis 

owing to its symmetrical properties. Consequently, a simplified geom
etry with symmetry on two sides, heat flux on one side, and convection 
on three sides was chosen as the simulation domain. Both the full-sized 
heat sink and its simplified numerical simulation model are shown in 
Fig. 1(a) and (b). The design parameters of P3 and P5 are listed in 
Table 2. The designs were similar in terms of dimensions and weights. 
The masses listed in Table 2 pertain only to the simulation domain. The 
total mass of the full-sized heat sink can be estimated by multiplying 
these numbers by three to account for the remaining three quarters. The 
actual mass of the heat sink print (P3) used in the experiment was 
different because of the exclusion of feet, mounting lugs, and the small 
cavity inside to account for the PCM volume expansion upon melting.

2.2. Numerical procedure

A 3D model of a PCM-based metal lattice heat sink was generated 
and optimized using a level set method, as illustrated in Fig. 1. The 
performance of the heat sink was analyzed under various conditions, 
including different heater power inputs, materials, and heat flux di
rections, and compared with a radial fin heat sink under multidirectional 
heating. The simulations were conducted using a pressure-based finite 
volume method (FVM) in ANSYS Fluent 2021 R2. The simulations 
employed the PRESTO and PISO algorithms for pressure-velocity 
coupling, a second-order upwind scheme for convective terms, and a 
first-order implicit scheme for time discretization. The under-relaxation 
factors for pressure, velocity, energy, and liquid fraction were set at 0.3, 
0.7, 1, and 0.9 for liquid fraction, with residuals set at 10− 4 for conti
nuity and momentum, and 10− 6 for energy equations. The physical di
mensions of the model were derived from the design, assuming uniform 
material properties. The liquid PCM flow in the cavity was assumed 
laminar, Newtonian, and incompressible. The thermophysical properties 
of the stainless steel, titanium, and PCM were assumed to be constant. 
The mushy zone characterized the melting interface, with the Boussi
nesq approximation accounting for buoyancy effects. The metal was 
assumed to remain solid, absorbing only sensible heat. PCM volumetric 
expansion during phase transition and radiative heat transfer has been 
neglected [31–34]. The thermal resistance between the heater chip and 
the heat sink base was also ignored. Thermophysical properties of the 
materials are listed in Table 3.

Table 2 
Design parameters for P3 and P5.

Design H (mm) tbase (mm) tlid (mm) twall (mm) tfin (mm) Mass (metal) (gram) Mass (PCM) (gram) Total mass (gram)

P3 32 3 3 2 – 27.49 3.19 30.68
P5 32 3 3 2 0.98 27.51 3.20 30.71

Table 3 
Thermo-physical properties of materials included in the analysis [35–37].

Materials Properties

Density 

(
kg
m3

)
Specific heat 
(

J
kgK

)
Thermal 

conductivity
(

W
mK

)
Viscosity 

(
kg
m.s

)

Thermal expansion 

coefficient, β 
(

1
K

)
Latent heat, 

L (
J
kg

)

Solidus 
temperature (◦C)

Liquidus 
temperature (◦C)

Stainless Steel 
(316-L)

8030 502.5 16.3 – – – – –

Titanium (Ti- 
6Al-4 V)

4850 544.25 11.4 – – – – –

PCM (Paraffin 
Wax)

880 2000 0.2 0.03 0.00011 170,000 53 58
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2.3. Governing equations

The governing equations (continuity, momentum, and energy) for 
numerical analysis are as follows [38–41]:

Continuity equation: 

∇.u = 0 (1) 

Momentum equation: 

ρf

(
∂u
∂t

+u.∇u
)

= − ∇p+ μf∇
2u+ ρf gβ

(
Tf − Tm

)
− S (2) 

where u is the velocity vector (u, v, w), ρf is the fluid density, μf is the 
dynamic viscosity, ∇2u is the Laplacian of the velocity vector, and S is 
the source term vector (Sx, Sy, Sz

)
expressed as 

S =
C(1 − λl)

2

δ + λl
3 (3) 

The liquid fraction λlvaries from 0 (complete solid) to 1 (complete 
liquid). The mushy zone parameter C was set to a FLUENT default value 
of 105 [27]. The modified Carman-Kozeny equation (Eq. 3) is derived 
from Darcy's law, which governs flow in porous media. The standard 

Fig. 2. (a) Initial and boundary conditions; (b) computational grid.

Fig. 3. Stainless steel design P3 liquid fraction (a) grid independence; (b) time step sensitivity.

Table 4 
Summary of grid independence analysis.

Grid 
system

No. of 
cell

Melting 
time (s)

Deviation 
(%)

Base temp 
(◦C)

Deviation 
(%)

Grid 1 478 K 3472 0.00 91.17 0.00
Grid 2 1.3 M 3476 0.08 91.07 0.10
Grid 3 2.1 M 3479 0.03 91.02 0.05
Grid 4 3.6 M 3481 0.02 90.97 0.05
Grid 5 6.9 M 3484 0.03 90.92 0.05
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Carman-Kozeny equation returns an infinite value for S at zero liquid 
fraction; therefore, an arbitrary computational constant δ = 0.001 is 
included in the modified equation [30]. The value of Tm in Eq. 2 rep
resents the melting temperature of the PCM, which is the average of the 
solidus and liquidus temperatures of paraffin wax (55.5 ◦C).

Additionally, the energy equation for the PCM is as follows. 

ρf Cp,f

(
∂Tf

∂t
+u.∇Tf

)

= kf∇
2Tf − ρf L

∂λl

∂t
(4) 

The temperature-dependent liquid fraction is updated according to: 

λl =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0, if Tf ≤ Tsol

Tf − Tsol

Tliq − Tsol
, if Tsol ≤ Tf ≤ Tliq

1, if Tf ≥ Tliq

(5) 

where Cp,f is the specific heat and kf is the thermal conductivity of the 
PCM. For a solid material, the energy equation is reduced to unsteady 
heat conduction: 

ρsCp,s

(
∂Ts

∂t

)

= ks∇
2Ts (6) 

where ρs is the density of the solid, Cp,s is the specific heat of the solid, 
and ks is the thermal conductivity of the solid.

2.4. Initial and boundary conditions

The initial and boundary conditions of the simulation are illustrated 
in Fig. 2. The outside walls and top surface of the lid were set to con
vection boundary conditions with a heat transfer coefficient (HTC) 
modified to 40 W/m2K to mimic the actual room conditions. A uniform 
heat-flux boundary was applied to the base of the heat sink to account 

Fig. 4. Experimental set-up (a) 2-D schematic showing different components used in the experiment; (b) picture depicting actual PCB board, battery, sensors and a 
microprocessor; (c) actual prints of design P3.

Table 5 
Variation of experimental tests.

Test 
variation

Material PCM mass 
(g)

Heater power 
(W)

Ambient

A Titanium 6 5.1 6.8 8.6 Atmosphere
B Stainless 

Steel
6 5.1 6.8 8.6 Atmosphere
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for the heat dissipated from the heater chip. The heat rejected from the 
PCB heater at full heater capacity was measured to be approximately 8.6 
W (Heater Power:1.0) divided by the bottom wall surface area, which 
was considered to be the magnitude of the uniform heat flux applied to 
the base. The initial temperature for all the simulations was set to 
24.5 ◦C and the initial velocity was assumed to be zero for all cases 
considered.

2.5. Grid independence and time step sensitivity analysis

An example of the mesh used in the calculation is shown in Fig. 2 (b). 
The mounting lugs, fillets, holes, and rounded corners were removed 
from the drawing prior to meshing to reduce the mesh size. A tetra/hexa 
mesh was converted into a polyhedral mesh to reduce the cell count and 
ensure the accuracy of the simulation. The mesh quality check was 
performed before initializing the solution, and only 1 % of the cells out 
of 2.1 M were found to be below 0.8 orthogonal quality. Grid inde
pendence analysis was conducted as one of the prerequisites of the CFD 
simulation. Five different grid sizes were considered to determine their 
effects on simulation accuracy, as shown in Fig. 3. The maximum vari
ations in melting time and base temperature were 0.08 % and 0.1 %, 
respectively, as presented in Table 4. Grid 3 was deemed suitable for all 
simulations to obtain reasonable results with less computational time. 
Four different time steps (1.5, 1, 0.5 and 0.1 s were considered to obtain 
time-independent results. The maximum difference in temperatures and 
liquid fraction observed between time steps at equal physical times was 
<0.2 %, hence a time step of 0.5 s was found suitable for the results 
presented here.

3. Experiment

3.1. Setup

A heat sink was attached to a printed circuit board (PCB) equipped 
with an electric heater and thermistor. The thermistor was centrally 
positioned in the heated area of the PCB (Fig. 4(a)) and measures the 
base temperature of the heat sink at 5-s intervals during the heating 
process. The heat sink absorbs heat from the heater and transfers it to the 
PCM for storage. Temperature data collected by the thermistor were 
processed using a BeagleBone Black microprocessor and transmitted 
wirelessly to a web-based control dashboard. Both the PCB and micro
processor were powered by a battery. Fig. 4 shows a schematic and a 
photograph of the experimental setup. Tests were conducted for Cases 
1–6 of Table 2. An organic solid-liquid PCM was selected owing to its 
uniform melting properties, chemical stability, and minimal volumetric 
change during the phase transition. Paraffin wax (Sigma-Aldrich 
327204) with a melting point of 53 to 58 ◦C was chosen for its suitable 
operating properties.

The custom-made PCB featured a copper heater as a thermal power 
source. The heater area was 30 × 30 mm2 at the PCB center, where the 
heat sink was mounted. A digital multimeter measured the heater 
resistance and voltage at ambient temperature, showing values of 2.3 Ω 
and 4.46 V, respectively. These measurements indicated a thermal 
power input of 8.6 W at full capacity. The measurement uncertainties 
were ± 1.5 % for resistance and ± 0.5 % for voltage. The 
NTCS0603E3103FMT thermistor manufactured by Vishay had a mea
surement uncertainty of ±1 %. The overall uncertainty in the thermal 
power input was calculated using the root sum square method and was 
found to be ±1.8 %. The detailed uncertainty analysis has been provided 

HP: 1.0

HP: 0.8

HP: 0.6

yx

z

ValueParameters

8.6 WHP: 1.0

6.8 WHP: 0.8

5.1 WHP: 0.6

3 mmLid

3 mmBase

24 ˚CTamb

Design (P3)

ValueParameters

8.6 WHP: 1.0

6.8 WHP: 0.8

5.1 WHP: 0.6

3 mmLid

3 mmBase

24 ˚CTamb

HP: 1.0

HP: 0.8

HP: 0.6

yx

z

(a)

(b)

HP: 1.0

HP: 0.8

HP: 0.6

yx

z

ValueParameters

8.6 WHP: 1.0

6.8 WHP: 0.8

5.1 WHP: 0.6

3 mmLid

3 mmBase

24 ˚CTamb

(c)

(caption on next column)

Fig. 5. (a) Base temperature evolution of the stainless-steel heat sink over time; 
(b) base temperature evolution of the titanium heat sink over time.; (c) volume- 
averaged temperature of the entire heat sink (metal + PCM) for both stainless 
steel and titanium heat sinks, providing a holistic comparison of thermal 
performance.

M. Arqam et al.                                                                                                                                                                                                                                 



Journal of Energy Storage 117 (2025) 116121

8

in authors' previous work [36].

3.2. Test procedure

Two variations of the tests were performed, as shown in Table 5. All 
experiments were conducted in at power levels 0.6, 0.8 and 1.0 and 
comprised of 60 min of heating. At power level 1.0, the heater operates 
at full voltage (4.46 V), which translates to an initial power of 8.6 W. 
Power levels 0.8 and 0.6 are referent to 80 % and 60 % of the full 
voltage. Therefore, the initial power inputs of the experiments are 8.6 W 
for 1.0, 6.8 W for 0.8, and 5.1 W for 0.6. To evaluate the thermal per
formance of the heat sink, experiments were conducted with two heat 
sink materials: Titanium and Stainless Steel. The PCM experiments with 
variations A and B were repeated three times at each power level. The 
heat sink design proposed in this study is intended for thermal man
agement in high-power electronic devices, such as CPUs, GPUs, and 
power converters, where typical heat dissipation ranges from 5 W to 
100 W. The experimental power levels (5.1 W to 8.6 W) were selected to 
represent a subset of this range, focusing on low to medium power ap
plications. These power levels are relevant to many practical scenarios, 
including portable electronics, embedded systems, and small-scale 
power electronics, where efficient heat dissipation is critical for main
taining device performance and durability. By evaluating the heat sink's 
performance within this range, the study provides insights that can be 
extended to higher power applications, ensuring the design's relevance 

to a wide array of electronic devices.
To conduct the PCM tests, liquid paraffin wax was injected into the 

heat sink via PCM injection openings on the top surface. The mass of the 
PCM was 6 g, which, when in its liquid form, occupied approximately 
half of the available internal volume. The heat sink was mounted on the 
PCB using nylon nuts and screws to prevent heat dissipation through 
screws via conduction. Additionally, a layer of Apiezon H thermal grease 
was applied between the heater and bottom surface of the heat sink to 
minimize the thermal contact resistance.

All experiments were conducted in a laboratory environment at 
standard room temperature and atmospheric pressure, and the same P3 
heat-sink model was tested. The starting temperature of each test was 
maintained within tolerance 24 ◦C ± 0.5 ◦C. Thermal grease was evenly 
spread across the areas of contact with the heat sink to create a uniform 
heat-flux boundary as a control to obtain more accurate temperature 
measurements from the thermistors. A clock in the PCB design ensured 
that the temperature readings were taken at equal increments, and the 
heating cut-off time was programmed to maintain consistency between 
tests. Experiments were conducted inside a metal container with no lid 
to minimize the effect of ambient movements and isolate the test envi
ronment. The initial temperature setpoint for the bottom surface of the 
heat sink was 24 ◦C with the heater was turned off. Once the heater was 
switched on, the temperature at the base of the heat sink was monitored 
and measured at 5-s intervals until it reached 100 ◦C. After the heater 
was shut off, the temperature during cooldown was continuously 

Fig. 6. Transient contours at full heater power (8.6 W) (a) liquid fraction and temperature profiles for stainless steel; (b) liquid fraction and temperature profiles 
for titanium.
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monitored.

4. Results and discussion

This section presents the transient temperature profiles, liquid frac
tion visualizations, and thermal performance of the TPMS-based metal 
lattice heat sink (P3) and radial fin heat sink (P5) with phase change 
material (PCM). The results are analyzed to evaluate the impacts of key 
parameters, including material properties, heat power input, heat sink 
design, and heating direction (base, side, and combined heating). The 
discussion is structured to first examine the influence of material se
lection, followed by the effects of heat power, and finally the perfor
mance under different heating scenarios. This approach ensures a clear 

and logical progression, highlighting the relationships between the pa
rameters and their collective impact on the thermal management of the 
heat sink.

4.1. Effect of materials, heat power input on temperature and melting 
profiles

The choice of material significantly influences the thermal perfor
mance of the heat sink. Stainless steel exhibits higher thermal conduc
tivity (16.3 W/mK) compared to titanium (11.4 W/mK), resulting in 
more efficient heat transfer from the heat source to the PCM. This is 
evident in the lower base temperatures observed for the SS heat sink 
(Fig. 5a) compared to the titanium heat sink (Fig. 5b). Additionally, the 

Fig. 7. Liquid fraction of stainless steel and titanium at all heater power inputs.

Fig. 8. P3 and P5 simulation models: (a) initial and boundary conditions; (b) computational grids.
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higher specific heat capacity of titanium (544.25 J/kgK) compared to SS 
(502.5 J/kgK) means that titanium requires more energy to raise its 
temperature, which contributes to slower melting of the PCM in the later 
stages (Fig. 7). These findings highlight the importance of material se
lection in optimizing the thermal performance of PCM-based heat sinks.

The heat power input directly affects the rate of temperature rise and 
the melting behaviour of the PCM. At higher power inputs (8.6 W), the 
base temperature of the heat sink increases more rapidly, and the PCM 
melts faster due to the greater heat flux (Fig. 5). However, the effect of 
heat power is modulated by the material properties, as seen in the slower 
melting of the titanium heat sink compared to the stainless-steel heat 
sink at the same power input (Fig. 7). This interaction between heat 
power and material properties highlights the need to consider both 
factors when designing heat sinks for specific applications.

4.1.1. Temperature profiles
Fig. 5 (a) and (b) shows the experimental validation of the heat-sink 

base temperature for both stainless steel and titanium at different heat 
inputs ranging from 5.16 to 8.6 W. Initially, there is a steady rise in 

temperature for the heat sink in both materials due to the dominance of 
conduction heat transfer in the pre-sensible heating phase, with the heat 
being absorbed by the metal only. The base temperature reached 90 ◦C 
in approximately an hour for stainless steel, while the titanium heat sink 
reached to 98 ◦C at the same time. The more rapid rise in the base 
temperature for the titanium heat sink can be traced back to the lower 
thermal conductivity of the material (stainless steel conducts 1.4 times 
more heat than titanium). As observed in Fig. 5 (a) and (b), the use of the 
PCM in conjunction with the TPMS metal lattice results in a low and 
stable temperature rise for both heat sink materials at all power levels. 
For the stainless-steel heat sink, the base temperature reached a 
maximum of 90 ◦C at full heater power (8.6 W), 81 ◦C at 80 % heater 
power (6.8), and 69 ◦C at 60 % heater power, respectively. Similarly, for 
the titanium heat sink, the rise in temperature with different heat inputs 
was 98 ◦C, 86 ◦C, and 75 ◦C with decreasing power input, respectively. 
The same trend was observed in the simulation models, where the 
temperature rise with the materials and heat input were found to be 
consistent with the experiments.

The maximum temperature difference between the experiment and 

Fig. 9. Effect of base heating (a) liquid fraction; (b) average temperature.
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simulation results was 3.7 ◦C for stainless steel heat sink, while the 
difference was only found to be <2 ◦C for titanium heat sink. The dif
ferences can be attributed to variations in realized thermal conductivity 
of as-built parts and the air space at the top of the heat sink in the 
experiment. Additionally, a flattening of the temperature curve was 
observed for the heat sink with PCM in both cases, indicating melting of 
the PCM. As a result, continuous operation of the PCM-based heat sink is 
critical for its functionality as a TES system. Observing the volume 
average temperature of the PCM-embedded TPMS design (as shown in 
Fig. 5 (c)), one can see that titanium leads to a higher steady-state 
temperature rise for all heating inputs. The smooth and stable 

temperature rise in both materials shows the effectiveness of using PCM 
with a TPMS metal lattice structure as a thermal conductivity enhancer. 
The effect of the convective heat transfer coefficient on the overall 
thermal performance of the heat sink is also evident in keeping the 
temperatures low, even at full heater power input.

Another important point to consider is that the heat sink equipped 
with the PCM can maintain the base temperature at a lower level 
because the PCM has a much larger specific heat capacity (2000 J/kg. K) 
compared with air, which allows it to absorb a significant amount of 
heat per unit kg. This is supported by the numerical simulation results, 
which agree well with the experimental results in both cases (Fig. 5 (a) 
and (b)). However, the simulations did not account for the volume 
expansion of the PCM within the sink, resulting in a longer phase tran
sition period and a larger amount of latent heat. The difference in having 
more PCM and no volume expansion in the simulation is evident in the 
stability of the temperature profiles because the heat exchange between 
the solid and liquid interface is through to the top and the unperturbed 
flow dynamics make the melting smooth. In the experiment, the smooth 
heat transfer is only up to the middle of the cavity before the volume 
expansion occurs, which eventually perturbs the flow dynamics and 
hence the base temperature profiles. However, the results shown in 
Fig. 5 do not include a post-sensible heating phase. Additionally, the 
higher thermal conductivity of stainless steel compared with titanium 
can explain the difference between the temperatures of the two samples.

4.1.2. Melting profiles
The inclusion of a TPMS-based metal lattice within the cavity and 

convection heat transfer to the outside have a substantial influence on 
the molten PCM flow dynamics and progression of the melt front, as 
depicted in Fig. 6. Initially, the PCM remained solid because all the heat 
supplied was used to increase the temperature of the metal until the 
system reached the melting point of the PCM. Once the heat penetrates 
through the solid via conduction, melting begins at the lattice-PCM 
interface and progresses towards the top, with more melting occurring 
along the cells. To aid in visualization, the liquid fraction and temper
ature profiles were extracted only in the x-z and y-z planes, as shown in 
Fig. 6. The x-z and y-z planes display the formation of Bernard con
vection cells due to bottom heating, which grows larger as melting 
progresses and moves towards the top along with the natural convection 
flow initiated by the lattice cells. As melting nears completion, the onset 
of strong natural convection flow patterns near the top suppressing 

Fig. 10. Effect of base heating (a) base temperature with points of measurement (b) liquid fraction.

Table 6 
Temperature and liquid fraction for design P3 and P5 at 2500 s.

Design Material Base temp (◦C) Liquid fraction (%)

P3 SS 88.7 0.91
P5 SS 85.4 0.99
P3 Ti 97.3 0.89
P5 Ti 93.3 0.99

Fig. 11. Initial and boundary conditions for designs P5 and P3.
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Bernard cells, resulting in a smoother flow pattern. Thermal stratifica
tion is formed as the solid PCM melts at the top, and the formation of a 
wavy liquid fraction is partially due to the effect of buoyancy and wall 
heating when the hot PCM moves upward. The liquid PCM adjacent to 
the cell walls moves downward, resulting in a higher heat transfer rate 
near the walls and an inclined flow pattern. However, this pattern is not 
as strong for titanium (Fig. 6 (b)) because of the low thermal conduc
tivity of the material and less heat exchange between the metal and 
PCM.

The presence of TPMS-based lattice structure inside the cavity 
resulted in a smoother and unperturbed flow pattern, as evidenced by 
the x-z and y-z planes. The heat exchange at the lattice-PCM interface 
generates a pair of convection cells that move in the vertical direction, 
promoting faster melting at the solid-liquid interface. The porosity of the 
structure accelerated the movement of these patterns and caused the 
PCM to melt more rapidly. It is evident from Fig. 6 that the convective 
flow near the cells has a stronger impact than that near the walls because 

of the external wall heat transfer to the surroundings in both planes. 
Fig. 6 also illustrates the transient temperature profiles of the heat sink 
during physical melting. As melting progresses, the heat sink's base and 
average temperature increase towards 100 ◦C at 3500 s, with titanium 
being the hotter. The velocity streamlines of the melted PCM inside the 
heat sink are not shown here; however, as melting progresses, the ve
locity of the molten PCM increases, reaching a maximum upon complete 
melting.

Fig. 7 depicts the liquid fractions of stainless steel and titanium at all 
heater power inputs. As can be seen, the rapid initial melting of the ti
tanium heat sink can be attributed to the lower specific heat capacity of 
titanium compared to stainless steel, which allows it to heat up more 
quickly in the early stages. However, as the melting progresses, the 
lower thermal conductivity of titanium becomes a limiting factor, 
slowing down the heat transfer to the PCM and resulting in slower 
melting in the later stages. The turning point at 2000 s is due to the 
transition from conduction-dominated heat transfer (initial phase) to 

Fig. 12. Effect of side heating (a) liquid fraction; (b) average temperature.
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convection-dominated heat transfer (later phase), where the thermal 
conductivity of the material plays a more significant role. The difference 
in melting increased as the heat input decreased, as depicted in Fig. 7, 
with 65 % melting performed at 80 % heater power and 32 % at 60 % for 
the titanium heat sink model.

4.2. Effect of base heating

The effect of base heating on the performance of the P3 and P5 heat 
sinks with stainless steel and titanium materials is illustrated in 
Fig. 8–10. Two designs, one with radial fins and the other with a TPMS- 

based metal lattice as thermal conductivity enhancers, were compared 
to assess the effectiveness of the internal structure in terms of keeping 
the electronics cool at a constant heater power input. Two identical 
domains, in terms of mass and external dimensions, were considered for 
the analysis, as shown in Fig. 8, along with the boundary conditions and 
computational grids. Because design P5 is considerably simpler than 
design P3, a hexahedral grid with proper refinement is considered. As 
expected, the results indicate that for base heating, design P5 with radial 
fins attached to the base is more effective in keeping the base cooler than 
design P3 with the TPMS metal lattice, as depicted in Table 6 and Fig. 10
for both stainless steel and titanium. The reason for this is that in the 
radial fin design, the extended surfaces are only attached to the base 
where the heat is supplied, and the fins help take the heat quickly to the 
top with a quicker exchange between the solid and liquid interfaces in 
the direction of the supplied heat. However, in the TPMS design, owing 
to the symmetrical lattice structure in each direction, the heat exchange 
between the lattice and PCM occurs gradually, leading to slower 
melting, as depicted in Fig. 9. The complete melting of the PCM occurred 
in approximately 2500 s in design P5, whereas the melting took 
approximately 3500 s in the lattice design. Design P5 is 1.4 times 
effective than design P3 in the base-only heating case. From Fig. 10 and 
Table 6, it can be observed that for stainless steel heat sink designs, P5 
maintains a base 3 ◦C cooler than P3, while this difference is noted to be 
4 ◦C for titanium heat sinks.

4.3. Effect of side heating

One can consider a scenario in which heat is transferred to the heat 
sink from the sides, such as in a confined space where airflow is limited. 
To simulate this, the impact of side heating on the performance of the P3 
and P5 heat sinks with stainless steel and titanium materials is illus
trated in Figs. 11–13. The initial and boundary conditions along the 
heating wall are shown in Fig. 11. The results indicate that for side wall 
heating, the design with radial fins is less effective in keeping the side 
wall cooler than the lattice structure. The reason for this is that in the 
design with a TPMS-based metal lattice, the cells are attached to the 
wall, which helps in solid-solid (conduction) and solid-liquid (convec
tion) heat exchange within the cavity quickly as compared to that of the 
design with radial fins, where the fins are only attached to the bottom 
wall. Owing to the absence of a solid TCE attached to the side wall in the 
radial fin design, the exchange only occurs at the solid-liquid interface 

Fig. 13. Effect of side heating (a) side temperature with points of measurement (b) liquid fraction.

Table 7 
Temperature and liquid fraction for design P3 and P5 at 600 s.

Design Material Side temp (◦C) Liquid fraction (%)

P3 SS 96.0 0.99
P5 SS 102.6 0.98
P3 Ti 110.7 1.0
P5 Ti 118.1 1.0

Fig. 14. Initial and boundary conditions for design P5 and P3.
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once it passes through the solid wall. The area between the wall and the 
subsequent fin acts as a cavity with only the PCM inside, and the poor 
thermal conductivity of the PCM slows the melting process, unlike TPMS 
TPMS-based metal lattice heat sink. Fig. 12 shows the transient contours 
of the liquid fraction and average volume temperatures for both designs 
in the stainless-steel material. It can be observed that at 600 s, all the 
PCM inside the TPMS-based metal lattice heat sink is melted with the 
side temperature reaching 96 ◦C, whereas the radial fin design shows 
slow melting with the side temperature reaching 102 ◦C. The sidewall 
temperature difference between the two designs is noted to be 6 ◦C for 
stainless steel and 8 ◦C for titanium, as shown in Table 7 and Fig. 13.

4.4. Combined effect of base and side heating

One can also consider a scenario in which there is a combination of 
upward and lateral heat transfers, such as in a confined space with heat 
sources at various orientations. To simulate this, the impact of base and 
side wall heating on the performance of P3 and P5 heat sinks of stainless 
steel and titanium is illustrated in Figs. 14–16. The initial and boundary 
conditions along with the heating walls are depicted in Fig. 14. The 
results indicate that for base and side heating, both designs perform 
similarly, with P3 being slightly better at maintaining the average 

temperature of the base side lower in the case of stainless steel, while 
there is almost no change observed in titanium. It was envisaged that the 
effect of vertical fins in design P5 diluted the effect of slow melting 
through the sides, whereas in P3, the symmetrical lattice structure on 
each side explains the melting process. The transient contours of the 
liquid fraction and volume average temperature are presented in Fig. 15
for stainless steel heat sinks, where a slightly slower melting in design P5 
can be visualized at 400 s. It should be noted that the designs considered 
here are identical in terms of weight and external physical dimensions, 
and the average volume temperature for both designs and materials is 
found to be similar as well. The vertex average temperatures of the base 
and side walls at 400 s along with the liquid fraction are listed in Table 8
and presented in Fig. 16, where the transient temperature and melting 
profiles are captured for both designs and materials at a constant heater 
power input (8.6 W) from the base and side walls. It is important to note 
that the temperature profiles presented in Fig. 16 (a) represent the 
average temperature of the base and side, rather than the volume- 
averaged temperature of the entire heat sink. The localized over
heating observed before 400 s is attributed to the high thermal con
ductivity of the metal lattice, which facilitates rapid heat conduction 
away from the heat source. Due to the lower thermal conductivity of 
PCM, heat diffusion is slower within the domain, causing a temperature 

Fig. 15. Effect of base and side heating (a) liquid fraction; (b) average temperature.
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difference between the metal and PCM regions. This results in localized 
temperature peaks exceeding 100 ◦C while portions of the PCM are still 
undergoing phase change. The overlapping insets in Fig. 16 (a) show the 
temperature measurement locations. Table 9 summarizes the key find
ings for each parameter (material, heat power, and heating direction) 
and their influence on the base temperature, melting time, and overall 
thermal performance of the heat sink.

5. Conclusions and future recommendation

This study provides a comprehensive numerical and experimental 

analysis of a TPMS-based metal lattice heat sink with the aim of 
enhancing the thermal performance of modern electronics. This study 
examines the effectiveness of using a metal lattice as a TCE in 
conjunction with PCM. In addition, a parametric study was conducted to 
investigate the influence of different materials, power inputs, designs, 
and multidirectional heating on the overall cooling performance. Based 
on the findings, the following conclusions were drawn. 

1. The effect of the heat sink material is significant. The stainless-steel 
heat sink was found to be better in terms of maintaining a base 
temperature lower than titanium due to its lower thermal conduc
tivity. The reduction in base temperature for stainless steel at full 
heater power (8.6 W) was 9 %, while this difference decreased with 
decreasing power input by 6 % at 6.8 W and 8.6 % at 5.1 W heater 
power, respectively.

2. The liquid fraction simulations support the hypothesis that with 
more heater power input and better thermal conductivity, melting 
occurs more rapidly inside the heat sink. At full heater power, 100 % 
PCM melts in approximately 3500 s for SS (P3), while 98 % melting is 
achieved for Ti (P3) for the same amount of time.

3. For base-only heating, the choice of heat sink structure was found to 
be significant. The radial fin design (P5) was more effective than 
with the TPMS-based metal lattice (P3), and the SS (P5) base tem
perature was found to be 3 ◦C lower than that of SS(P3). This dif
ference was noted to be 4 ◦C for Ti (P5) and Ti (P3) designs.

4. The effect of side heating was found to be significant when compared 
the two designs. Design P3 with a metal lattice structure out
performed the radial fin design by keeping the wall 6 ◦C cooler for 
stainless steel and 8 ◦C for titanium.

5. For combined base and side heating the choice of heat sink structure 
was found to be insignificant, as the results showed a very slight 
change in vertex average temperature for both designs and materials.

This study provides valuable insights for design engineers and re
searchers by explaining the influence of geometry, materials, and the 
direction of applied heat input on the selection of optimal heat sink 
designs for thermal management in power electronics. This is particu
larly relevant for applications involving multidirectional heat dissipa
tion. While stainless steel and titanium were chosen for their widespread 
use in additive manufacturing and their contrasting thermal properties, 
future studies could explore the use of aluminium and its alloys. 
Aluminium alloys, with their superior thermal conductivity and lower 

Fig. 16. Effect of base and side heating (a) average temperature of points of measurement; (b) liquid fraction.

Table 8 
Temperature and liquid fraction for design P3 and P5 at 400 s.

Design Material Avg. temp (◦C) Liquid fraction (%)

P3 SS 113.8 0.99
P5 SS 114.6 0.99
P3 Ti 134.3 1.0
P5 Ti 134.3 0.99

Table 9 
Summary table.

Parameter Effect on 
temperature

Effect on 
melting 
time

Key observation

Material (SS 
vs. Ti)

SS maintains 
lower base temp

SS melts 
faster than 
Ti

Higher thermal 
conductivity of SS improves 
heat transfer and melting 
efficiency.

Heat Power 
(5.1–8.6 
W)

Higher power → 
higher temp

Higher 
power → 
faster melt

Heat power directly 
influences temperature rise 
and melting rate.

Base 
Heating

P5 outperforms P3 P5 melts 
faster than 
P3

Radial fins (P5) enhance 
heat transfer under base- 
only heating.

Side Heating P3 outperforms P5 P3 melts 
faster than 
P5

TPMS lattice (P3) improves 
heat dissipation under side- 
only heating.

Base þ Side 
Heating

Minimal 
difference 
between P3 and 
P5

Similar 
melting 
times

Combined heating reduces 
the performance gap 
between P3 and P5.
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cost, present a promising alternative for cost-sensitive applications, 
especially in environments where high-temperature and corrosive 
resistance are less critical. Further research could evaluate the perfor
mance of aluminium-based TPMS structures in comparison to stainless 
steel and titanium, offering insights into applications that demand both 
thermal efficiency and cost-effectiveness. Additionally, extending the 
power range to higher levels (e.g., up to 100 W) would allow for the 
evaluation of the heat sink's performance under more demanding con
ditions, broadening its applicability to a wider range of electronic de
vices. Future recommendations also include investigating advanced 
TPMS-based metal lattice structures with enhanced thermal conductiv
ity, combined with innovative phase change materials such as nano- 
enhanced PCMs (Ne-PCMs), to further improve thermal management 
solutions.
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