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ARTICLE INFO ABSTRACT
Keywords: Maintaining satellite electronics within their maximum allowable operating temperatures is crucial for long-
Thermal management term reliability, yet increasingly power-dense payloads and miniaturized satellites introduce severe challenges.
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To meet the demand for efficient thermal management, this study leverages advances in additive manufacturing
and explores triply periodic minimal surface (TPMS) heat sinks with phase change material (PCM) for space use,
a growing area but with limited research. As part of the design development of the University of Technology
Sydney’s payload Matilda, this work examined how geometry, material composition, and orientation influence
the performance of PCM-based thermal management modules. Five heat sink designs were investigated: hollow,
gyroid, I-graph-Wrapped Package-graph (IWP), swirl, and radial plane fins. The heat sinks were 3D-printed
from titanium and stainless steel, filled with paraffin wax PCM, and tested under vacuum at two power levels.
Key parameters such as internal surface area and mass were analysed. Results show that, although material
thermal conductivity influences temperature, design-dependent factors such as total metallic mass and internal
structure distribution dominate heat dissipation. The gyroid achieved the lowest temperatures, though at the
cost of increased mass, while mass-normalized performance identified the IWP lattice and radial-finned designs
as most efficient. A mass-matched comparison of these two revealed nearly identical performance despite 27%
difference in internal surface area, underscoring the role of total mass and internal geometry distribution.
Orientation and initial PCM position had minimal influence, with less than 4 °C variation. These findings
demonstrate that thermal performance is heavily affected by material properties, total mass, and structure
distribution, with geometric complexity offering secondary benefits, and orientation and PCM position yielding
minimal returns.

1. Introduction to regulate temperatures. PCMs store and release a high amount of
thermal energy relative to their mass due to their high latent heat

Ensuring stable temperatures of electronics is critical for system capacity during phase change [4]. Their high energy density and ability
reliability and longevity. Elevated temperatures are responsible for to absorb and release energy based on temperature makes them partic-
nearly 50% of electronic failures [1], with failure rates that double ularly attractive for intermittent and cyclic heat loads [5,6]. Waste heat
every 10 °C increase [2]. In space, the absence of convective heat generated during electronics operation is absorbed by the high latent
dissipation limits cooling options to conduction through spacecraft heat of fusion of PCMs, preventing electronics from exceeding safe
structures and radiation. CubeSats, which are small satellites with a operating temperatures. In periods of reduced power consumption, the
standard form factor and size varying from 1U (100 x 100 x 100 mm) stored thermal energy is gradually released during PCM solidification,
to 12U (12 times 1U cube size), have enabled significant advancements resetting for the upcoming thermal cycle. The high energy density of
in academic research and technology demonstrations due to lower PCM:s is also advantageous to CubeSats as they promote a lightweight
costs and shorter development times relative to typical commercial and compact solution for thermal management. However, most pure
satellites [3]. The small form factor of CubeSats limits the area available PCM:s feature inherent low thermal conductivity, which can limit heat

for heat dissipation, making effective thermal management strategies
essential, particularly for high-power electronics. Phase change mate-
rial (PCM) based modules have gained attention as a promising solution

transfer and affect thermal performance [7]. Among them, organic
PCMs such as paraffin waxes typically possess the lowest thermal
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Nomenclature

English symbols

A Surface area (m?)

C, Specific heat capacity (J/kg K)

H Latent heat of fusion (J/kg)

h Convection heat transfer coefficient
(W/m?K)

k Thermal conductivity (W/m K)

L, Conduction path length (m)

m Mass (kg)

Phoatsink Power input on heat sink base surface (W)

Phroater Heater power (W)

0 Energy (J)

q Heat rate (W)

R Heater resistance (Q)

T Temperature (° C)

t Time (s)

U Voltage (V)

14 Volume (m?)

Greek symbols

€

Emissivity
Liquid fraction
Stefan—-Boltzmann

o constant  (5.67 X
108W m=2 K™

Subscripts

out Leaving a system

HS Heat sink

PCM Phase change material

top Referent to the heat sink’s top surface

base Referent to the heat sink’s base surface

structure Referent to the heat sink’s internal struc-
ture

surface Referent to the heat sink’s external surface

void Referent to the heat sink’s internal void

overall Referent to the heat sink’s overall external
outline

S Surroundings

i initial

f final

conductivity, and inorganic PCMs exhibit slightly higher values, yet still
significantly below those of metallic PCMs [4].

Extensive research has been done to explore distinct techniques
to enhance heat transfer within the PCM, including the addition of
fins, metal foams, and nano-encapsulation of PCMs, as reviewed by
Magbol et al. [8], and Bose and Amitham [9]. The use of fins as
a heat transfer enhancement has demonstrated positive outcomes in
electronics cooling terrestrially [10]. In addition, the effects of fin
parameters in the performance of PCM-based finned heat sinks has
been extensively reported in the literature, such as fin geometry [11]
and fin height, thickness, and spacing [12]. Zhang et al. [13] provides
a comprehensive review of fin designs for thermal energy storage.
Advancements in additive manufacturing have enabled the fabrication
of complex heat sink structures for thermal conductivity enhancement.
While conventional heat sinks are limited to machined fins, or extruded
structures, additively manufactured heat sinks can feature intricate
lattice designs, including triply periodic minimal surfaces (TPMS) and
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porous metal matrices. TPMS metamaterials have been gaining popular-
ity in the design of advanced heat sinks due to their high surface area to
volume ratio, allowing for efficient heat dissipation while maintaining
a lightweight structure. Several studies for terrestrial applications have
demonstrated that TPMS heat sinks significantly improve the effective
thermal conductivity of the PCM-based heat sink module, promoting
effective heat transfer and uniform PCM melting. Qureshi et al. [14]
conducted a numerical study on TPMS structures of same cell size and
porosity under an applied temperature gradient. The study concluded
that sheet-based TPMS designs, such as gyroid, IWP, and primitive, out-
performed strut-based structures like Kelvin. They also found that the
effective thermal conductivity is only associated with cell architecture,
regardless of the surface area of the cell. Similarly, in an experimental
study with gyroid, diamond and SchWarz TPMS lattices, Catchpole
et al. [15] observed that thermal conductivity depended mainly on
material properties and volume fraction, with slight geometric influ-
ence. The Schwarz primitive presented the highest conductivity, with
larger cells showing higher conductivity. Gopalan et al. [16] analysed
PCM-based heat sinks enhanced with square, diamond, and octahedral
lattices and square and hexagonal honeycomb structures. The transient
simulations compared the thermal performance of these structures
against pure PCM, evaluating the effects of porosity, and configuration.
The results indicate that, for the same porosity, all the configurations
yielded similar thermal responses. Hence, the study concludes that the
performance depends solely on effective thermal conductivity, regard-
less of enhancer type or configuration. The heat sinks with internal
structures consistently outperformed pure PCM. Through numerical
modelling validated with experimental testing, Arqam et al. [17] inves-
tigated a TPMS lattice heat sink and a finned heat sink under varying
heat flux directions. Results show that the TPMS lattice improves heat
transfer to PCM, by enabling more uniform PCM melting. While the
radial fin design achieved 3 to 4 °C lower base temperatures under
base-only heating, the TPMS geometry outperformed it in side-heating
scenarios by keeping the walls 6 to 8 °C cooler, making it more suitable
for multidirectional heat input applications.

PCM-based thermal management modules have gained increasing
attention for space applications due to the miniaturization of satellite
electronics and rising power densities. Sueza Raffa et al. [18] exper-
imentally and numerically assessed the impact of PCM in metallic
heat sinks operating in vacuum and atmospheric conditions. The re-
sults showed that vacuum operation led to 32.8% higher temperatures
due to the lack of convective heat transfer. The presence of PCM
reduced peak temperatures by 18.0 °C in vacuum and 12.3 °C in
atmospheric conditions, nearly doubling operating time and enhanc-
ing thermal regulation. A limited number of studies have focused on
optimizing heat sink designs to improve PCM thermal performance.
Raj et al. [19] conducted a numerical study on the influence of fin
geometry in heat sinks with solid-solid PCM for satellite avionics.
After evaluating fin shape, thickness, and count, the results indicate
that tapered triangular fins provided the best balance between thermal
performance and weight reduction, compared to straight circular and
square counterparts. Elshaer et al. [20] investigated the role of fin
configurations in enhancing the thermal conductivity of RT 35 PCM
in aluminium heat sinks for small satellite subsystems. Parallel, cross,
and pin fins were numerically analysed and pin fins outperformed
the other types. Among the pin fin geometries square, circular, and
triangular, the latter exhibited the greatest peak temperature reduction.
More fins improved heat dissipation at the expense of reduced PCM
volume though. A numerical study of a vertical cylinder filled with
PCM was conducted by Izgi [21]. The study compared the PCM cylinder
with no fins under both gravity and microgravity and found that
melting time increased by 39.3% relative to gravity. Fin thicknesses
were compared under microgravity and it was concluded that, wider
fins led to greater reduction in melting time compared to a heat sink
without fins. Wang et al. [22] analysed heat conduction enhancements
in a PCM-based tubular thermal storage unit for spacecraft through
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Table 1

Representative studies of finned and TPMS PCM-based heat sinks and thermal storage modules for spacecraft applications.
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Reference Geometry PCM Conditions Method Main Findings

Raj et al. (2020) Square, triangular, Perovskite (solid—solid Vacuum Numerical Tapered triangular fins achieved best

[19] circular fins PCM) performance-to-weight ratio.

Elshaer et al. Pin, cross, and parallel RT 35 (paraffin wax) Vacuum, microgravity Numerical Pin fins lowered peak temperature

(2023) [20] fins most effectively.

Izgi (2023) [21] Plane fins RT-27 (paraffin wax) Gravity vs microgravity Numerical Lower gravity slowed melting by
39% without fins; wider fins reduced
melting time compared to finless
design.

Wang et al. Fins, metal and RT 50 (paraffin wax) Microgravity Numerical A hybrid 3% fins and 98% Cu foam

(2022) [22] graphite foams found to be the best performer
design.

Guo et al. TPMS lattice n-tetradecane (paraffin Vacuum, gravity Experimental Achieved 13x conductivity increase

(2021) [23] wax) vs. pure PCM.

Sueza Raffa Fins Sigma Aldrich 53-58 °C Vacuum vs Experimental PCM reduced peak temperature by

et al. (2025) (paraffin wax) atmospheric, gravity 18 °C (vacuum) and 12 °C

[18] (atmospheric).

Baby and Balaji Metal foam n-eicosane (paraffin Atmospheric, gravity Experimental Heat transfer performance was

(2013) [24] wax) similar at 0°, 90°, and 180°.

Fok et al. (2010) Fins n-eicosane (paraffin Atmospheric, gravity Experimental Phase change was minimally affected

[25] wax) by orientation.

Table 2

Details of the heat sinks compared in the experiment. All heat sinks were filled with 6.0 g of PCM.
Design Material Metal mass PCM mass Agiructure Vioid/ Voverall Voem/ Vaoid

® ® (mm?)

No TCE/hollow (P1) Ti-6Al-4V 28.5 6.0 0 0.81 0.31
No TCE/hollow (P1) SS316L 52.3 6.0 0 0.81 0.31
Gyroid cells (P2) Ti-6Al-4V 67.2 6.0 18913 0.56 0.50
Gyroid cells (P2) SS316L 129.3 6.0 18913 0.56 0.50
IWP lattice (P3) Ti-6Al-4V 39.3 6.0 7226 0.66 0.38
IWP lattice (P3) SS316L 73.9 6.0 7226 0.66 0.38
Swirl cells (P4) Ti-6Al-4V 46.2 6.0 7334 0.61 0.41
Swirl cells (P4) SS316L 86.8 6.0 7334 0.61 0.41
Radial plane fins (P5) Ti-6Al-4V 35.7 6.0 5755 0.70 0.36
Radial plane fins (P5) SS316L 68.0 6.0 5755 0.70 0.36
IWP lattice v2 (P3.v2) SS316L 148.1 6.0 6620 0.54 0.41
Radial plane fins v2 (P5.v2) SS316L 150.0 6.0 5214 0.54 0.41

numerical simulations of metal foam, graphite foam, and topologically
optimized fins. Graphite foam presented the fastest PCM melting rate,
while a multi-criteria decision-making evaluation identified the best-
performing configuration to be 3% topologically optimized aluminium
fins with 98% copper foam, based on energy storage time, density and
overall efficiency. Guo et al. [23] tested a 3D-printed aluminium lattice
thermal energy storage (TES) plate filled with N-tetradecane PCM in a
vacuum chamber. The lattice structure demonstrated a 13-fold thermal
conductivity increase compared to pure PCM, highlighting the potential
of additively manufactured thermal conductivity enhancers for space
applications.

For space applications, it is also crucial to understand the per-
formance of PCM-based heat sinks under orbital conditions such as
vacuum and microgravity. Simulating microgravity on Earth, however,
is challenging due to high cost and limited test durations. Varying the
orientation of the heat sink may provide a practical way to examine
how gravity direction influences PCM melting and redistribution, and
previous experimental studies for atmospheric pressure report that heat
sink orientation has a minor role in thermal performance [24,25].
Studies of orientation effects under vacuum conditions have not been
conducted to date.'

1 Scopus search string: “TITLE-ABS-KEY(PCM AND orientation AND vac-
uum AND heat sink)”; Web of Science all fields search “PCM orientation
vacuum heat sink" returned zero results on 12 Sep 2025

Table 1 summarizes the representative studies of finned or TPMS
PCM-based heat sinks for spacecraft applications reviewed in this sec-
tion. These examples illustrate the growing interest in PCM thermal
storage for satellites and also the limited number of experimental in-
vestigations performed under vacuum or varied orientations conditions.
For a comprehensive overview of PCM use in space systems, including
applications in thermal management and beyond, readers are referred
to the detailed review by Diaconu et al. [26].

While additively manufactured thermal conductivity enhancers
have been widely explored for terrestrial applications, research on
triply periodic minimal surface structures for satellite thermal manage-
ment remains limited. As observed in Table 1, space-focused studies
focus mostly on numerical simulations, with few experimental val-
idations in vacuum environments. The present work addresses this
gap through an experimental comparison of additively manufactured
TPMS and finned PCM heat sinks for satellite thermal management.
This study was carried out during the initial stages of the design
development of Matilda, the University of Technology Sydney’s payload
for orbital experiments of satellite thermal management, launched to
orbit in August of 2024 as part of the Waratah Seed-1 mission. To
determine the most suitable heat sink geometry for inclusion in the
payload, this work experimentally compares the thermal performance
of three TPMS PCM-based heat sinks and a radial-finned heat sink,
against a heat sink without thermal conductivity enhancers (TCE).
The investigated internal designs were: no TCE/hollow (P1), gyroid-
cells (P2), IWP lattice cells (P3), swirl lattice (P4), and radial plane
fins (P5). The heat sinks were 3D-printed in titanium and stainless
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Table 3
Material properties for tested components [28,29].
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Material Density Thermal Melting point Specific heat Latent heat

(kg/m?) conductivity °cQ) capacity C, capacity H
(W/mK) (J/kgK) J/kg)

Titanium 4850 11.4 - 544 -

Ti-6A1-4V

Stainless steel 8000 16.2 - 500 -

SS316L

Paraffin wax 880 0.2 53-58 2000 170000

steel, and tested in a thermal vacuum chamber at two power input
levels. Paraffin wax PCM was used. The influence of geometry and
key parameters such as internal surface area and mass was assessed
and discussed. To further examine the influence of gravity orientation
on PCM melting and redistribution, the performance of PCM-based
heat sinks is also assessed at different orientations under vacuum
conditions, namely 0° (upright position), 90°, and 180° and varying
initial PCM position within the heat sink. The novelty of this work lies
in experimentally investigating multiple designs of TPMS PCM-based
heat sinks for satellite thermal management and orientation effects
under vacuum, two aspects underexplored in previous studies.

2. Methodology
2.1. Heat sink material and designs

Five different PCM-based heat sinks were designed and manufac-
tured for assessing their thermal response in a vacuum environment.
The heat sinks were identical in external size and shape, varying only
in their internal structure geometry. Their external dimensions were
30 x 30 x 30 mm, their wall thickness was 1 mm, and they featured four
lugs for mounting onto the electric heater and two PCM injection holes
as shown in Figs. 1(a) and 1(b). The internal structures serve as thermal
conductivity enhancers to the PCM, aiming to increase heat transfer
from the heat source to the PCM. As shown in Fig. 1(c), the internal de-
signs investigated in this work were: no TCE/hollow (P1), gyroid-cells
(P2), IWP lattice cells (P3), swirl cells (P4), and radial plane fins (P5).
The TPMS-based designs (P2-P4) had cells of 7 x 7 x 7 mm. The swirl
lattice (P4), featuring curved cellular structures, follows the design
introduced and numerically analysed by Arqam et al. [27]. The details
of the five heat sink designs are summarized in Table 2, where A, e
is the surface area of the internal TCE structure, V,,;;/V, erqn i the ratio
between the internal void volume and the total overall volume. Given
the complexity of some of these internal structures, the heat sinks were
additively manufactured using laser powder bed fusion process (LPBF)
in a GE Concept Laser M2 series 5 (400 W) machine in titanium Ti-6Al-
4V and in stainless steel SS316L. While both materials are widely used
in powder bed fusion manufacturing, they display distinct thermal and
physical characteristics, allowing a comparative analysis. The materials
properties are listed in Table 3. Titanium is characterized by a lower
density and thermal conductivity compared to stainless steel, making it
advantageous for weight sensitive applications, at the expense of heat
conduction efficiency. Both titanium and stainless steel are suitable for
thermal management solutions under harsh environments due to their
high resistance to corrosion and effective shielding against radiation.

For further exploration of the internal surface area and mass effect
on heat sink performance, an updated version of the IWP lattice P3
and radial-finned P5 heat sinks with matched masses was designed
and manufactured for further testing, referred to as P3.v2 and P5.v2
in this work. Similarly to the original version, P3.v2 and P5.v2 heat
sinks were manufactured via laser powder bed fusion, in stainless steel
SS316L, and their details are listed in Table 2. The updated P3.v2
and P5.v2 heat sinks, displayed in Fig. 2, feature the mounting lugs
near the bottom surface of the heat sink. In addition, they feature
an increased wall thickness of 3 mm to mitigate possible leakage of

liquid paraffin through microscopic voids in the structure, exacerbated
in vacuum environments due to the absence of external pressure to
counterbalance the internal pressure originated from the PCM’s thermal
expansion during melting. This design refinement was particularly rele-
vant to increase the reliability of the University of Technology Sydney’s
Matilda payload. Cell size was reduced to 6 x 6 x 6 mm to accommodate
the increased thickness.

The PCM used in the experiments was the Sigma-Aldrich 327204
paraffin wax, an organic solid-liquid PCM with melting point ranging
from 53 to 58 °C, which was intentionally chosen to match the typical
operating temperature window of satellite electronics. During flight,
on-board electronics often operate between 20 °C and 85 °C, with
failure typically occurring above the upper end of this range [30]. Using
a phase change material with such melting temperature ensures that
the latent heat storage process activates closer to the thermal limit of
the electronics for both 50% and 100% duty cycle levels tested, both
titanium and stainless steel heat sinks, across the five different internal
designs. The chosen PCM therefore offers a good balance between
relevance to satellite applications, energy storage capacity, and phase
change duration for the heat sink materials and heat fluxes used in this
work. A paraffin wax type was selected for its high energy storage ca-
pacity, uniform melting behaviour, and chemical and physical stability
over repeated thermal cycles, which is paramount to satellite applica-
tions. The physical properties of this PCM are listed in Table 1. For a
consistent comparison, all heat sinks were filled with 6.0 g of PCM, cor-
responding to approximately 50% of the internal void volume for the
most geometrically constrained design (gyroid P2) when PCM was solid
(contracted). This quantity was selected to ensure that no PCM overflow
would occur during melting, as preliminary tests revealed that the PCM
expansion during phase change is significantly more pronounced in
vacuum conditions than at atmospheric pressure given the absence of
external pressure to counteract volumetric expansion [18]. Preliminary
incremental filling tests confirmed that 7.0 g caused leakage, whereas
6.0 g provided a safety margin to avoid overflow, maintain cleanliness
inside the vacuum chamber, and ultimately minimize risk of leakage for
the actual payload, as any minor leaks could damage nearby payloads
and lead to mission failure. Although this amount represents less than
the total cavity volume, it provides a consistent reference PCM mass
across all designs, ensuring that the observed performance differences
arise from geometry and material effects rather than PCM quantity.

2.2. Experimental setup

A known heat flux was applied at the base of each heat sink for a
preset duration and observed its thermal response in a vacuum envi-
ronment. The experimental setup is illustrated in Fig. 3. A 30 x 30 mm
flat electric heater embedded on a printed circuit board (PCB) simulates
the thermal dissipation of electronics by providing the desired heat flux.
The PCB heater system, including thermal sensors, control electronics
and software, was developed by the industry partner Mawson Rovers.
The heater was regulated by a BeagleBone Black microcontroller, which
also logged temperature measurements from thermistors and trans-
mitted data wirelessly to a real-time online dashboard with cloud
storage and remote control features. The PCB contained five thermistors
soldered in the heater region to measure the base temperature of the
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Mounting lugs

PCM injection
holes

Top surface

ww Q¢

Base
surface

P3: IWP lattice cells

P1: No TCE / hollow P2: Gyroid cells

P5: Radial planar fins

P4: Swirl lattice

(c)

Fig. 1. Heat sinks used in this work for the comparison of multiple designs. (a) Example manufactured heat sink picture, (b) External dimensions, (c) Heat sink
designs without top surface for visualization of the internal structure: No TCE/hollow (P1), Gyroid cells (P2), IWP lattice cells (P3), Swirl cells (P4), Radial planar

fins (P5).
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P3.v2: IWP lattice

Applied Thermal Engineering 286 (2026) 129325

— Top surface
~ PCM injection
~ holes

P5.v2: Radial planar fins

Fig. 2. Heat sinks used in this work for the mass-matched designs comparison and orientation study: (a) Example manufactured heat sink picture with external
dimensions, (b) Heat sink designs without top surface for visualization of the internal structure: IWP lattice cells (P3.v2) and Radial planar fins (P5.v2).

heat sink, as well as an additional thermistor that was affixed to the
top surface to monitor its temperature. The readings of the thermistor
located at the centre of the heater are reported in this work, as they
were typically the highest among the all heater thermistors and if they
are too high would damage the electronics. They are referred in the
results section of this work as T,,,, or temperature at the base of
the heat sink, while the readings from the free-hanging thermistor are
referred as 7,,,. The temperature readings were recorded every 5 s.

A 5V portable battery was used to power both the PCB and Beagle-
Bone. Pulse width modulation (PWM) control was used to operate the
heater, with experiments conducted at 100% and 50% duty cycles. A
100% duty cycle indicates the heater running continuously, while 50%
duty cycle means the heater pulses between on and off states, delivering
an average power equal to half of the 100% duty cycle condition. The
power supplied by the heater P, was determined by Eq. (1) below
with its voltage (U) and resistance (R). With a multimeter, voltage
readings showed values of 4.8 V, while the resistance was determined
as a function of the heater temperature, T, as given in Eq. (2). The
power levels used in this study reflect typical operating scenarios of
CubeSat electronics, which shift between operation (high power) and
standby periods (low power) [3,31]. The uncertainty in power was

calculated to + 0.21 W from the independent variables voltage and re-
sistance as demonstrated in Section 2.2.1. Authors’ previous study [32]
revealed that part of P,,,,, was lost through the mounting assembly, re-
ducing the actual heat flux reaching the heat sink base to P, - The
correction factors applies in Egs. (3a) and (3b) were established from
an earlier energy balance under comparable experimental conditions,
including mounting assembly configuration and vacuum level [32].

UZ
Phearer = (duty%)T (1)
R =00192T,,,, +2.7774 @)
P .
—heat sink _ _() 008085(T;,qe — Ty) + 1.003416, 50% duty cycle  (3a)
base ©
B heater
P .
w = —0.004342(Tppe — To,) + 0.985953,  100% duty cycle (3b)
heater

where T}, represents the electronics temperatures (coincident with the
temperature at the base surface of the heat sink), and T, is the ambient
temperature.
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Vacuum Vacuum
chamber ¢ | %pump
|
Heat sink Thermistors |

with PC

Battery /—Antenna
|

Data acquisition
/ Dashboard

PCB Electric heater /

Microprocessor

Heat sink
with PCM

Fig. 3. Experimental setup: (a) Schematics, (b) Test rig picture for multiple designs comparison, (c) Test rig picture for mass-matched designs (P3.v2 and P5.v2)

comparison and orientation study.

2.2.1. Uncertainty analysis

The uncertanties associated with the measured quantities are sum-
marized in Table 4. The power uncertainty was calculated from Eq. (4),
considering the worst-case scenario for independent quantities voltage
and resistance: voltage of 4.8 V (highest) and resistance of 3.2 Q

Table 4
Measurement uncertainties.

Parameter Device Uncertainty (%) Uncertainty (o)
Voltage Multimeter + 1.5% +0.07 V
Resistance Multimeter + 0.5% + 0.02 Q
Temperature Thermistor + 1.0% + 0.25 °C
Power Dependent variable + 2.9% + 021 W

(lowest, at 23 °C):
2 2 2
oy) + (-% -6R> @

oP 2 (0P 2 2U
o= (G ) () - (-
2.3. Experimental test procedure
2.3.1. Effect of heat sink materials and designs on thermal performance

The pre-test procedure for the comparison across the five different
heat sink designs, in both titanium and stainless steel material is as

follows. 6.0 g of liquid paraffin wax was injected into each heat sink
through the PCM injection holes with a syringe. During this step, the
heat sink was maintained at a temperature above the PCM melting
point to prevent unwanted premature PCM solidification and there-
fore uneven PCM distribution. The PCM injection holes were then
sealed with pressure-rated gaskets and screws and the system was
left to cooldown. Ambient temperature, maintained at 23 °C+/-1.5 °C
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heat sink

PCM

9 PCB

Heat Flux
(1) Baseline: 0°, PCM-at-bottom

Heat Flux PCB
g
PCM
heat sink
(1) 180°, PCM-at-bottom
heat sink
T /
@ PCM
gl = |
T —
§ / =

(V) 90°, PCM-at-bottom
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heat sink
PCM
g PCB
Heat Flux
(1) 0°, PCM-at-top
Heat Flux PCB
g
heat sink
PCM
(IV) 180°, PCM-at-top
heat sink
T /
g g / PCM
2 PCB
x

(V1) 90°, PCM-at-top

Fig. 4. Orientation and PCM initial position schematics for cases (I) to (VI) studied.

throughout the experiments. Each heat sink design and material combi-
nation was assembled on the heater with the PCM injection holes facing
up. Testing was performed in isolation, that is, each heat sink was tested
alone. The heat sink was attached to the PCB with bolts and nuts, as
shown in Fig. 3(b), with a coat of Apiezon H thermal paste between
heater and heat sink surfaces to ensure minimal contact resistance.
The setup was placed inside a vacuum chamber, where the operating
pressure was kept at 5 Pa. The heater was turned on at either 50% or
100% duty cycle and it remained running for 60 min or upon reaching a
setpoint temperature of 100 °C. With the heater turned off, the system
was left to cool for 60 min. Each test was conducted multiple times
for reliable measurements, refer to the appendix for the experimental
data range. All tests were performed under the same conditions (PCM
quantity, thermal paste quantity, ambient temperature, and vacuum
level), such that only the heat sink internal geometries varied between
tests. A summary of the experiments performed to compare the heat
sink materials and designs is listed in Table 5.

For the mass-matched designs comparison and orientation study,
the mass-matched IWP lattice (P3.v2) and radial-finned (P5.v2) heat
sinks underwent the same preparation, heating and cooling process as
the original designs: each heat sink was filled with 6.0 g of paraffin wax,
the heat sink was mounted onto the PCB heater, and placed inside the
vacuum chamber. The key difference with these experiments was that
the heat sinks were mounted onto the PCB with shorter screws, given
the mounting lugs position, as shown in Fig. 3(c). Only the 100% duty
power level was tested.

2.3.2. Effect of heat sink orientation and initial PCM position on thermal
performance

Besides comparing the operation of different heat sink materials and
designs under vacuum conditions, this study analysed the behaviour of
PCM-based heat sinks at different orientations, to gain insights on how
microgravity could potentially affect performance. To do so, distinct
orientations were explored. These are 0° (upright position), 90°, and
180° (upside down), as shown in Fig. 4. In addition, the initial position
of the PCM within the heat sink was also varied. Before testing, the
PCM was pre-cooled to solidify either at the bottom of the heat sink or
at the top, as illustrated in Fig. 4. A total of six cases were analysed:
(D) baseline case, 0°, PCM-at-bottom; (II) 0°, PCM at top; (III) 180°,
PCM-at-bottom; (IV) 180°, PCM-at-top; (V) 90°, PCM-at-bottom; and
(VI) 90°, PCM-at-top. These tests, summarized in Table Table 6, were
performed with the mass-matched version of the stainless steel IWP
lattice P3.v2 and radial-finned P5.v2 heat sinks.

3. Results and discussion

The experiments with five different internal designs of titanium Ti-
6Al-4V and stainless steel SS316L heat sinks under vacuum conditions
yielded the results shown and discussed in the following sections. The
internal designs studied in this work were hollow (P1), gyroid-cells
(P2), IWP lattice cells (P3), swirl cells (P4), and radial plane fins (P5).
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Fig. 5. Transient temperature results of experimental comparison across the five heat sink designs tested under vacuum conditions. (a) Titanium heat sinks at
50% duty cycle, (b) Titanium heat sinks at 100% duty cycle, (c) Stainless steel heat sinks at 50% duty cycle, (d) Stainless steel heat sinks at 100% duty cycle.

3.1. Comparison of heat sink materials

The experimental results indicate that titanium heat sinks exhibited
higher temperatures than stainless steel heat sinks for both power lev-
els, as shown in Fig. 5. Figs. 5(a) and 5(c) show that, at 50% duty cycle,
the temperatures achieved at the end of the 60-minute heating phase
ranged between 80 and 86 °C for titanium, whereas stainless steel heat
sinks remained below 80 °C, except for the hollow design P1, which
reached approximately 90 °C. Under 100% duty cycle, the titanium
heat sinks achieved the setpoint temperature of 100 °C more rapidly
than the stainless steel heat sinks, as shown in Figs. 5(b) and 5(d).
This behaviour can be attributed to the lower thermal conductivity
of Ti64, which is approximately 40% of SS316L. The reduced thermal
conductivity restricts heat transfer from the base of the heat sink up-
wards, delaying heat absorption by the PCM. Similar results have been
predicted in the authors’ previous study [17], for PCM-based titanium
and stainless steel heat sinks operating under atmospheric pressure.
Understanding this behaviour of heat sinks with different materials is
particularly relevant to systems operating in vacuum, where surface
heat dissipation to the surroundings is relatively small, making thermal
conduction the dominant mechanism for diverting heat away from the
electronics.

PCM melting was observed for all designs of both titanium and
stainless steel, under both heating power levels. Although melting was
not obvious from the thermistor data during heating for the gyroid cells
heat sink (P2), regardless of the material and heating power, it was

visible during the cooling processes for this design. The high metal to
PCM mass ratio likely masked the effect of the latent heat absorption
during heating. The titanium hollow heat sink (P1) also showed no
clear indication of PCM melting during heating at 100% duty cycle,
likely due to its relatively low effective thermal conductivity, which
limits efficient heat transfer to the PCM. As a result, localized PCM
melting may occur near the base of the heat sink, creating an isolated
region of liquid PCM rather than a well-distributed phase change,
which hinders heat transfer due to PCM’s low thermal conductivity. The
ineffective heat transfer to the PCM can also explain the temperature
drop observed during the melting phase of P1 design at 50% power
level, as a solid mass PCM likely abruptly melted, absorbing latent heat,
and leading to a sudden decrease in temperature at that instant.

3.2. Comparison of the different heat sink designs

In terms of the temperature curve profiles, the trend was similar
for both materials under both power levels. Under 50% duty cycle
(Figs. 5(a) and 5(c)), the gyroid-cells heat sink (P2) exhibited the
lowest temperatures, whereas the hollow heat sink (P1) stood out
as the highest-temperature case among the stainless steel designs. As
the temperature profiles of the other designs exhibited overlapping
and fluctuating trends, the average temperature during the 60-minute
heating process was calculated for each design using Equation (5) [33].
Fig. 6 shows the ranking of average temperatures during the 60-minute
heating for both materials. From lowest to highest, it begins with the
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Table 5
Experimental tests conducted — Study of materials and designs. All heat sinks
were filled with 6.0 g of PCM.

Heat sink details

Test number Power level

Design Material
1 No heat sink N/A 50% duty
2 No heat sink 100% duty
3 Hollow (P1)
4 Gyroid (P2)
5 IWP (P3) 50% duty
6 Swirl (P4)
7 Radial fins (P5) Ti-6AL-4V
8 Hollow (P1)
9 Gyroid (P2)
10 IWP (P3) 100% duty
11 Swirl (P4)
12 Radial fins (P5)
13 Hollow (P1)
14 Gyroid (P2)
15 IWP (P3) 50% duty
16 Swirl (P4)
17 Radial fins (P5)
18 Hollow (P1) SS316L
19 Gyroid (P2)
20 IWP (P3)
21 Swirl (P4) 100% duty
22 Radial fins (P5)
23 IWP lattice v2 (P3.v2)
24 Radial fins v2 (P5.v2)
Table 6

Experimental tests conducted — Effect of orientation and initial PCM position.
All tests used SS316L heat sinks with 6.0 g of PCM at 100% duty cycle.

Test number Case Heat sink design

25 (I): 0°, PCM-at-bottom IWP lattice v2 (P3.v2)
26 (ID): 0°, PCM-at-top IWP lattice v2 (P3.v2)
27 (III): 180°, PCM-at-bottom IWP lattice v2 (P3.v2)
28 (IV): 180°, PCM-at-top IWP lattice v2 (P3.v2)
29 (V): 90°, PCM-at-bottom IWP lattice v2 (P3.v2)
30 (VD): 90°, PCM-at-top IWP lattice v2 (P3.v2)
31 (I): 0°, PCM-at-bottom Radial fins v2 (P5.v2)
32 (ID): 0°, PCM-at-top Radial fins v2 (P5.v2)
33 (111): 180°, PCM-at-bottom Radial fins v2 (P5.v2)
34 (IV): 180°, PCM-at-top Radial fins v2 (P5.v2)
35 (V): 90°, PCM-at-bottom Radial fins v2 (P5.v2)
36 (VI): 90°, PCM-at-top Radial fins v2 (P5.v2)

gyroid-cells heat sink (P2), followed by the swirl cells heat sink (P4).
Next is the IWP lattice heat sink (P3), followed very closely by the
radial-finned design (P5), and, finally, the hollow heat sink (P1) with
the highest average temperature. The case for the heater operating
without a heat sink surpassed 100 °C in just 51 s. The similarity in the
average temperature between stainless steel and titanium hollow design
(P1) stems from the localized pool of molten PCM accumulated near the
base of the heat sink given the lack of thermal conductivity enhancers,
as explained in Section 3.1. Heat transfer from the base is then limited
by the paraffin’s low thermal conductivity rather than metal’s property
of the external walls. For P2 to P5 designs, however, the internal
metallic structures (gyroid, IWP, swirl, and fins) provide more efficient
paths for heat transfer within the PCM and the higher conductivity of
stainless steel indeed enables faster heat distribution and PCM melting,
resulting in lower overall base temperatures compared with titanium.

1 fr
/ T@)dt
If -t 4

For 100% duty cycle, a similar trend was observed in the operating
time to reach the set point temperature of 100 °C, as shown in Figs.

T = (5)
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heat sinks at 100% duty cycle, relative to test number 2, for the operation
without a heat sink.

5(b) and 5(d). The increase in operation time compared to the “No heat
sink” case was computed and is presented in Fig. 7 for both titanium
and stainless steel heat sinks. The gyroid-cells heat sink (P2) exhibited
the most substantial increase in operating time among all the designs,
followed by the swirl cells design (P4), the IWP lattice (P3) very close
to the radial-finned design (P5), and the hollow design (P1) at last.
To understand the rationale behind these performances, the internal
geometry areas and masses are compared in Fig. 8. Among all designs,
the gyroid cells P2 possesses the largest internal surface area and is also
the heaviest. For a comparative analysis across the designs, and to look
at the effect of the internal surface area on the heat sink performance
isolated, the IWP lattice (P3) and swirl cells design (P4) were examined
in further detail as they possess nearly identical internal surface areas
at just 1.5% difference. From Fig. 5(d), the stainless steel P3 and P4
increased the operating time by 1207 s and 1332 s relative to the
“No heat sink” case. For titanium, these values were 725 s for P3 and
821 s for P4 (Fig. 5(b)). Therefore, despite this similarity in internal
surface, P4 slightly outperformed P3 by operating around 10% longer
for stainless steel, and approximately 13% longer for titanium. Since P4
is 17% heavier than P3 on both materials, it highlights the significant
role of metal mass in heat sinks performance. A similar comparison was
performed for the IWP lattice (P3) and the radial finned (P5) heat sinks,
which have comparable masses. P3 is 8% heavier than P5 and features
20% more internal surface area. The performance of the heat sinks was
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close, with P3 increasing the operation time approximately 5% more
than P5.

This analysis is particularly relevant to space applications, where
minimizing payload mass is crucial due to high costs associated with
satellite launches. To further quantify this aspect, the increase in op-
erating time per unit mass was computed and displayed in Fig. 9. By
this metric, the gyroid cells design P2 presented the lowest performance
across the designs due to its substantially heavy structure. The radial
finned heat sink (P5) demonstrated the highest “mass-benefit” ratio,
followed very closely by the IWP lattice P3. Note that P3 and P5 designs
differ in mass by only 8%.

3.2.1. Comparison of mass-matched heat sinks

To further investigate the effects of internal surface area and mass
on heat sink performance, the mass-matched versions of the IWP lattice
and radial-finned heat sinks, referred to as P3.v2 and P5.v2 respec-
tively, were tested at 100% duty cycle. The mass difference between
the updated heat sinks is minimal at 1.5%, while P3 features 27% more
internal surface area than P5.

Fig. 10 exhibits the transient temperature profiles of the IWP lattice
P3.v2 and the radial-finned P5.v2 designs. For context, it also includes
the response of the original heat sink designs P3 and P5, which possess
less metallic mass, as established in Table 2. In line with the obser-
vations of Section 3.2 regarding the relevance of overall mass, the
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updated designs P3.v2 and P5.v2 yielded overall lower temperatures
and heating rates compared to their original designs with less mass.

The comparison between mass-matched IWP lattice P3.v2 and the
radial-finned P5.v2 heat sinks in Fig. 10 reveals practically identical
electronics temperatures (7},,,) during heating, with a maximum dif-
ference of 2.5 °C at around 800 s, despite the 27% difference in internal
surface area. The radial-finned design (P5.v2) exhibited slightly lower
temperatures during the pre-melting sensible heating, despite the IWP
lattice’s increased surface area. This could be attributed to a greater
mass concentration near the base of P5.v2 and, therefore, a more direct
heat conduction path to the top surface of the heat sink, acting as a
high-conductivity pathway for heat transfer. As a result, the top surface
of P5.v2 is heated more rapidly than P3.v2, as observed in Fig. 10. In
other words, the more direct heat conduction path in the radial-finned
heat sink facilitates faster energy transfer throughout the structure and
allows more rapid heat transfer to the solid PCM, leading to lower base
temperatures during this phase. Conversely, the IWP lattice P3.v2 de-
sign features a more evenly distributed mass throughout the structure,
resulting in a more dispersed heat transfer network. Although P3.v2’s
higher internal surface area should theoretically enhance heat transfer,
its numerous interconnected walls may slow down heat conduction
from the base, compared to the continuous and direct finned structure
of P5.v2. This effect is evident by the lower temperatures observed
at the top surface of P3.v2 heat sink compared to P5.v2, reinforcing
the rationale that the finned geometry promotes a more direct heat
conduction pathway.

After melting, the performance across both designs is nearly iden-
tical, with the IWP lattice heat sink (P3.v2) exhibiting slightly lower
temperatures than the radial-finned heat sink (P5.v2). This could be
attributed to enhanced buoyancy-driven convective heat transfer within
the liquid PCM, facilitated by the more open porous structure of P3.v2.
Unlike the more constrained flow path imposed by the radial plane fins,
the porous nature of the IWP lattice may promote the formation of con-
vection vortices within the molten PCM, as predicted for atmospheric
pressure cases in the literature [34,35]. The similarity in performance
between the mass-matched IWP lattice and finned heat sinks is in
line with the numerical results reported by Arqam et al. [17] for the
heating phase of heat sinks under atmospheric pressure. As suggested in
Section 4, a detailed numerical simulation to visualize buoyancy-driven
convection within the PCM for both cases would be a beneficial future
research. The cooling rates are closely matched in the present study for
both designs, with P3.v2 heat sink cooling slightly faster than P5.v2.
This finding aligns with the results reported by Gopalan et al. [16] for
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Fig. 10. Transient temperature results of the experimental assessment between
the mass-matched version of IWP lattice (P3.v2) and radial-finned (P5.v2)
stainless steel heat sinks at 100% duty cycle. The temperatures shown were

recorded at the base and top surfaces of the heat sink, 7}, and T,,,, respec-
tively.

PCM-based heat sinks under atmospheric pressure, where the type of
internal geometry has a limited impact on the cooling behaviour.

This similarity in performance despite a 27% difference in surface
area can be explained by considering the energy balance in the heat
sink across the heating process:

©

Pheat sink = AQstored + dour

AQstored = AQstored,HS + AQStored,PCM (73)
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where Pea sink 1S the energy input from the heat flux applied at
the base during the heating period (defined in Section 2), 40, .q
represents the thermal energy stored in the system (both in the heat
sink and the PCM), and ¢,,, accounts for the energy dissipation from the
external surface of the heat sink into the environment. Since both de-
signs have the same mass, PCM content, external surface area A, ;o par>
and emissivity ¢, their overall energy balance is sensitive to heat sink
mass rather than differences in internal structures. The slightly different
temperature evolution can be attributed to variations in localized heat
transfer rates rather than differences in global energy balance.

Before melting, the heat transfer from the metal to the solid PCM
is primarily governed by conduction as per Equation (9), where L,
represents the conduction path length. Although the IWP lattice P3.v2
design has a larger A, ..e> its lower metal temperatures result in a
lower driving temperature difference (T g — Tpcyp,) compared to the
radial-finned design P5.v5. Consequently, the rate of heat transfer to
the PCM is higher than P5.v2, leading to lower base temperatures at
the pre-melting stage.

_ kpem Asiructure Trs — Trem) 9
Aconduction = ( )
L1

After melting, the heat transfer from the metallic heat sink to the
PCM transitions to a convective regime as shown in Eq. (10), where i
is the convective heat transfer coefficient within the molten PCM. As
the porous structure of P3.v2 may enhance buoyancy-driven convective
vortices, a higher effective & is achieved, leading to faster heat transfer
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from metal to the liquid PCM and, consequently, to P3.v2’s slightly
lower base temperatures in the post-melting phase.

Aeonvection = hPCM Astrucrure(THS - TPCM) (10)

Despite these localized differences in heat transfer rate, the total
energy balance remains the dominant factor in determining the final
steady-state temperature. Since both heat sinks have the same total
mass and PCM content, they ultimately reach nearly identical ther-
mal responses. This suggests that, under vacuum conditions where
radiative losses dominate, the effect of internal geometry on overall
performance could be secondary to the total thermal mass. Additional
study of multiple heat sink designs with varying mass, internal surface
areas, and external geometry would further isolate the independent
effects of these parameters on thermal performance. It should be noted
that this paper focused on a paraffin wax PCM with relatively low
thermal conductivity and moderate viscosity, which could significantly
influence heat transfer and melting dynamics. Variations may occur
with different PCM types with varying properties, which could alter
the relative influence of geometry and mass. Nevertheless, the trends
observed in this work provide a strong reference for PCM classes with
similar thermo-physical properties.

3.3. Effect of the heat sink orientation and PCM initial position on thermal
performance

In addition to evaluating different heat sink materials and designs
under vacuum conditions, this work examined the impact of heat sink
orientation on thermal performance. Experiments were conducted at
three orientations: 0° (upright), 90°, and 180° (inverted). Furthermore,
the effect of the initial position of PCM within the heat sink was
also analysed. The position was controlled by pre-cooling the PCM to
solidify it either at the bottom or the top of the heat sink before testing.
This setup resulted in six distinct test cases: (I) reference case—0° with
PCM at the bottom; (II) 0° with PCM at the top; (III) 180° with PCM
at the bottom; (IV) 180° with PCM at the top; (V) 90° with PCM at
the bottom; and (VI) 90° with PCM at the top, as shown in Figure
Fig. 4. Under vacuum conditions, a heat flux corresponding to 100%
duty cycle was applied at the base of the heat sinks IWP lattice P3.v2
and radial-finned P5.v2 for 60 min, followed by a 60-minute cooldown
period.

The temperature profiles resulting from these experiments are dis-
played in Figs. 11(a) and 11(b) for the IWP lattice P3 and radial-finned
P5 designs, respectively. The temperature profiles were similar across
all cases, indicating that neither orientation of the heat sink, nor the ini-
tial PCM position have a large impact on performance. The maximum
temperature difference between the cases was 4.0 °C at approximately
730 s, during the PCM melting phase. At the end of the heating phase
(3600 s), the maximum difference is 3.4 °C, while at the end of cooling
(7200 s), the maximum difference is 2.4 °C.

Fig. 12 presents the transient base temperature difference for each
case relative to the baseline case (I) (0°, PCM-at-bottom). Fig. 12(a) cor-
responds to the IWP heat sink P3, and Fig. 12(b) represents the finned
heat sink P5. Both figures exhibit a consistent trend across the cases,
with temperature differences following similar patterns for each phase
of the heating—cooling process. During the pre-melting sensible heating
phase, the temperature profile is impacted by the initial position of the
PCM. For both the IWP P3 and finned P5 heat sinks, the PCM-at-bottom
cases (III) and (V) displayed temperatures close to the baseline case (0°,
PCM at bottom), varying from around —1.2 to around 0 °C. On the other
hand, the PCM-at-top cases (II), (IV), and (VI) exhibited temperatures
2-4 °C higher than the baseline case (I). In these cases, the heat flux,
applied at the base opposite to the PCM’s initial location, took longer
to reach the PCM. As a result, sensible heat absorption by the PCM
was delayed, leading to higher temperatures. This also explains why
the melting phase lasted longer for the PCM-at-top cases (1), (IV), and
(VI), as observed in Fig. 11(a) and 11(b).
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Fig. 11. Transient temperature results of the experimental assessment of orientation and initial PCM position for the mass-matched IWP lattice P3.v2 and radial
fins P5.v2 designs. Cases: (I) 0°, PCM-at-bottom; (II) 0°, PCM at top; (III) 180°, PCM-at-bottom; (IV) 180°, PCM-at-top; (V) 90°, PCM-at-bottom; and (VI) 90°,
PCM-at-top. See Fig. 4 for case arrangements. The temperatures shown were recorded at the base and top surfaces of the heat sink, 7,,,, and T,,,, at 100% duty
cycle. (a) IWP lattice design P3.v2, (b) Radial fins design P5.v2.
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Fig. 12. Transient base temperature difference relative to the baseline case (I) for the orientation cases (II) to (VI) of the mass matched IWP lattice P3.v2 and
radial fins P5.v2 designs. Cases: (I) 0°, PCM-at-bottom; (II) 0°, PCM at top; (III) 180°, PCM-at-bottom; (IV) 180°, PCM-at-top; (V) 90°, PCM-at-bottom; and (VI)
90°, PCM-at-top. See Fig. 4 for case arrangements. (a) IWP lattice design P3.v2, (b) Radial fins design P5.v2.

14



L. Sueza Raffa et al

Interestingly, during the melting phase, there is a clear shift in the
temperature difference relative to the baseline case (I), as observed
in Fig. 12. Cases (III) (90°, PCM-at-bottom) and (V) (180°, PCM-at-
bottom) begin to show a positive temperature difference relative to the
baseline case, possibly because the liquid PCM is now far from the base,
where heat flux is applied. As a result, the sensible heat absorption
by the liquid PCM is comparably reduced, given that the top sections
of the heat sink sustain lower temperatures than the base. Conversely,
the PCM-at-top cases (II), (IV) and (VI) shifted to negative temperature
differences relative to the baseline case (I). This effect occurs because
PCM melting takes longer for these cases. Since PCM melts at a near-
constant temperature, these cases displayed lower temperatures relative
to case (I). For example, at 1000 s, melting in the baseline case
is already complete, and the liquid PCM is absorbing sensible heat,
whereas the PCM-at-top cases are still undergoing melting, resulting
in lower temperatures for these cases. Once melted, the PCM settles
in the same final position for each heat sink orientation, regardless of
its initial placement. However, the PCM-at-bottom cases (I), (III) and
(V) still sustain slightly higher temperatures compared to the PCM-
at-top cases (II), (IV) and (VI) throughout the remainder of heating
phase and cooling, especially for the radial-finned P5 design. A detailed
CFD simulation would be necessary to fully understand the interplay
between the heat sinks internal structure, PCM viscosity, thermal ex-
pansion, and buoyancy of the trapped air inside the heat sink. During
the solidification process, the temperature difference across all cases
converge to a minimal value, suggesting that the heat sink orientation
does not have a significant impact in the release rate of stored latent
heat. This study of the orientation of the heat sink and initial position
of PCM demonstrated that, while the orientation has minimal impact
on the thermal performance of the heat sink, the PCM position has
a slightly higher influence, especially during the pre-melting sensible
heating phase.

The key difference between the IWP (P3.v2) and radial-finned
(P5.v2) designs in terms of orientation performance is that the IWP
heat sink (P3.v2) exhibits a weaker orientation dependence, giving its
more uniform temperature difference across the different orientations
during post-melting sensible heating phase when the PCM is liquid.
This reduced sensitivity to orientation and initial PCM position suggests
that P3.v2’s orientation-symmetric internal geometry promotes heat
distribution more evenly regardless of the orientation, which could be
a significant advantage for PCM-based systems in microgravity.

4. Conclusion

The results of this study demonstrated the thermal performance
of TPMS and finned PCM-based heat sinks under vacuum conditions,
focusing on heat sink design, material, and orientation. Titanium and
stainless steel were compared across five designs: hollow, gyroid cells,
IWP lattice cells, swirl cells, and radial fins. The results provide insights
into the thermal behaviour of this type of passive thermal management
systems for satellite applications.

Titanium heat sinks exhibited higher temperatures due to their
lower thermal conductivity relative to stainless steel. In terms of heat
sink designs, internal geometry significantly influenced performance:
gyroid-cells heat sink exhibited the lowest temperatures, followed by
swirl cells, then IWP lattice and radial fins with similar behaviour, and
finally the hollow design, which achieved the highest temperatures.
To identify factors influencing performance, the internal surface area
and mass of each design was compared. This revealed the IWP lattice
and radial finned designs as the most mass-effective. A subsequent
study with a mass-matched version of these two designs revealed that,
despite the IWP lattice featuring 27% more internal surface area than
the radial-finned heat sink, both exhibited nearly identical thermal per-
formances. This challenges the conventional assumption that increased
surface area inherently improves heat transfer, and instead emphasizes
the critical role of mass distribution within the heat sink layout.
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Heat sink orientation and PCM initial position had only a mi-
nor impact on overall thermal performance. The temperature profiles
remained similar across all tested orientations (0°, 90°, and 180°),
with a maximum temperature difference of 4.0 °C during the PCM
melting phase. PCM initially at the top delayed absorption slightly,
but overall effects remained small. The IWP lattice heat sink exhibited
slightly weaker dependence on orientation compared to the radial-
finned design, reinforcing the suitability of TPMS structures for space
applications, where microgravity and variable orientations are com-
mon.

Overall, these findings suggest that while material properties and
total mass have a significant influence on PCM-based heat sink perfor-
mance, orientation and initial PCM positioning have a relatively minor
effect. The results emphasize that, for mass-limited applications such as
spacecrafts, optimizing the distribution of metallic mass within the heat
sink and material selection might yield greater benefits than merely
maximizing surface area. In other words, strategic mass distribution
and efficient thermal pathways can be more critical design drivers than
geometric complexity for increased surface area alone.

Future work should focus on detailed numerical simulation to better
visualize how the relation between the heat sinks internal structure,
PCM viscosity, thermal expansion, and trapped air affect the heat trans-
fer within the heat sink. Additionally, the influence of printing direction
of the additively manufactured heat sinks and resulting uneven thermal
contact between the PCM and the metallic walls should be investigated,
as they could subtly affect melting uniformity and overall performance.
Conducting further experiments at different power levels and PCM
quantity, and/or other heat sink geometries and PCM properties would
also benefit the analysis. Testing under real microgravity conditions
is also critical to validate the performance of TPMS-PCM systems for
spacecraft electronics cooling. This study was part of the design de-
velopment of Matilda, the University of Technology Sydney’s CubeSat
thermal management technology demonstrator. The findings guided
the selection of the most suitable heat sink design for inclusion in
the payload, which was launched to orbit in August 2024 as part of
the Waratah Seed-1 mission. The next stage of this research involves
analysing in-orbit thermal performance data, which will provide valu-
able insight into the behaviour of PCM-based heat sinks in actual space
conditions.
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Fig. A.1. Appendix: experimental data range of multiple tests performed for each design/material/power case.
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Fig. A.3. Appendix: experimental data range of multiple tests performed for each design/material/power case.
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Appendix. Experimental data range

See Figs. A.1-A.4.
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