
International Journal of Heat and Mass Transfer 236 (2025) 126384 

A
0

Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier.com/locate/hmt

Experimental investigation of the performance of a phase change material
thermal management module under vacuum and atmospheric pressure
conditions
Laryssa Sueza Raffa a,∗, Matt Ryall b, Nick S. Bennett a, Lee Clemon a,c

a School of Mechanical and Mechatronic Engineering, University of Technology Sydney, Ultimo, NSW 2007, Australia
b Mawson Rovers, Eveleigh, NSW 2015, Australia
c Mechanical Science and Engineering, University of Illinois, Urbana, IL 61801, USA

A R T I C L E I N F O

Keywords:
Experiment
Heat sink
Phase change materials (PCMs)
Thermal management
Vacuum

A B S T R A C T

High computational power and miniaturisation of modern electronics lead to high heat generation, com-
pounded by the decreased available area for heat dissipation. This challenge is exacerbated in space
environments due to the lack of convection. Phase change materials (PCM) are a strong option for the passive
thermal management of satellites. However, their behaviour in vacuum is unclear. This study experimentally
investigates and compares the performance of non-PCM and PCM-based thermal control modules under
atmospheric pressure and vacuum conditions. A stainless steel heat sink with internal planar fins was tested
using a printed circuit board (PCB) to produce three input power levels, simulating the heat dissipated by
satellite electronics. Paraffin wax was used as the PCM. The thermal performance is reported and analysed for
both pressure conditions. A reduced-order numerical model was established to predict performance with low
required computational effort. This work finds that electronics operating in vacuum displayed temperatures as
much as 32.8% higher compared to those in atmosphere due to decreased heat dissipation resulting from the
lack of convective heat transfer. In addition, PCM had a greater impact in reducing the electronics temperature
in vacuum than at atmospheric pressure. The presence of 6 g of PCM lowered the electronics temperatures by
up to 18.0 ◦C in vacuum, and by up to 12.3 ◦C in atmospheric pressure. That amount of PCM doubled the
electronics operating time under both pressure conditions at high power. The findings of this work contribute
to understanding the performance variances of non-PCM and PCM-based heat sinks under different pressure
conditions to further improve the design of thermal management modules for satellites.
1. Introduction

The modernisation of electronics, characterised by increased com-
putational power and miniaturisation of the devices, leads to signifi-
cantly higher heat generation, compounded by the decreased available
area for heat dissipation [1–3]. This challenge is exacerbated in space
environments, where the absence of air impedes heat transfer via con-
vection. The imminent risk of overheating the avionics and subsystems
of spacecrafts and satellites poses a critical threat to mission success.
Therefore, effective thermal management strategies are paramount to
ensure the reliability and longevity of electronic components in these
demanding operational conditions and unique environments [4].

Thermal management systems may be active or passive. Active
systems rely on moving parts to promote cooling through forced fluid
convection. Their disadvantages for satellite applications are the ad-
ditional power consumption and high maintenance. Passive thermal
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E-mail address: laryssa.suezaraffa@uts.edu.au (L. Sueza Raffa).

management systems have been increasingly studied as a preferred
alternative for cooling small satellites due to their reduced operational
complexity and absence of power requirement [5–7]. These systems
include thermal louvres, heat pipes and phase change materials (PCMs).
The use of PCM-based thermal energy storage units for satellites has
attracted considerable attention in recent years, owing to their high
heat absorption at constant temperatures and suitability to systems with
intermittent heat dissipation [8–12]. Solid–liquid PCMs predominate
due to their relatively low thermal expansion and chemical stability
at repeated cycles [13,14]. PCMs use their high latent heat of fusion to
absorb the thermal energy dissipated from the electronics, maintaining
these electronics below their maximum allowable working tempera-
ture. When the avionics enter idle mode, the stored thermal energy
is released to the surroundings as the PCM solidifies, in preparation
for the next cycle. Another advantage of using PCMs for the thermal
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Nomenclature

English symbols
𝐴𝑠𝑒𝑐 Cross-sectional area (m2)
𝐶𝑝 Specific heat capacity (J/kg K)
𝑔 Gravitational acceleration (9.8 m∕s2)
𝐻 Latent heat (J/kg)
𝑘𝑒𝑞 𝑢𝑖𝑣 Equivalent thermal conductivity (W/m K)
𝐿 Heat sink height (m)
𝑚 Mass (kg)
𝑃 Power input (W)
𝑝 Pressure (Pa)
𝑄 Thermal energy (J)
𝑅 Heater trace resistance (Ω)
𝑇 Temperature (◦C)
𝑡 Time (s)
𝑇𝑙 Liquidus temperature of PCM (◦C)
𝑇𝑠 Solidus temperature of PCM (◦C)
𝑢, 𝑣, 𝑤 Velocities in x, y, and 𝑧-direction
𝑈 Voltage (V)
Greek symbols
𝛽 Volumetric thermal expansion coefficient

(K−1)
𝜇 Dynamic viscosity (Kg/m s)
𝜌 Density (k g∕m3)
Subscripts

𝑠 − 𝑠 Steady-state
𝑒𝑞 𝑢𝑖𝑣 Equivalent
𝑡𝑜𝑝 Referent to the heat sink’s top surface
𝑏𝑎𝑠𝑒 Referent to the heat sink’s base surface
𝑠𝑒𝑛𝑠 Sensible
𝑙 𝑎𝑡 Latent
𝐻 𝑆 Heat sink
𝑃 𝐶 𝑀 Phase change material
∞ Surroundings

management of satellites is their behaviour as a thermal buffer. This
llows the design of heat rejection modules for the average thermal

load, as PCMs store thermal energy at peak load by changing phase
nd dissipate it to the surroundings afterward [5,15].

One notable drawback of PCMs is their relatively low thermal
onductivity, which could delay heat transfer from the electronics into
he PCM and to the surroundings. To address this limitation, various
olutions have been explored, including the incorporation of thermal
onductivity enhancers, such as the addition of metallic fins, porous
tructures [10,16,17], and the dispersion of nanoparticles within the

PCM-based heat sinks [18]. Bose and Amirtham [19] provide a thor-
ugh review of methods for enhancing the thermal conductivity of

paraffin wax in latent heat storage systems. Metallic fins have been
extensively studied to improve the heat transfer within the PCM. Ye
et al. [20] and Zhang et al. [21] provide a detailed overview of fin types
nd parameters investigated in the literature. The vast majority of these
nvestigations on PCM-based finned heat sinks were conducted exclu-
ively under atmospheric pressure conditions [16,22–31]. Therefore,

the behaviour of PCM-based thermal control modules under vacuum
conditions is not well documented.

Guo et al. [32] contributed to elucidating the topic by reporting
the results of experiments with a 3D-printed lattice structure with
2 
N-tetradecane PCM in a vacuum chamber. The study analysed the
transient temperature profiles under different initial temperatures and
concluded that the PCM-based heat sink significantly enhanced thermal
erformance by improving heat transfer rates and maintaining stable

temperatures. Initial temperatures were reported to have a slight effect
on the thermal storage performance. Elshaer et al. [33] conducted a
numerical investigation of open-cell copper foam with PCM in a ther-
mal vacuum chamber. Two different porosities of the metal foam were
studied at heating power levels of 7 W and 10 W. The study predicts
the reduction in the maximum temperature of the thermal management
module upon the addition of a PCM. Elshaer et al. [34] numerically
nvestigated the effect of multiple fin geometries in an aluminium heat
ink with organic PCM. The simulation disregarded convection heat
ransfer to simulate a space environment, and considered different
ypes of fins, namely parallel fins, cross fins and pin fins. Triangular

pin fins showed superior thermal performance for the setup developed
n the study. In addition, the number of pin fins was observed to be

directly related to the performance of the heat sink. Other research
indirectly studied the operation of thermal management modules in
vacuum, by focusing on the effects of microgravity on heat transfer
hrough numerical simulation. Kansara et al. [35] numerically studied
he effect of microgravity on a pin-finned heat sink with PCM. The
esearch focused on the microgravity effect on the internal behaviour
f the thermal control module, namely the melting and solidification
rocesses of the PCM. Convective and radiative heat dissipation to

the surroundings were disregarded. The study concluded that gravity
as a strong influence during melting of the PCM, with the liquid
raction decreasing by 18% for a gravitational acceleration of g/80.
n addition, natural convection seemed not to be dominant during the
olidification process. A numerical analysis of a PCM-based thermal

storage heat sink for thermal control of satellites was performed by
Elshaer [36]. The study investigated the effect of PCM melting point
and of PCM combinations on the thermal performance of the heat
ink under microgravity, with no natural convection. The presence of
CM improved the thermal performance of the heat sink, leading to

a maximum temperature decrease of 34.6%. PCM melting point was
reported to be a dominant factor in the performance of the heat sink,
with the more effective PCM combinations being between PCMs of
differing melting points. While these numerical studies divulge the
ehaviour of PCM heat sinks in vacuum or low gravity conditions,
he difference in the performance of PCM-based thermal management
odules under atmospheric pressure and vacuum conditions remains
nclear, especially experimental.

Understanding the behaviour of PCM-based heat sinks in vacuum is
elevant for the fast-growing space industry. Most experimental stud-
es on the performance of PCM-based thermal management modules

have been performed for atmospheric pressure, including parametric
analysis, different types of PCM, among others. The influence of these
parameters on heat sink performance is well understood for atmo-
spheric pressure. For vacuum conditions, however, there are limited
tudies on the performance of PCM-based heat sinks, which highlights

the need to quantify the performance difference under both pressure
onditions. Moreover, the fact that most of the existing studies have
een limited to simulation shows a clear necessity for experimental
nvestigation in vacuum conditions.

The present study aims to compare the performance of PCM-based
hermal management modules under vacuum and atmospheric pressure
onditions. Experimental tests were conducted for two thermal control
amples: a stainless steel heat sink with plane fins without PCM, and

the same heat sink with paraffin wax as a PCM. In addition, a simpli-
fied numerical model was developed to enable the prediction of the
performance of PCM-based heat sinks under both pressure conditions.
The reduced-order numerical model simplifies the heat sink and the
PCM to a homogeneous solid with an equivalent thermal conductivity
determined experimentally. Similar approaches have sought to reduce

17] utilised the equivalent
computational time. Gopalan and Eswaran [
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thermal conductivity of a structured porous media cell to determine
he optimum quantity of PCM in two types of heat sinks. The study

concludes that the effectiveness of the heat sink is primarily determined
y the equivalent thermal conductivity, irrespective of the porosity
f the porous media structure or the type of thermal conductivity
nhancer utilised. Guo et al. [32] also employed the concept of equiva-

lent thermal conductivity onto a PCM-based lattice structured thermal
energy storage device. This style of model is adopted in this study and
ompared to the experimental results. The novelty of the work is listed
elow:

• Experimental quantification of the performance differences of a
PCM-based thermal management module operating under vac-
uum and atmospheric pressure conditions.

• Development of a reduced order numerical model to predict
the performance of thermal management modules under both
pressure conditions that demand reduced computational time.

The findings here add to the existing literature regarding the optimisa-
tion of thermal conductivity enhancers under atmospheric pressure con-
ditions and have the potential to guide required design modifications
to ensure a tailored solution for space conditions.

2. Methodology

2.1. Experimental study

The present study compares the performance of a passive thermal
anagement module under vacuum and atmospheric pressure condi-

ions. The heat sink was mounted on top of a flat electric heater,
hich simulated the heat emitted by the electronics in a satellite. The

emperature at the base of the heat sink was monitored throughout
he heating and cooling cycle at 5-s intervals. The temperature at the
ase of the heat sink coincides with the electronics temperature in
his experiment and, therefore, is indicative of the performance of the
hermal management module. In other words, lower base temperatures
ndicate that thermal energy is dissipated away from the electronics

more effectively by being absorbed by the heat sink during heating.
The temperature at the top of the heat sink is also monitored to
provide insight into the heat transfer through the heat sink and the
heat rejection to the surroundings.

2.1.1. Thermal management module
The thermal management module for the present research is com-

prised of the heat sink shown in Fig. 1. The heat sink was manufactured
in stainless steel SS316L via laser powder bed fusion with a GE Concept
Laser M2 series 5 machine and was 3D-printed in one piece, including
its four mounting feet and internal vertical plane fins. It has two holes
at the top surface for powder removal and injection of PCM. The heat
sink weighs 150.0 g, and its dimensions are 30 mm wide, 30 mm deep
and 37 mm high. Testing was conducted for an empty heat sink and
for the heat sink filled in with PCM.

For the case with PCM, an organic solid–liquid PCM was selected for
its high energy density, stable physical and chemical properties, and
uniform melting properties. To meet the desired operational require-

ents for the experiments, the Sigma-Aldrich 327 204 paraffin wax was
elected. The melting point of this material ranges from 53 to 58 ◦C.
he preparation of the PCM-based thermal management module for the
xperiments is as follows. Liquid paraffin was poured into the internal
avity of the heat sink through the top holes. To eliminate the risk of
eakages during thermal expansion, the liquid PCM occupies approxi-
ately 70% of the heat sink’s available internal volume, which results

n 6.0 g of paraffin. This void space allows the paraffin’s expansion
uring phase change, especially under vacuum conditions, where it was
bserved that the paraffin expansion rate is larger than that at standard

atmospheric pressure. The paraffin injection holes were sealed with O-
rings and screws. The module was completely cooled down to room

temperature before each experiment. a

3 
2.1.2. Experimental setup
Figs. 2(a) and 2(b) show the experimental setup for the present

tudy and its schematic diagram. The components of the test rig are
mainly a battery-operated printed circuit board (PCB) and a micro-
processor. The BeagleBone Black microprocessor collects and processes
he temperature data from the thermistors. The data is transmitted
irelessly into a web-based control dashboard, which displays it in real-

time, stores it in a web cloud system, and enables control of the heater.
The printed circuit board (PCB) and its software were custom-made

y the Australian company and industry partner Mawson Rovers. The
CB has a 30 × 30 mm circuit-printed copper heater that provides
niform heating to the base of the heat sink, which is mounted
nto the heater. The PCB contains two thermistors to monitor the
emperature of the heat sink. One thermistor was soldered at the centre

of the heater to measure the temperatures at the base of the heat
ink, while the other one was adhered to the top of the heat sink
ith tape. The make and model of the soldered and top thermistors

s Vishay NTCS0603E3103FMT and Vishay NTCALUG01A103FLA, re-
pectively. The measurement uncertainty of both thermistors was ±1%.
he temperature readings were obtained every 5 s and collated by the
eagleBone.

The heater signals are pulsed width modulation (PWM) type. In this
study, experiments were conducted at three power levels: high (100%
duty), medium (50% duty), and low (30% duty). At 100% duty, the
heater is constantly on, while at lower duties, it alternates between on
and off states in direct proportion to the duty cycle, delivering reduced
verage power as shown in Eq. (1). The power input at 100% duty

(𝑃100%𝑑 𝑢𝑡𝑦) was determined with the PCB voltage (𝑈), and the resistance
across heater (𝑅) by Eq. (2). Both the voltage and resistance were
measured with a multimeter, with an uncertainty of ±1.5% and ±0.5%,
respectively. The measured voltage was 4.5 V. The resistance, 𝑅 was
measured for various temperatures to determine its correlation as a
function of temperature 𝑇 (Eq. (3)).

𝑃 = 𝑃100%𝑑 𝑢𝑡𝑦 ∗ (𝐷 𝑢𝑡𝑦) (1)

𝑃100%𝑑 𝑢𝑡𝑦 = 𝑈2

𝑅
(2)

𝑅 = 0.015𝑇 + 1.99 (3)

Eq. (1) yields temperature-dependent power inputs that range from
8.4–5.7 W for high heat (100% duty), 4.2–3.1 W for medium heat
(50% duty), and 2.5–2.0 W for low heat (30% duty). These power input
ranges are referent to the temperatures at the start and at the end of
the heating process. The initial temperature of each test was kept within
olerance of 23 ◦C ± 1.5 ◦C.

The test rig and the thermal management module were tested
nder atmospheric pressure and vacuum conditions. In the experi-
ents performed under vacuum conditions, a vacuum pump sustained

he pressure in the chamber at 5 Pa to approximate the test condi-
ions to the space environment. The ambient temperature was kept at
3 ◦C ± 1.5 ◦C throughout all the experiments.

2.1.3. Uncertainly analysis
The uncertainty in the measurement of the quantities utilised in

this work is listed in Table 1. The uncertainty in power 𝑃 = 𝑈2

𝑅 was
calculated from the independent variables voltage and resistance for
the worst case scenario observed during the experiments, specifically
maximum voltage (4.5 V) and minimum resistance (2.33 Ω at initial
temperature):

𝛿𝑃 =

√

( 𝜕 𝑃
𝜕 𝑈 ⋅ 𝜎𝑈

)2
+
( 𝜕 𝑃
𝜕 𝑅 ⋅ 𝜎𝑅

)2
=

√

( 2𝑈
𝑅

⋅ 𝜎𝑈
)2

+
(

−𝑈2

𝑅2
⋅ 𝜎𝑅

)2
(4)

2.1.4. Test procedure
To reduce the contact resistance between the surface of the heater

nd the bottom surface of the heat sink, a coating of Apiezon H thermal

https://mawsonrovers.com/
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Fig. 1. Picture of the heat sink utilised in the experiments (a) and section view of CAD drawing (b).
Fig. 2. Experimental set up picture (a) and schematic (b).
Table 1
Results of the uncertainty analysis.

Parameter Instrument Uncertainty % Uncertainty 𝜎

Voltage Multimeter ±1.5% ±0.07 V
Resistance Multimeter ±0.5% ±0.01 Ω
Temperature Thermistor ±1.0% ±0.25–1 ◦C
Power Dependent variable ±3.1% ±0.27 W

grease was applied between these surfaces. The heat sink was then
assembled onto the PCB and secured with nylon bolts and nuts to
minimise heat dissipation through the fixings into the other areas of the
PCB. Each test was initialised with the system completely cooled down
to 23 ◦C ± 1.5 ◦C. The heater was then switched on at the desired power
setting and was programmed to turn off after 90 min or when the base
of the heat sink reached 100 ◦C, whichever occurred first. The 100 ◦C
peak temperature was set to avoid overheating the electronics of the
PCB, as recommended by the manufacturer. The system was then left to
cool. The thermistors at the top and the base of the heat sink measured
the temperatures at these locations at 5-s intervals throughout the
4 
Table 2
Variations of the experimental tests.

Test variation Test condition PCM mass (g) Power input

1 Atmospheric pressure – Low
2 Atmospheric pressure – Medium
3 Atmospheric pressure – High
4 Atmospheric pressure 6.0 Low
5 Atmospheric pressure 6.0 Medium
6 Atmospheric pressure 6.0 High
7 Vacuum – Low
8 Vacuum – Medium
9 Vacuum – High
10 Vacuum 6.0 Low
11 Vacuum 6.0 Medium
12 Vacuum 6.0 High

heating and cooling processes. The temperature over time graphs were
plotted for each test in Section 3.

A full factorial test series was conducted for the variables of interest,
as summarised in Table 2.



L. Sueza Raffa et al.

v

e
t

t
e

d
w
s
t
t
h

t
S
w
d
u
s

a
t
t

t

e

i

t
E

c

w
o

r

d

International Journal of Heat and Mass Transfer 236 (2025) 126384 
2.2. Reduced order numerical model

A reduced-order numerical model was developed to predict the
performance of heat sinks operating under atmospheric pressure and
acuum conditions. The experimental results were used to verify the

applicability of the low-complexity model as a quick estimator to
compare the operation of heat sinks under different conditions.

This model assumes a homogeneous solid with lumped mass and
quivalent thermal conductivity. Similar approaches have been used in
he literature to reduce computational efforts [17,32]. The equivalent

thermal conductivity was determined experimentally for the ‘‘No PCM’’
and ‘‘PCM’’ cases.

Determining effective thermal conductivity. We assume the heat sink
consists of a homogeneous solid with external dimensions matching
he design and with an equivalent thermal conductivity measured
xperimentally, as follows. The heat sink was placed onto the PCB

described in Section 2.1.2. The side walls of the heat sink were in-
sulated with thermal insulating foam. The heater was turned on at a
efined heater power level until the heat sink reached steady-state,
hen both the bottom and the top temperatures plateaued. In steady-

tate, the heat that enters the system leaves it at the same rate and
herefore the heat sink no longer stores thermal energy. The equivalent
hermal conductivity 𝑘𝑒𝑞 𝑢𝑖𝑣 was then calculated from Fourier’s law of
eat conduction (Eqs. (5) and (6)). This process was performed for the

cases without PCM and with PCM to determine the effective thermal
conductivity of both samples. For the heat sink with PCM, the process
was performed at different power levels in a piece-wise manner to cater
for the distinct thermal conductivity of liquid and solid PCM.

𝑃𝑠−𝑠 = −𝑘𝑒𝑞 𝑢𝑖𝑣𝐴𝑠𝑒𝑐
(𝑇𝑡𝑜𝑝,𝑠−𝑠 − 𝑇𝑏𝑎𝑠𝑒,𝑠−𝑠)

𝐿
(5)

𝑘𝑒𝑞 𝑢𝑖𝑣 =
𝑃𝑠−𝑠𝐿

𝐴𝑠𝑒𝑐(𝑇𝑏𝑎𝑠𝑒,𝑠−𝑠 − 𝑇𝑡𝑜𝑝,𝑠−𝑠)
(6)

where 𝑃𝑠−𝑠 is the heat input (W) at steady-state, 𝑘𝑒𝑞 𝑢𝑖𝑣 is the equivalent
thermal conductivity of the sample (W/m K), 𝐴𝑠𝑒𝑐 is the cross-sectional
area of the heat sink (m2), 𝑇𝑡𝑜𝑝,𝑠−𝑠 and 𝑇𝑏𝑎𝑠𝑒,𝑠−𝑠 are the temperatures at
the top and at the base of the heat sink (◦C) in steady-state, and 𝐿 is
the height of the heat sink (m).

Thermal simulation using reduced-order model. The numerical simula-
ions were performed utilising the finite element method through AN-
YS Fluent 2021. An equivalent material was created for each sample
ith the equivalent thermal conductivity obtained from experimental
ata using Eq. (6). The density of the created materials was defined
sing the volume-based rule of mixtures and the properties of stainless
teel and paraffin wax, as shown in Table 3.

The specific heat capacity for the heat sink without PCM was taken
s that of stainless steel. For the heat sink with PCM, the latent heat of
he paraffin was represented as a large specific heat capacity between
he PCM melting range, consistent with related prior works [11,37,

38]. The specific heat capacity of the composite material exhibits
hree different levels: below the PCM melting range, between the PCM

melting range, and above it. Outside of the PCM melting range, the
equivalent specific heat capacity was determined using a volume-based
rule of mixtures between stainless steel and paraffin wax. Between
the melting range of the PCM, the equivalent specific heat capacity
incorporates the total latent heat capacity of the paraffin quantity as
a single value as shown in Eqs. (7)–(8). The thermal energy absorbed
by the composite solid during PCM phase change 𝑄𝑒𝑞 𝑢𝑖𝑣 is composed
of the sensible heat absorbed by the stainless steel heat sink 𝑄𝐻 𝑆 ,𝑠𝑒𝑛𝑠,
and the sensible and latent heat absorbed by the PCM, 𝑄𝑃 𝐶 𝑀 ,𝑠𝑒𝑛𝑠 and
𝑄𝑃 𝐶 𝑀 ,𝑙 𝑎𝑡. The use of the specific heat capacity to proxy the latent heat
storage captures the effect of thermal storage in the material without
mploying a multi-phase multi-physics simulation, greatly reducing the
computational cost and time. Due to the simplifications applied in the

5 
Table 3
Material properties adopted in this study [31,39].

Material Density Melting point Specific heat Latent heat
(kg/m3) (◦C) capacity 𝐶𝑝 capacity 𝐻

(J/kg K) (J/kg)

Stainless steel 8000 – 500 –
SS316L
Paraffin wax 880 53–58 2000 170 000

proposed numerical model, the dynamics of liquid fraction were not
ncluded in this work.

𝑄𝑒𝑞 𝑢𝑖𝑣 = 𝑄𝐻 𝑆 ,𝑠𝑒𝑛𝑠 +𝑄𝑃 𝐶 𝑀 ,𝑠𝑒𝑛𝑠 +𝑄𝑃 𝐶 𝑀 ,𝑙 𝑎𝑡 (7)

𝑚𝑒𝑞 𝑢𝑖𝑣𝐶𝑝𝑒𝑞 𝑢𝑖𝑣 (𝑇𝑙 − 𝑇𝑠) = 𝑚𝐻 𝑆𝐶𝑝𝐻 𝑆 (𝑇𝑙 − 𝑇𝑠)

+𝑚𝑃 𝐶 𝑀𝐶𝑝𝑃 𝐶 𝑀 (𝑇𝑙 − 𝑇𝑠) + 𝑚𝑃 𝐶 𝑀𝐻𝑃 𝐶 𝑀 (8)

where 𝑇𝑙 and 𝑇𝑠 are the liquidus and solidus temperature of the PCM,
𝐶𝑝𝑒𝑞 𝑢𝑖𝑣 is the equivalent specific heat capacity for the heat sink with

PCM case within the phase change temperature range, and 𝐻𝑃 𝐶 𝑀 is
he latent heat capacity of the PCM (170 000 J/kg). It was assumed for
qs. (7) and (8) that the heat sink and PCM are at the same temperature

and that the totality of the PCM changes phase between 𝑇𝑙 and 𝑇𝑠.
Eq. (8) was then solved for 𝐶𝑝𝑒𝑞 𝑢𝑖𝑣 to find the equivalent specific heat
apacity for the case with PCM.

For the simulations under atmospheric pressure, the surrounding air
was considered an incompressible fluid with null forced airflow velocity

hich allows for natural convection. For the vacuum simulations, the
perating pressure was adjusted to 5 Pa to reproduce the internal

pressure of the vacuum chamber utilised in the experiments (i.e low-
grade vacuum). In addition to the radiation heat transfer, a minimal
convection heat transfer coefficient was applied to the walls’ boundary
conditions to accommodate the remaining internal pressure of the
experimental vacuum chamber. The adopted thermal emissivity for the
heat sink walls was 0.6, adapted from [40] due to the high surface
oughness from the laser powder bed fusion manufacturing process.

The governing equations for the transient thermal simulations
solved by Ansys are [33,41]:
𝛿 𝑢
𝛿 𝑥 + 𝛿 𝑣

𝛿 𝑦 + 𝛿 𝑤
𝛿 𝑧 = 0 (9)

𝜌
(

𝛿 𝑢
𝛿 𝑡 + 𝛿 𝑢

𝛿 𝑥 + 𝛿 𝑢
𝛿 𝑦 + 𝛿 𝑢

𝛿 𝑧
)

= − 𝛿 𝑝
𝛿 𝑥 + 𝜇

(

𝛿2𝑢
𝛿 𝑥2 + 𝛿2𝑢

𝛿 𝑦2 + 𝛿2𝑢
𝛿 𝑧2

)

(10)

𝜌
(

𝛿 𝑣
𝛿 𝑡 + 𝛿 𝑣

𝛿 𝑥 + 𝛿 𝑣
𝛿 𝑦 + 𝛿 𝑣

𝛿 𝑧
)

= 𝜌𝑔 𝛽(𝑇 − 𝑇∝) + 𝜇
(

𝛿2𝑣
𝛿 𝑥2 + 𝛿2𝑣

𝛿 𝑦2 + 𝛿2𝑣
𝛿 𝑧2

)

(11)

𝜌
(

𝛿 𝑤
𝛿 𝑡 + 𝛿 𝑤

𝛿 𝑥 + 𝛿 𝑤
𝛿 𝑦 + 𝛿 𝑤

𝛿 𝑧
)

= − 𝛿 𝑝
𝛿 𝑤 + 𝜇

(

𝛿2𝑤
𝛿 𝑥2 + 𝛿2𝑤

𝛿 𝑦2 + 𝛿2𝑤
𝛿 𝑧2

)

(12)

We then substitute our effective composite material properties into
Eq. (13).

𝜌𝑒𝑞 𝑢𝑖𝑣𝐶𝑝𝑒𝑞 𝑢𝑖𝑣
𝛿 𝑇
𝛿 𝑡 = 𝑘𝑒𝑞 𝑢𝑖𝑣

(

𝛿2𝑇
𝛿 𝑥2 + 𝛿2𝑇

𝛿 𝑦2 + 𝛿2𝑇
𝛿 𝑧2

)

(13)

where 𝑢, 𝑣, 𝑤 are the velocity components in 𝑥, 𝑦, 𝑧 directions, 𝜌 is the
ensity, 𝑝 is the pressure, 𝑔 is the gravitational acceleration, 𝛽 is the

volumetric thermal expansion coefficient, 𝜇 is the viscosity, and 𝑇 is the
temperature. Where 𝜌𝑒𝑞 𝑢𝑖𝑐 , 𝐶𝑝𝑒𝑞 𝑢𝑖𝑣 and 𝑘𝑒𝑞 𝑢𝑖𝑣 refer to the density, specific
heat capacity and thermal conductivity for the equivalent materials
created for the cases ‘‘without PCM’’ and ‘‘PCM’’.

The initial and boundary conditions are outlined as follows and
illustrated in Fig. 3:

1. The simulations were initialised at 23 ◦C.
2. Heat flux with the heater at high power was applied onto the

base surface of the heat sink during heating and used the corre-
lation of heat flux as a function of the temperature as described
in Section 2.1.2.
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Fig. 3. Initial and boundary conditions of the reduced-order numerical model.

3. Heat transfer through the walls and top surface of the heat sink
was considered via natural convection and radiation for both
the atmospheric pressure and vacuum simulations, such that a
minimum convection heat transfer coefficient was adopted for
vacuum to accommodate the remaining 5 Pa of internal pressure
of the experimental vacuum chamber.

The numerical simulations were compared to the experimental data
to validate the reduced-order method; comparisons are discussed in
Section 3.2.

3. Results

3.1. Experimental work

3.1.1. Atmospheric pressure transient temperatures
The heat sink without and with PCM was heated at low, medium

and high power levels for 90 min (5400 s) or upon reaching 100 ◦C,
whichever came first. The heating process for the atmospheric pres-
sure tests at all power levels lasted 5400 s, since the base tempera-
tures did not reach 100 ◦C. The effectiveness of PCM in maintaining
lower electronics temperatures can be examined by comparing the
base temperatures for the cases with and without PCM. The addition
of PCM consistently lowered the electronics temperature during the
heating process across all power levels, as shown in Fig. 4. This is
attributed to the additional thermal energy stored by the PCM across
three phases: pre-fusion, fusion/melting, and post-fusion. As expected,
the fusion/melting phase is responsible for the bulk of the additional
heat stored due to the material/s latent heat of fusion. Nevertheless,
the impact of PCM in minimising temperature is evident early in the
transient curves, when the base temperature is at around 35 ◦C for the
low power case, around 40 ◦C for medium power, and around 45 ◦C
for high power case.

During the heating process, the heat sink without PCM achieved a
maximum base temperature of 52.0 ◦C, 64.6 ◦C and 97.2 ◦C for low,
medium and high power, respectively. The addition of PCM lowered
the maximum temperatures by 2.0 ◦C for low and medium power,
and 4.5 ◦C for high power. Therefore, the reduction in the maximum
temperature was more significant for high power input, at 4.6%. In
comparison, the decrease was 3.8% for low heat and 3.1% for medium
heat. In the cooling phase, the base temperatures were higher for a
longer period of time with PCM. This was expected due to the extra
energy stored by the PCM during heating, both sensible and latent,
which was gradually released during cooling.
6 
Fig. 4. Transient temperatures for experiments conducted under atmospheric pressure
for heat sinks with and without PCM. Temperatures at the base and top surfaces of
the heat sink at low (a), medium (b), and high (c) power levels.

PCMs change phase at a constant temperature. Hence the melting
and solidification periods of PCM can be pinpointed in the transient
graphs as the periods of nearly constant temperature. Phase change was
observed in both the medium and high power experiments. Figs. 4(b)
and 4(c) show a short period of nearly constant base temperatures
during heating, indicative of paraffin melting, at around 57.0 ◦C for
medium power and 77.0 ◦C for high power, roughly at 1500 s and
1000 s, respectively. It is important to note, however, that the maxi-
mum top temperature for medium power was 47.5 ◦C, which is below
the paraffin melting point. This suggests that, unlike the high-power
input experiment, some of the PCM may not have melted at medium
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heat input. Stable temperatures were also present during the cooling
phase, with the onset of solidification at around 53 ◦C in both medium
and high power tests. In contrast, it can be observed that no phase
change occurred in the low-power input test (i.e no nearly constant
temperatures during heating or cooling). This affirmation is reinforced
by the observation in Fig. 4(a), that neither the base nor the top of the
heat sink reached the melting point of the PCM.

3.1.2. Vacuum pressure transient temperatures
The vacuum tests with PCM yielded lower temperatures at the base

of the heat sink throughout the heating phase for all power levels
compared to ‘‘No PCM’’, as observed in Fig. 5. This is consistent with
the tests in atmospheric pressure. The effect of PCM in lowering the
base temperature is also visible early in the curves, from around 30 ◦C
for low heat, 35 ◦C for medium heat, and 45 ◦C for high power level.
At low heat input, Fig. 5(a) shows that the maximum base temperature
was reduced from 65.2 ◦C to 60.9 ◦C with the addition of PCM.
This difference of 4.3 ◦C represents a reduction of 6.7%. Similarly, at
medium power level, the temperature was reduced by 3.7 ◦C, or 4.3%
(Fig. 5(b)). Fig. 5(c) displays the results for high power experiments,
in which the heating process was halted upon reaching 100 ◦C for
both cases. This limit was required to protect the circuitry by ensuring
the heater-thermostat module remained below its maximum allowable
working temperature set by the manufacturer. It was observed that the
case with PCM was able to operate significantly longer than without
PCM. The case with PCM reached 100 C after 1570 s, which is 60.7%
longer than the case without PCM (977 s). As expected during cooling,
cases with PCM maintained higher temperatures longer due to the
release of the extra energy stored by the PCM. The slower cooling rate
begins when the PCM nears the solidification temperature and extends
the lower temperature cool down time below the solidus temperature.

Phase change of the PCM was observed for all power levels. At
low power input, although a stabilisation in temperature is not obvious
during heating, it is noticeable during the cool down phase, when the
base of the heat sink is at around 54 ◦C as shown in Fig. 5(a). The
maximum temperature at the top surface is only 52.3 ◦C, which is
below the PCM melting range of 53 to 58 ◦C. This indicates that the
low power input was insufficient to melt the totality of PCM contained
in the heat sink. PCM fusion is observed when the base temperature
is between 60 to 68 ◦C for medium power, and at around 77 ◦C for
high power. Figs. 4(b) and 5(c) also show that the top temperatures
surpassed the paraffin’s melting point for these two power levels,
which indicates that the entire volume of paraffin within the heat sink
changed phase. The onset of solidification consistently occurs at the
same temperature for all power levels, when the base of the heat sink
is at around 54 ◦C.

3.2. Reduced order model

A reduced-order numerical model was developed to predict the
performance of heat sinks in both atmospheric and vacuum condi-
tions with low computational power requirements. The validation of
the reduced order numerical model is shown in Fig. 6. The model
shows good agreement for both ‘‘No PCM’’ and ‘‘PCM’’ cases under
atmospheric pressure and vacuum conditions. The reduced order model
predicts slightly higher steady-state temperatures and is, therefore,
slightly conservative for this heat sink design.

For the cases under atmospheric pressure (Fig. 6(a)), a good agree-
ment between the experimental data and the numerical model was
observed for the base temperatures. The maximum difference between
the simulation and the experiment is observed within the first few
minutes of heating for the ‘‘No PCM’’ case, at 4.2 ◦C. For the case
with PCM, the maximum difference between numerical model and
experiment is 4.7 ◦C and occurred around the phase change period
of the material, as expected due to the model being based on the
equivalent thermal conductivity and equivalent specific heat capacity.
7 
Fig. 5. Transient temperatures for experiments conducted under vacuum for heat sinks
with and without PCM. Temperatures at the base and top surfaces of the heat sink at
low (a), medium (b), and high (c) power levels.

In other words, the numerical model considers that the equivalent solid
has the same thermal energy storage capacity as the heat sink and PCM,
however, it does not perceive the latent thermal energy absorption at
a constant temperature. As a result, the temperatures after the melting
range of the PCM are slightly higher for the numerical model compared
to the experiment.

Fig. 6(b) shows the validation of the numerical model under vacuum
conditions. The duration of the heating process in the experiments
was 980 s for the case without PCM, and 1570 s for the case with
PCM. The case without PCM presented a difference of 3.1 ◦C between
the experimental and numerical data, observed in the first minutes of
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Fig. 6. Validation of the simplified numerical model with the results from the experiments: base temperatures under atmospheric pressure (a) and vacuum (b). Maximum differences

between model and experiment: (a) 4.2 ◦C for ‘‘No PCM’’, 4.7 ◦C for ‘‘PCM’’; (b) 3.1 ◦C for ‘‘No PCM’’, 4.7 ◦C for ‘‘PCM’’.
Fig. 7. Temperature contours obtained from the reduced-order numerical model at the end of the heating process: 5400 s for atmospheric pressure without PCM (a) and with
PCM (b), 980 s for vacuum without PCM (c), and 1570 s for vacuum with PCM (d). These plots illustrate top temperatures proportionally higher in vacuum than at atmospheric

pressure at the end of the heating process.
heating. For the case with PCM, the maximum difference was 4.7 ◦C
around the phase change region of the experiment. Further to the
validation verification, both vacuum simulations were extrapolated to
5400 s heating to establish a direct comparison with the atmospheric
pressure tests in Section 3.3. As can be observed in Fig. 6(b), the
maximum base temperatures during the 5400 s heating are predicted
to be around 140 ◦C for the case without PCM and around 135 ◦C for
the case with PCM.

Overall, the reduced-order numerical model demonstrated a reason-
able agreement with the experimental results. This validation supports
its use as a tool for predicting the performance of heat sinks in both
vacuum and atmospheric pressure environments.

Further verification of the applicability of this reduced order model
as a predictor of the performance of thermal management modules,
temperature contours at the end of the heating process were extracted
from the simulations. Figs. 7(a) and 7(b) illustrate the wall temperature
profile for the heat sinks in the absence and presence of PCM at
8 
atmospheric pressure, and the same for vacuum in Figs. 7(c) and 7(d).
The duration of heating in the simulations mirrored the values obtained
in the experimental tests. That is, the heating process was 5400 s long
for both cases under atmospheric pressure, 980 s long for the no-
PCM sample in vacuum, and 1570 s long for the case with PCM in
vacuum. These temperature contour plots display considerably higher
top temperatures in comparison to those observed in the experiments.
The reason is due to the assembly of the free-hanging thermostat onto
the top surface with tape, as described in Section 2.1.2. The noisy
profiles of the top temperatures in the experimental graphs account for
this discrepancy.

3.3. Cross-comparison: Atmospheric pressure vs. vacuum

This section compares the results for atmospheric pressure and vac-
uum conditions. The transient curves for both conditions are juxtaposed
in Fig. 8 for comparison. Overall, the vacuum temperatures are higher
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than those at atmospheric pressure due to the lack of convection heat
transfer to the surroundings. In addition, the higher the power level,
he greater the difference between atmospheric pressure and vacuum

results.
The case without PCM is first analysed to establish the differences

n performance under both environmental conditions. The maximum
emperature at the base of the heat sink is compared for each power
evel across the heating period and summarised in Fig. 9. The maximum
eating duration was set at 5400 s or until the base reached 100 ◦C,

as previously explained. Both low and medium power tests completed
he full 5400 s schedule. For low power, the maximum base temper-
ture across the heating period was 50.0 ◦C in atmospheric pressure,
nd 65.2 ◦C in vacuum tests without PCM. Therefore, the maximum
emperature achieved during heating is 25.4% higher in vacuum than
t atmospheric pressure. For medium power, this figure is 32.8%.
he high power test in atmosphere completed 5400 s of run time
ithout PCM. In the vacuum high power test, the base temperature

eached 100 ◦C after 980 s. To compare high power tests between
tmosphere and vacuum, the reduced-order numerical simulation was
xtrapolated to 5400 s, as described in Section 3.2. The maximum

temperature at the base of the heat sink for the atmospheric pressure
xperiment was 97.2 ◦C. For the extrapolated simulation in vacuum

operation condition, the maximum temperature predicted across the
5400 s heating is 140 ◦C. Thus, the predicted maximum temperature
n vacuum is 44% higher than at atmospheric pressure. This fits within
he trend of higher power levels presenting higher differences between
acuum and atmospheric pressure temperatures.

In the case with PCM, the vacuum tests also displayed higher
temperatures in comparison to atmospheric pressure tests, as displayed
in Fig. 9. At low power, the base of the heat sink achieved a maxi-
mum temperature during the heating process 21.7% higher in vacuum.
At medium power level, the maximum base temperature was 31.1%
higher in vacuum. For the high power tests, the base of the heat sink
reached 100 ◦C at 1570 s in vacuum, interrupting the heating process.
Hence, the extrapolated simulation to 5400 s was also applied for the
case with PCM to ensure a logical comparison with the atmospheric
ressure test. During the 5400 s heating process, the atmospheric tests
ielded a maximum base temperature of 92.5 ◦C. The maximum base
emperature predicted in vacuum is 135 ◦C, which is 46% higher than
n atmosphere.

The impact of PCM in lowering the electronics temperature is ob-
served in the transient temperature graphs in Fig. 8 as the hatched area
between the ‘‘No PCM’’ and ‘‘PCM’’ curves during the heating process.
The vacuum results consistently present a larger hatched area across
all power levels, indicating that the paraffin wax provides a greater
mprovement in electronics temperature in vacuum. The average and
aximum differences in the base temperatures due to the presence of
CM are displayed in Fig. 10. The maximum difference was determined
y comparing the ‘‘No PCM’’ and ‘‘PCM’’ temperatures at each time
oint during heating. The difference was most notable around the melt-
ng period of the PCM, during which the heating gradient decreases and
he temperatures stabilise momentarily (Fig. 8(a)). At low power level,

the addition of PCM improved the base temperature during the heating
period by an average of 2.3 ◦C, or 4.7%, in atmospheric pressure and
.8 ◦C, or 8.4%, in vacuum. For atmospheric pressure, the maximum
mprovement was 8.2%, at around 1130 s. For vacuum, PCM melted
round 900 s, when the maximum difference between the ‘‘No PCM’’
nd ‘‘PCM’’ curves was notes, at 11.3%. At medium power, while the
aximum improvement caused by the PCM in the base temperatures
as 7.4% for atmospheric pressure (at around 1840 s), it was 14.8% for
acuum (at 1550 s). On average, the difference between the ‘‘No PCM’’
nd ‘‘PCM’’ curves was 2.7 ◦C, or 4.4% for atmospheric pressure, and
.7 ◦C and 9.1% for vacuum. For the high power setting, the maximum
nhancement by the PCM, which was also observed across the melting
eriod, was 15.3% for atmospheric pressure and 18.5% for vacuum.
9 
Fig. 8. Transient temperatures for experiments conducted under atmospheric pressure
and vacuum. Temperatures at the base and top surfaces of the heat sink at low (a),
medium (b), and high (c) power levels.

The aim of utilising PCMs for thermal management of electronics is
o prolong their operating time by keeping them under the maximum
llowable working temperature. For this reason, the operating time,
r the time to reach a determined set point temperature (SPT), is a
ommonly employed measure of the effectiveness of thermal manage-
ent devices. Based on typical thermal design requirements for satellite

lectronic components [42,43], a SPT of 80.0 ◦C was adopted for
omparison of their operating time in vacuum and under atmospheric

pressure. Given the magnitude of the temperature, the comparison was
one for high power level. With the data extracted from the transient
raphs, Fig. 11 highlights that, in the absence of PCM, the electronics

would operate for 590 s in atmospheric pressure conditions and 473 s



L. Sueza Raffa et al.

Fig. 9. Comparative of the maximum base temperatures achieved for the cases with and without PCM under atmospheric pressure and vacuum conditions during 5400 s heating
process. * Maximum base temperatures for ‘‘No PCM’’ and ‘‘PCM’’ cases in vacuum were predicted through the reduced-order model simulation for 5400 s heating phase.

Fig. 10. PCM improvement in the maximum base temperatures under atmospheric pressure and vacuum conditions. *Around PCM melting phase **Heating process interrupted
upon reaching 100 ◦C.

Fig. 11. PCM improvement in the electronics operating time to reach 80 ◦C under atmospheric pressure and vacuum conditions.
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in vacuum. The presence of PCM almost doubles the operating time
for both pressure conditions, more specifically an increase of 99% for
atmospheric pressure (1177 s) and 90% for vacuum (900 s).

Based on the comparisons presented in this section, it may be
concluded that there is a significant disparity in the performance of
non-PCM and PCM-based thermal management modules under stan-
dard atmospheric and vacuum pressures. The addition of PCM into
the thermal management module has a greater impact in lowering the
electronics temperatures in vacuum than in atmosphere. This notes an
important consideration for the design of thermal management modules
for satellites.

4. Discussion

The first key difference in performance between vacuum and at-
mospheric pressure environments was that the base temperatures dis-
played in vacuum are higher than atmospheric pressure, regardless of
the presence of PCM. This difference was expected due to the absence of
convective heat transfer and therefore decreased heat dissipation from
the heat sink. The base temperatures are as much as 33% higher in
vacuum than at atmospheric pressure. It was observed that the higher
the power level, the higher the temperature difference between atmo-
spheric pressure and vacuum. This is supported by increased convection
for higher temperatures at atmospheric pressure dominating radiative
heat transfer.

The second key difference is that the effect of the addition of PCM
n lowering the electronics temperatures is more evident in vacuum.
ut differently, the reduction in the heat sink’s base temperature from
he addition of PCM was more pronounced under vacuum conditions.
he maximum reduction in temperature is observed around the melting
hase of the PCM. At medium power level, the maximum temperature
eduction caused by the PCM was 11.2 ◦C, or 14.8%, in vacuum, as
pposed to 4.6 ◦C, or 7.4%, in atmospheric pressure. This fact may
e explained by the higher amount of thermal energy stored by the
araffin wax in vacuum due to the higher temperatures reached by the
odule in vacuum. The operation in vacuum yields not only higher

emperatures at the base of the heat sink but also increases the temper-
tures throughout the entire module. We observe that in vacuum, the
hermal gradient between the base and the top surfaces is diminished,
eaning the temperature of the top surface is comparatively closer to

he base temperature than at atmospheric pressure (Figs. 4 and 5).
Therefore, these proportionally higher temperatures across the entire
heat sink increase the thermal energy absorption by the PCM and,
consequently, the relative benefit of PCM storage in lowering base tem-
peratures is more evident. Proportionally higher temperatures across
the heat sink’s height and consequently higher thermal energy storage
in vacuum may also explain the reason why paraffin wax phase change
was observed at all power levels for vacuum, but only noticeable at
medium and high power levels for atmospheric pressure tests.

The presence of PCM in the thermal management module was able
to nearly double the operating time of electronics under both pressure
conditions, which is very significant for satellite use. The operating time
increased by 99% for atmospheric pressure and by 90% for vacuum.
This comparison was done using a SPT of 80.0 ◦C and the high power
setting. The similarity in the prolonged operating time for both pressure
conditions may be attributed to the fact that the 80 ◦C set point
temperature is slightly above the melting region for both conditions,
indicating that PCM fusion at constant temperature took place instants
prior to reaching the SPT. Therefore, at the time of reaching the SPT,
the PCM had just melted on both cases, absorbing similar sensible
and latent heat. Due to this increase in the operating time, it may
be affirmed that the material properties of the selected PCM and its
quantity are suitable for the proposed thermal management module
at both operating conditions, considering high power operation and a
maximum allowable temperature of 80.0 ◦C. The slightly greater effect
of PCM in prolonging the operational time under atmospheric pressure
 G

11 
is due to a longer melting period and consequently a longer period of
stable temperatures, which increased the gap between the ‘‘No PCM’’
and ‘‘PCM’’ for atmospheric pressure, as evident in Fig. 8(c).

The simplified numerical model yielded coherent transient results in
comparison to the experiments, as presented in Section 2.2. In addition,
Fig. 7 confirms that the thermal gradient through the height of the
eat sink is reduced in vacuum. The top surface temperatures obtained
n the numerical results were higher than those in the experimen-
al tests attributed to non-ideal contact between the surface and the

free-hanging thermostat.

5. Conclusion

The study verified that, regardless of the presence or absence of
PCM in the thermal management module, electronics operating in vac-
uum heat up more rapidly and sustain significantly higher temperatures
than in atmospheric pressure due to the lack of convective heat transfer.
The higher the power level, the larger the temperature difference
observed between both pressure conditions. Electronics operation in
vacuum displayed temperatures as much as 32.8% higher than at
atmospheric pressure, hence why an effective thermal management
strategy is critical for satellite applications.

The presence of PCM on the thermal management module demon-
strated a greater impact on managing the electronics temperature in
vacuum than at atmospheric pressure. The addition of PCM decreased
the electronics temperatures by as much as 18.0 ◦C in vacuum, and by
12.3 ◦C in atmospheric temperature at high power level. Therefore im-
plementing PCM-based thermal management modules as thermal man-
agement technique could effectively enhance the reliability of satellite
electronics, as the reduction of just 1 ◦C in operating temperatures has
been shown to decrease their failure rate by 4% [44,45].

Finally, the incorporation of PCM was also nearly doubled the elec-
tronics operating time under both pressure conditions at high power,
which would be a significant benefit for thermal management modules
in satellites. Given that most studies available in the literature have
been conducted under atmospheric pressure conditions, the relevance
f this work lies in investigating the performance of thermal manage-

ment modules in vacuum, to support their design and optimisation for
space applications.

Future research could explore the effect of different thermal conduc-
tivity enhancer designs and different materials, as well as incorporate a
high-grade thermal vacuum chamber to reproduce orbit environments
with higher fidelity.
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