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ARTICLE INFO ABSTRACT

Keywords: The thermal management of electronics in space presents unique challenges due to high waste heat generation,
Experiment miniaturised device footprints, and the absence of convective cooling in vacuum environments. This study
Heat sink investigates the behaviour of a metallic heat sink under varying pressure conditions, from atmospheric pressure

Thermal management
Vacuum
Satellite avionics

to high-grade vacuum, using experimental and numerical approaches. The thermal response of a stainless
steel heat sink featuring plate fins was investigated at two power levels to simulate different heat loads of
satellite avionics. The experiments revealed a significant rise in operating temperatures under lower pressure
conditions, with temperatures in high-grade vacuum exceeding those at atmospheric pressure by up to 66%.
A reduced-order numerical model was formulated and validated against experimental data, demonstrating
strong agreement and providing an efficient tool for predicting heat sink performance in vacuum conditions.
The findings underscore the critical impact of pressure on heat dissipation mechanisms and highlight the need
for advanced thermal management strategies tailored for space applications. This work contributes to the
understanding of heat sink behaviour across varying pressure environments, offering insights for the design of
more effective thermal control in aero- and astrospace technologies.

1. Introduction the need for effective thermal control strategies to enhance satellite
reliability.

The advancements of modern electronics has led to devices with Heat sinks are commonly used for thermal management of elec-
greater computational power and smaller footprints, which results in tronics, by increasing surface area and enhancing heat rejection to
a significant increase in waste heat generation and often insufficient the surroundings. Despite the extensive use of heat sinks in terrestrial
available surface area to dissipate heat [1]. A 10 °C increase in tem- applications at atmospheric conditions, limited experimental research
perature can lead to a twofold rise in electronic component failure has been conducted to understand their performance under conditions
rates [2], while even a slight reduction of 1 °C in operating temperature typical of space, such as low-pressure or vacuum conditions [7]. Many
has been shown to improve reliability by decreasing failure rates by studies focus on optimising fin geometry, material properties, and other
4% [3]. In space applications, the absence of air to promote convective parameters for atmospheric environments [8-11]. However, in vac-
cooling makes thermal regulation even more challenging. Managing uum convective cooling is negligible, leading to significantly different
heat effectively in such environments is critical to ensuring the func- thermal behaviours.

tionality of spacecraft electronics, as excessive temperatures pose a
serious threat to mission success [4]. Thermal failures been linked
to multiple partial or total mission failure events [5,6], emphasising

Preliminary investigations into heat sink performance under re-
duced pressures, where both convection and radiation play a role in
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Nomenclature

English symbols

AEheatsink,stored

Variation in thermal energy stored in the
heat sink per time (W)

A Surface area (m?)

C, Specific heat capacity (J/kg K)

kerr Effective thermal conductivity (W/m K)

m Mass (kg)

Phroatsink Power input on heat sink base surface (W)
Pregrer Heater power (W)

Pioss Power losses through assembly mount(W)

qheatsink,conu

Aheatsink,rad

Power dissipated via convection (W)
Power dissipated via radiation (W)

R Heater resistance (Q)

T Temperature (°C)

t Time (s)

U Voltage (V)

Vetal Volume of metal material in the heat sink
(m*)

Vioid Volume of the internal empty space inside

Greek symbols

the heat sink (m?)

€ Emissivity

P Density (kg/m>)
Stefan-Boltzmann  constant  (5.67 X
108 W m2 K™¥)

Subscripts

avg Average

eff Effective

top Referent to the heat sink’s top surface

base Referent to the heat sink’s base surface

) Surroundings

heat dissipation, provide valuable insights. Khor et al. [12] studied
the thermal performance of straight fins under natural convection. The
study demonstrated that neglecting thermal radiation caused errors
in the local convection heat transfer coefficient of over 30%, while
excluding the view factor increased errors to more than 60%. Other
studies also highlighted the relevance of radiation in the operation
of passively cooled heat sinks [13,14]. Chu et al. [15] studied the
thermal performance of triangular finned-heat sinks with alternating
layouts, using both experimental and numerical methods in ambient
pressures from 400 Pa to atmospheric pressure. The study concluded
that fins with alternating layouts promoted more airflow into the
heat sink, showing a higher heat transfer coefficient. It also reported
that the improvement of the fin layout onto the effective heat trans-
fer coefficient was more significant at atmospheric pressure than at
lower pressures. Seidel and Rhee [16] investigated the thermal perfor-
mance of pin-finned heat sinks at low pressure conditions to simulate
the high-altitude environment encountered by military aircraft. The
study used a hypobaric chamber to assess the relationship between
the Reynolds number and thermal resistance. Tests were conducted at
pressures ranging from atmospheric (101 325 Pa) up to pressure equiv-
alent to an altitude of 30,000 m (approximately 1070 Pa). The results
highlighted the challenges of maintaining effective heat dissipation at
reduced air densities, emphasising the influence of ambient pressure
on heat transfer. The performance of a finned metallic heat sink with
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phase change material was experimentally investigated by Sueza Raffa,
et al. [17] under atmospheric condition and low-grade vacuum. The
results highlighted significant temperature increases in the low-grade
vacuum environment of up to 32.8%. The study demonstrated that
the inclusion of phase change material led to a greater reduction in
electronics temperatures in vacuum, lowering them 18.0 °C, compared
to 12.3 °C at atmospheric pressure.

These studies provide valuable insights into the comparative perfor-
mance of heat sinks at reduced pressure conditions, however their be-
haviour under even significantly lower pressures, especially high-grade
vacuum remains insufficiently understood. Thermal vacuum testing un-
der high-grade vacuum conditions to replicate orbit-like environments
are a crucial step in the “test like you fly” philosophy to validate
satellite avionics and payloads prior to flight [18]. Validation prior to
launch is a vital step in mitigating the risk associated with the high cost
of launching satellites. To the best of the authors knowledge, Wang,
et al. [7] is the only publication to date to analyse plane-finned heat
sinks under vacuum pressure, focusing on radiation heat transfer in a
thermoelectric system. The effects of fin width, length and count was
studied through a 3D numerical model simulated under atmospheric
pressure and vacuum conditions. The model was validated with an ex-
perimental test under atmospheric pressure. The study concluded that
radiation heat dissipation in vacuum is primarily influenced by angle
factors of fin surfaces, which are amplified by increasing the number of
fins, fin length, and fin width, leading to higher heat exchange. Further
to improved heat sinks designs, high emissivity coatings have been
reported to significantly increase the overall radiative heat transfer [19,
20].

This work aims to address this gap by examining the thermal
performance of a metallic finned heat sink across a range of pressure
conditions, from atmospheric levels to high-grade vacuum. Experiments
were conducted to simulate typical satellite electronic loads at two
different power levels. Additionally, the transient thermal response of
the heat sink was predicted by a reduced-order numerical model with
low computational complexity through the use of effective thermal
conductivity. The contributions of this research are:

+ Experimental evaluation of the behaviour of a metallic heat sink
under atmospheric and vacuum pressure levels, including high-
grade vacuum.

+ Development and validation of a simplified numerical model for
predicting the heat sink performance at various pressure levels.

+ Insights into the effects of ambient pressure on heat dissipa-
tion mechanisms, informing design improvements for space-based
thermal management systems.

By focusing on the distinct challenges posed by vacuum environ-
ments, this work contributes to a better understanding of heat sink
performance in space applications, informs testing interpretation under
varying ambient pressure environments, and lays the groundwork for
designing more effective thermal management systems.

2. Methodology
2.1. Experimental study

This work evaluates the effectiveness of a metallic heat sink oper-
ating under distinct levels of ambient pressure. The stainless steel heat
sink, which is illustrated in Fig. 1, was made of SS316L stainless steel
utilising the additive manufacturing (AM) technique laser powder bed
fusion. AM offers numerous advantages in comparison to conventional
fabrication processes, such as enabling complex geometries, reducing
total quantity of parts, faster production turnarounds [21]. Possible
issues linked to additively manufactured components include residual
stress-induced distortions and defects such as porosity and cracks [22].
To improve quality and minimise negative effects on thermal prop-
erties, post-fabrication assessment is crucial [23]. SS316L is a widely
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(a) Picture of fabricated
heat sink
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(b) Drawing of the heat sink design

Fig. 1. (a) Picture of fabricated heat sink and (b) drawing of the heat sink design.

used material in this additive manufacturing technique and has been
extensively studied for heat transfer and latent heat energy storage
applications [24]. In addition to its thermal properties, it offers strong
corrosion resistance and radiation shielding, making it well suited for
space environments. The dimensions and weight of the planar-finned
heat sink were 30 x 30 x 37 mm and 150.0 g, respectively.

A 30 x 30 mm flat square-shaped electric heater integrated onto
a printed circuit board (PCB) was used as a replica for the heat
generated by satellite electronics. The PCB was developed by Mawson
Rovers, along with its control software. The heater is controlled by
a BeagleBone Black microprocessor, which also collects the thermis-
tors recordings. The data is displayed live from an online dashboard,
providing cloud data storage, and heater control functionalities. The
experimental setup is shown in Figs. 2(a) and 2(b). The PCB features
five thermistors soldered within the heater area to measure the average
temperature across the heater, which coincides with the temperature at
the heat sink’s base surface. A free-hanging type thermistor is secured
with tape at the top surface. Temperature readings were collected every
5s.

Experiments were carried out under atmospheric pressure and var-
ious levels of vacuum, specifically (a) 103500 Pa (ATM), (b) 51 325
Pa, (c) 5 Pa, and (d) 0.00025 Pa. The tests were conducted in the
laboratories of the University of Technology Sydney, except for (d)
0.00025 Pa. A vacuum chamber with integrated vacuum pump main-
tained the desired pressure level throughout the tests. The chamber
operated at either the its nominal vacuum rating of 5 Pa (-1 bar(g)) or
at half of this rating, at 51 325 Pa (—0.5 bar(g)). The target vacuum
level was manually controlled by activating the vacuum pump until
the required pressure was reached, monitored via visual inspection of
a pressure gauge installed on the chamber. The high-grade vacuum
tests at 0.00025 Pa were conducted inside the Wombat-XL thermal
vacuum chamber (TVAC), located in the National Space Test Facility
in Canberra Australia. Infrared thermal imaging was also captured
during the high-grade vacuum tests, to visualise the temperature dis-
tribution of the experimental hardware, as well as its vicinity. For
the atmospheric pressure (a) and low-grade vacuum tests (b)—(c), the
ambient temperature was maintained at 23 °C+/-1.5 °C. The high-
grade vacuum test (d) was performed under temperatures ranging from
—40 °C to —18 °C, as presented in Section 3.

The PCB and micro-controller were powered by a 5 V portable
battery during the atmospheric pressure and low-grade vacuum tests.
For the high-grade vacuum experiment, a benchtop power supply pro-
vided 5 V into the circuit. The heater operates using pulse width
modulation (PWM) signals. Experiments were carried out at two power
levels: 100% duty cycle and 50% duty cycle. At 100% duty, the
heater remains continuously on, whereas at 50% duty cycle, it switches
between on and off states for 50% of the pulse period, providing 50%
average power output, as indicated in Eq. (1). Heater power P .,
was calculated by Eq. (1) based on the voltage (U) across the heater
and its resistance(R). The voltage was measured with a multimeter,
recording 4.8 V for the atmospheric pressure and low-grade vacuum
tests, and 4.2 V for the high-grade vacuum experiments inside the
Wombat-XL TVAC chamber. The heater resistance R was recorded at
different temperatures to determine its relationship with temperature
T [°C], which is outlined in Eq. (2).

U2

P = (duty%)— 1
heater (uy)R ()

R =0.0192T +2.7774 2

At the start of each experiment, the test rig was at 23 °C for
the atmospheric pressure and low-grade vacuum tests at both 100%
and 50% duty, yielding initial heater powers of 7.0 W and 3.5 W,
respectively, from Eq. (1). For the high-grade vacuum tests, the heat
sink and heater initial temperature was 7 °C at 100% duty, resulting
in an initial power of 6.3 W. At 50% duty, the initial temperature was
around 35 °C, equivalent to 2.6 W initial P,,,,,. These power levels
selected represent realistic operating conditions of CubeSat electronics,
which often alternate between high-power active mode such as payload
operation and data transmission, and low-power standby mode [25-
271.

It was observed during the experiments through thermal imaging
that part of P, escapes through the mounting assembly and, there-
fore, the actual power input at the base of the heat sink is in fact
lower than P,,,.,. The power generated by the heater P,,,,, is partly
stored and dissipated by the heat sink (P, i), and partly lost through
the mounting assembly, P, as expressed in Eq. (3). Pjuinx Was
calculated for each case according to Egs. (4), (5), (6), (7), where
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Fig. 2. (a) Experimental setup picture and (b) corresponding diagram.

Homogeneous solid

T. o with lumped mass
Radiation & and equivalent
g g g thermal conductivity
Convection, Convection,
Radiation Radiation

A

Heat flux = Py eycin

Fig. 3. Initial and boundary conditions.
Source: Adapted from [17].

AE ) oursink.sioreq TEPTesents the variation in thermal energy stored in
the heat sink over a period of time t, and g,euink.conv @04 Gnearsink rad
correspond to the power dissipated from the external surfaces of the
heat sink to the ambient via convective and radiative heat transfer,
respectively. A similar approach has been employed by [28]. Pp,usink
was then calculated as a moving average of each time point. The
ratio of Pyeysink DY Prearer Was then fitted into a linear function of the
temperature difference 7},,,,—T,, established through linear regression.
Proatsink/ Preater Was used as a multiplier to P, in the numerical
simulation, as described in Section 2.2, to represent the actual heat flux
supplied at base of the heat sink more accurately.

Pheater = Pheatsink + Plass (3)
Pheatsink = AEheatsink,stored + qheutsink,conu + qheat.\'ink,rad (4)
mCy (T, — Too)

)

AEheatsink,stored = t

Table 1

Uncertainty analysis results.
Quantity Instrument Uncertainty (%) Uncertainty (o)
Voltage Multimeter +1.5% +0.07 V
Resistance Multimeter +0.5% +0.02 Q
Temperature Thermistor +1.0% +0.25-1 °C
Power Dependent variable + 2.9% + 021 W

qheat:ink,conv = hA(TaUg,tH_l - Tavg,t,») (6)

Ghearsi =ec AT} —T%) )
heatsink,rad avg oo

where T,,, is the average temperature of the heat sink, simplified as
the average between T}, and T,,,, and A is the external surface area
of the heat sink. A thermal emissivity e of 0.5 was assigned to the heat
sink walls, adapted from [29], considering the high surface roughness

resulting from the laser powder bed fusion manufacturing process.

2.1.1. Uncertainty analysis

Table 1 presents the measurement uncertanties for the quantities
used in this study. Power uncertainty (Eq. (8)) was derived from the
independent quantities voltage and resistance, based on the worst-case
scenario, specifically highest voltage of 4.8 V and lowest resistance of

3.2Qat 23 °C
2 2 2
u
w) + (o) ©

on= (35 o)+ (o) = (-

2.1.2. Test procedure

The heat sink sits on top of the heater and was attached to the
PCB with nylon bolts and nuts. A coat of Apiezon H thermal grease
was used between the heater and the heat sink to enhance thermal
contact between the surfaces, since a proper interface is essential for
satisfactory performance of heat sinks [30]. The heater was switched
on for 60 min and cooling was recorder for 60 min. The experiments
conducted are listed in Table 2.
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Fig. 4. Experimental results: transient temperatures for heater duties of (a) 100% and (b) 50% at atmospheric pressure (ATM), low-grade vacuum (5 Pa and 51 325 Pa) and

high-grade vacuum (0.00025 Pa).

Table 2

Variants of the experiments.
Experiment Pressure T, Heater duty
1 Atmospheric pressure (a) 23 °C 100%
2 Atmospheric pressure (a) 23 °C 50%
3 51325 Pa (b) 23 °C 100%
4 51325 Pa (b) 23 °C 50%
5 5 Pa (c) 23 °C 100%
6 5 Pa () 23 °C 50%
7 0.00025 Pa (d) —40 to —20 °C 100%
8 0.00025 Pa (d) -18 °C 50%

2.2. Reduced-order numerical modelling

Low-complexity numerical modelling was used to forecast the oper-
ation of heat sinks across multiple pressures, while requiring relatively
low computational efforts. The model, which was verified with this
work’s experimental results, was based on the assumption of a uni-
form solid with an equivalent thermal conductivity, k,,,. Comparable
methodologies have been reported in the literature [17,31-33]. The
uniform solid’s effective thermal conductivity, k,,,, was calculated

with a series-parallel method from Eq. (9) [34,35]. The studied heat
sink has a ratio between the void volume (V,,,) and total volume
(Viorar) Of 40%, which yields an equivalent thermal conductivity &, of
9.4 W/mK. This figure was experimentally validated using the approach
described in Sueza Raffa, et al. 2024 [17]. A known heat flux was
applied into the heat sink with insulated walls and the temperature
gradient across its height was measured under steady-state conditions.
The effective thermal conductivity was determined through Fourier’s
law for 1D conduction. While finned structures may exhibit anisotropic
thermal behaviour, this study adopts a simplified representation of the
heat sink as a homogeneous isotropic solid. This assumption was made
to enable the development of a reduced-order model that prioritises
computational efficiency without significantly compromising predictive
accuracy. Similar simplifications have been used in the literature for
space thermal management applications [31,32]. The experimental
validation confirms that this approach yields reliable results for the
purposes of this study.

k Vmetal + kair Vvaid

Vtotal

metal

key = ©)

Numerical simulations. Finite element method calculations were per-
formed with ANSYS Fluent 2021. A custom material with the effective
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Fig. 5. Thermal image of experimental setup under high-grade vacuum, 100% heater duty, approximately 1500 s.

Table 3
Material properties [36].

Material Density Specific heat ~ Thermal conductivity
(kg/m?)  capacity C, (W/mK)
J/kg K)
SS316L 8000 500 16.3
Effective composite (custom) 4528 500 9.4

thermal conductivity determined from Eq. (9) was created in ANSYS
for the effective composite. The density of the homogeneous solid was
obtained from the ratio of the mass of the heat sink by its total external
volume. The specific heat capacity of stainless steel shown in Table 3
was used.

In the simulations at atmospheric pressure (a) and low-grade vac-
uum (b)—(c), both convection and radiation dissipation were considered
at the heat sink surface. The low-grade vacuum simulations were
assigned low-magnitude convection heat transfer coefficients to the
boundary condition in the walls to account for the reduced pressure
within the vacuum chamber. In the high-grade vacuum simulation (d),
only radiation dissipation was considered in the walls. The reduced-
order simulations focused on the heat transfer across the solid homo-
geneous body. For this reason, the flow equation was turned off, with
only the Energy equation left for solving. The governing equations are
described below:

Transient heat conduction inside solid body:

oT 0°T | °T | T

C,— =k —t+—+— 10

PeffCp ot eff (0)(2 ayz 072 a0
Boundary condition at the heat sink surface - Convection:

aT
~kers 5 = hA(Theat sink ~ Teo) an
Boundary condition at the heat sink surface - Radiation:

-T2) 12)

oT 4

_keff on =eoA (Theat sink

The terms p,/,, C, and k, , denote the density, specific heat capac-
ity, and the thermal conductivity of the homogeneous solid created.

The initial and boundary conditions below are shown in Fig. 3:

1. Initial temperature of solid: 23 °C for atmospheric and low-grade
vacuum tests; 7 °C for high-grade vacuum simulation at 100%
duty; and 33 °C for high grade vacuum simulation at 50% duty.

2. Ambient temperature: 23 °C for atmospheric and low-grade
vacuum tests; tabular —40 to —20 °C for high grade vacuum
simulations, as plotted in Section 3.

3. Uniform heat flux applied to the base surface of the heat sink as
per the heat flux correlation with temperature, as demonstrated
in Section 3.3.

4. Walls and top surface heat transfer: via natural convection and
radiation for atmospheric pressure and low-grade vacuum sim-
ulations, with adjusted convection heat transfer coefficients for
the lower pressures; via radiation only for the high-grade vac-
uum simulations.

The validation of the numerical simulations is detailed in Sec-
tion 3.3.

3. Results and discussion

The performances of the heat sink across various pressure conditions
is analysed using transient thermal response measured at the base
and top surfaces of the heat sink, Tj,,, and T,,,. Ty, coincides with
the temperature of the heat-generating electronics, and T,,, provides
insight on the heat rejected to the surroundings and, therefore, is also

plotted.
3.1. Experimental work

The experimental results for the transient temperatures 7T},,, and
T,,, reveal a significant difference in behaviour based on the pressure
condition. The trend is consistent for both 100% and 50% heater duty,
as illustrated in Fig. 4, where the higher the operating pressure, the
lower the temperatures. However, the trend shifts for the experiments
performed under high-grade vacuum in the Wombat-XL TVAC (case
(d)), which exhibited a distinct temperature profile due to significantly
lower ambient temperatures, as well as reduced heater voltage and
power, compared to the tests under atmospheric pressure (a) and low-
grade vacuum (b)—(c). The cooling history was not recorded for the
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high-grade vacuum (d). To compare across the experimental results
from different sites, a finite element analysis (FEA) under high-grade
vacuum was performed in Section 3.3 for an ambient temperature of
23 °C, with a heater voltage of 5 V, and including the cooling process.
The thermal image captured during the high-grade vacuum test (d) at
approximately 1500 s for 100% heater duty, reveals notable thermal
losses through the mounting assembly (Fig. 5). At that instant, while
the base surface was at approximately 60 °C, the PCB edges, PCB
standoffs, and mounting plate were at approximately 25 °C, 15 °C, and
—15 °C, respectively. Given the significance of the heat losses through
the mounting assembly (P,,,), it is essential to determine the useful

portion of the heater power, or the actual power transferred to the
heat sink (Pj,qsini)> for the simulation analysis. The determination of
Pyoatsink 1S detailed in Section 3.2 to enable capturing these losses.

3.2. Quantification of heat losses through the assembly mount and determi-
nation of the actual heat flux into the heat sink

As described in Section 3.1, the actual heat flux applied into the heat
Sink, Pyeqisinks> 1S the sum of the increment of thermal energy stored in
the heat sink, AE,,, ., and the convective and radiative heat rejected

by the heat sink surfaces, qpeusink conv A4 Gpearsink raq- ThESE parameters



L. Sueza Raffa et al

100% - = o

Cenn £ ) y =-0.004342x + 0.985953

% 80% s b R?=0.860096

~ L

s 0% £ y:-0.008085x+1.003412\

£ ; R?=0.916723

e 20% +

0%:AAAA%AAAA%AAAA%AAAA%AAAA%AAAA
0 20 40 60 80 100 120
Tbase - Tamb (OC)

50% duty power + 100% duty power

Linear (50% duty power) - Linear (100% duty power)
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were calculated through Egs. (5), (6), (7) at each time point as a moving
average, and are displayed in Fig. 6 for all operating pressures and
power settings.

Using the heater power P,,,,,, determined through Eq. (1), the ratio
Preatsink/ Preater Was calculated for each time step. This ratio represents
the fraction of the total heater power that is effectively applied at
the base of the heat sink, excluding any power dissipated through the
assembly mount. Fig. 6 shows that the ratio is close to 100% at the
beginning and decreases over time, suggesting an increasing power loss
though the mounting assembly as the heating duration progresses. The
rationale is that, as the heating advances and the heater temperature
increases, the temperature difference relative to the ambient, T}, —T,,,
grows, leading to greater heat loss through the mounting assembly.
The ratio Py,usink/ Pheater» Was then plotted against 7, — T, revealing
a near-linear relation for each power level, as shown in Fig. 7. The
alignment of the power losses along the same linear trend across all
pressure conditions possibly indicates that heat losses through the
assembly mount occur primarily via conduction through the standoffs
and supports. A linear expression for Py, ink/ Pheater Was derived using
linear regression for each power level. For the numerical simulations,
the heat flux applied onto the base of the heat sink, P, > Was
inputted as the expression given by the product between the linear
expression for Py, i/ Phearer (Fig. 7) and the expression for Py,
(Eq. (1)).

Fig. 6 also provides graphical visualisation of the significance of
convection and radiation heat dissipation for each pressure level. In-
terestingly, for 5 Pa (c), which is the nominal vacuum rating of the
vacuum pump used, convection and radiation have a similar impact in
the heat dissipation to the ambient, suggesting that a small convection
heat transfer coefficient shall be considered for simulations under such
level of vacuum. The incremental thermal energy stored in the heat
sink, AE},, ik iS also analysed. For both heater duty cycles, the higher
the operating pressure, the faster AE,,,.;,. approaches zero. Negligible
values of AE,, . indicate a steady-state condition, when the rate of
heat entering system matches the rate at which it exits it, resulting in
stabilisation of temperatures, as observed in Fig. 4.

3.3. Reduced order numerical simulation - Validation

Strong correlation was found between the reduced-order numerical
model and the experimental data for all pressure conditions and heater
duties, as observed in Fig. 8. The maximum difference between the
experimental and numerical base temperatures was 3.2 °C, observed
at around 240 s for the high-grade vacuum test at 100% duty power.
For the 50% duty tests, the maximum difference was 1.5 °C, also
around 240 s for high-grade vacuum. This demonstrates this simplified
model, which requires low computational effort, is an effective tool
for estimating the transient temperatures of heat sinks with specified
porosity across various pressure levels.
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3.4. Comparison of the heat sink performance under multiple pressure
conditions at the same ambient temperature

As pointed out in Section 3.1, the high-grade vacuum tests were
performed for different ambient and initial temperatures, and with a
different heater voltages in relation to the atmospheric and low-grade
vacuum tests. Hence, for a consistent comparison, in which the ambient
and initial temperatures, and the heater voltage coincide across all
pressure levels, a simulation was performed for high-grade vacuum
to mimic the experimental setup of the low grade vacuum tests. This
simulation used ambient and initial temperatures of 23 °C, and a heater
voltage of 4.8 V. The results of these simulations are juxtaposed with
the experiments for atmospheric pressure and low-grade vacuum, as
shown in Fig. 9.

At the beginning of heating, the base temperatures increased nearly
at the same rate for all operating pressures up to approximately 52 °C
(around 300 s) for 100% duty power, and up to around 38 °C for 50%
duty power. During this period, the heat sink likely absorbed the major-
ity of the thermal energy without sufficient dissipation, as most of the
heat transfers from the base via conduction, given the relatively high
thermal conductivity of the metallic heat sink. In addition, the temper-
ature difference between the heat sink surfaces and the ambient was
relatively minor, leading to minimal heat dissipation to the surround-
ings. Beyond this point, the temperature profiles diverge according to
the amount of heat dissipation driven by each pressure level.

A clear distinction across pressure conditions is observed. For both
power levels, the tests conducted under atmospheric pressure yielded
the lowest base and top temperatures throughout both the heating and
cooling processes, primarily due to effective convective heat transfer.
Conversely, higher temperatures were observed for lower operating
pressures with a monotonically increasing inverse relation between
the temperature and pressure, demonstrating the impact of decreased
convection. The maximum electronics temperature achieved at atmo-
spheric pressure was 75.1 °C at 100% duty, and 53.2 °C at 50%
duty power. Under low-grade vacuum pressures, heat dissipation is
proportionally reduced, leading to higher peak temperatures. For the
51 325 Pa tests (—0.5 bar(g)), the electronics reached a maximum of
86.5 °C at 100% duty power, and 60.2 °C at 50% duty. This represents
an increase of around 15% at both 100% and 50% duties, relative to
atmospheric pressure. For the 5 Pa tests (—1 bar(g)), the maximum
temperatures were 100.7 °C at 100%, and 68.8 °C at 50% duty. The
jump in relation to atmospheric pressure was in the vicinity of 30%.

Interestingly, the 51325 Pa cases (—0.5 bar(g)) exhibited base
temperatures almost equidistant between the atmospheric pressure ( 0
bar(g)) and 5 Pa (-1 bar(g)) curves throughout the duration of heating
and cooling. This indicates that the convection heat transfer coefficient
is directly proportional to the pressure level. The convection heat
transfer coefficients utilised in the simulations performed in Section 3.3
to validate the proposed model were indeed proportional to the op-
erating pressure. The adopted values were 15 W/m? K, 10 W/m? K,
and 5 W/m? K for atmospheric pressure, —0.5 bar(g) and —1 bar(g),
respectively, confirming this direct relation between convection heat
dissipation and ambient pressure.

The high-grade vacuum (0.00025 Pa) more accurately simulates
actual orbital pressure conditions. Under this operating pressure, the
base temperatures peaked at 125 °C at 100% duty, and 83.5 °C at
50% duty. These temperatures were up to 66% higher than those ob-
served at atmospheric pressure. More elevated temperatures for lower
pressures are explained by the diminished convective heat transfer,
driven by the lower density of air particles, which reduces the buoyancy
effect, promoting less efficient heat dissipation. Ultimately, convection
heat dissipation becomes negligible under high-pressure vacuum con-
ditions, explaining the more elevated temperatures observed under this
pressure level.

The temperatures recorded at the top surface provide insights on its
efficiency under varying operating pressures. For both power levels, it
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Fig. 8. Validation of the reduced-order numerical model.

was noted that the temperature difference between the base and top
surfaces during heating is greater at lower operating pressures. This is
consistent with the increased heat dissipation at conditions closer to
atmospheric pressure levels.

These results highlight the significant role that ambient pressure
plays in the thermal performance of heat sinks, especially in environ-
ments with limited or absent convective cooling. Future investigations
should prioritise the development of thermal management solutions
tailored to address these pressure-dependent behaviours, enhancing the
reliability and effectiveness of heat sinks for space applications.

4. Conclusion

This work demonstrates the significant influence of ambient pres-
sure on the thermal performance of stainless steel heat sinks, with
electronics temperatures increasing as pressure decreases. Low-grade
vacuum conditions (51 325 Pa and 5 Pa) sustain temperatures approxi-
mately 15 to 30% higher than at atmospheric pressure. For high-grade

vacuum (0.00025 Pa), the increase in temperature was close to 70%
compared to atmospheric pressure. The relationship between pressure
and convective heat transfer was evident, with the convection heat
transfer coefficient being directly proportional to the pressure level,
until convection dissipation is entirely neglected for high-vacuum con-
ditions. It was determined convection in typical off the shelf vacuum
systems (5 Pa) still plays a role as significant as radiation and cannot be
overlooked. Therefore, to achieve a closer “test like you fly” approach
in designing and developing thermal management solutions for satel-
lites, an ability to test under a high-grade thermal vacuum chamber
like the Wombat-XL is crucial.

The reduced-order numerical model proved to be an effective tool
for predicting transient heat sink behaviour across different pressure
environments. A strong correlation between the experimental and sim-
ulation results validates the model’s capability to reproduce the thermal
behaviour of stainless steel heat sinks under varying conditions of am-
bient temperature and pressure. This model can be extended to predict
the thermal performance of similar metallic heat sink designs in orbit. It
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these same conditions.

can also be adapted to other thermal management systems applications,
such as microprocessors and satellite electronics, providing a valuable
tool for space systems design and optimisation.

The findings of this work emphasise the need for thermal man-
agement strategies for space applications where convective cooling is
absent, given that the operation of passive thermal management mod-
ules in vacuum conditions is not significantly detailed in the literature.
The findings also indicate that heat sinks designed for terrestrial use
may underperform in space unless optimised for vacuum conditions.
Effective thermal management in such environments requires heat sink
designs that promote efficient conduction and radiation. Key design
considerations include increasing the radiative surface area, optimis-
ing fin geometry to maximise view factors, applying high-emissivity
coatings, and integrating phase change materials (PCMs) to buffer peak
thermal loads. Material selection should also be selected to balance the
required thermal conductivity and mass constraints. These adaptations
are essential to ensure thermal reliability of satellite avionics and
payloads in the space environment. Future research should explore
innovative solutions such as phase change materials with tailored

10

heat sink geometries, and explore alternative materials with different
thermal conductivities to enhance performance. Additionally, more
extensive testing across a broader range of pressure conditions to es-
tablish a general correlation between ambient pressure and convection
heat transfer coefficient would further support the design of thermal
systems.
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