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ABSTRACT

Thermal management of small satellites in the thermal environment of low earth orbit is a crucial task. Any
satellite in low earth orbit is subjected to two distinct thermal conditions for the duration of its orbit: extreme
hotness and extreme coldness. Phase change materials (PCM) are promising candidates for the thermal control of
small satellites in low earth orbit thermal conditions. The present work provides a numerical analysis of a
thermal storage panel (TSP) using PCM. The TSP is used to improve small satellites' thermal control performance
in the thermal environment of a low earth orbit. An aluminium TSP is designed based on a typical space-
approved small satellite battery. It is integrated with five internal fins as a thermal conductivity enhancer.
The fins divide the heat sink into six cuboid cavities and are filled with PCM. Three-PCM materials with melting
points of 15 °C, 21 °C, and 26 °C are used. The proposed low earth orbit is at an altitude of 500 km and a beta
angle of 0%; this resulted in an eclipse fraction of 0.37. The TSP is investigated under three levels of heating loads:
10W and 13 W. The TSP is investigated using both single and combinations of PCM. Four combination cases are
investigated: (RT 15 & RT 21), (RT 21 & RT 26), (RT 15 & RT 26), and (RT 15 & RT 21 & RT 26). The results
report a significant enhancement in the thermal control performance of the PCM-based TSP. At 10W and steady-
state conditions, RT 15 records maximum extrema of 21.4 °C with a decreasing percentage of 34.6 % compared
to the case without PCM. In addition, RT 15 records minimum extrema of 7.8 °C with an increase of 162.4 %. TSP
with PCM combinations achieve a nearly constant PTD under varying heating loads and hence a constant
temperature response amplitude. In addition, the PCM combinations achieve a nearly fixed specific heat with the
change in heating load.

1. Introduction

Satellites are orbiting the earth in low earth orbit (LEO) experience

which they operate efficiently. Satellite thermal control subsystems
(TCSs) guarantee that all satellite subsystems are working in their
optimal thermal conditions in both hot and cold cases. Furthermore, TCS

an extreme thermal environment. The satellite once existed in the zone
between the sun and the earth, called the sunlit zone, and other times
existed in the zone of earth's shadow, which is called the eclipse zone.
On the one hand, during the sunlit zone, the satellite receives a high
amount of thermal energy from the sun, which results in an overheating
of the satellite subsystems. On the other hand, when the satellite exists in
the eclipse zone, the satellite subsystems experience a severe loss in their
temperatures due to the absence of solar heat energy in the eclipse zone
[11.

Satellite subsystems have a safe operating temperature range within
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protects other satellite subsystems from failure due to unacceptable
thermal conditions [2]. TCSs are generally divided into two classifica-
tions: passive TCSs and active TCSs. Passive TCSs include multi-layer
insulation (MLI), surface coatings, radiators, heat pipes, and thermal
energy storage materials (TES) [3-5]. Active TCSs require a power
source, such as heaters, louvers, radiators, pumped-fluid loops, heat
pumps, refrigerators, and thermo-electric coolers [6].

In general, the sources of heat the spacecraft experience in LEO are 1.
the direct-solar radiation incident on the spacecraft. 2. the diffusive
earth radiation, which is called Albedo. 3. Infrared rays (IR) radiated
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from the earth. 4. The molecular heating effect is caused by friction
between spacecraft and gas molecules in the space environment. 5. the
energy dissipated from the avionics systems [7]. Fig. 1 presents the heat
sources of LEO.

Recently, the electronic devices, and their related components used
in the spacecraft industry, especially for satellite subsystems, are getting
compact and have a significant power density. This results in an urgent
need to develop innovative solutions for efficient thermal management
of satellite subsystems. Also, the power consumed by these electronic
devices is increasing. The satellite subsystems usually have a cyclic
operation mode in which they are “ON” for some time, generating heat
energy, and “OFF” for the rest of the cycle with limited heat generated.

Nomenclature

English symbols

A surface area (mz)

Cp specific heat (J/kg. K)

H enthalpy (J/kg)

Hg sensible enthalpy (J/kg)

H; latent enthalpy (J/kg)

K thermal conductivity (W/m. K)
LH latent heat (J/kg)

Mrsp mass of thermal storage panel (kg)
Q heat load (W)

t time (S)

T temperature (K)

Greek symbols

p density (Kg/m>)

o absorptivity

€ emissivity

c Stefan- Boltzmann constant (W/m?. K)
M dynamic viscosity (Kg/m. s)
Abbreviations

ADCS Attitude determination and control subsystem
CFRP Carbon fiber reinforced polymer
CNT Carbon nanotube

GOP Graphene oxide particles

LHS Latent heat storage

LEO Low earth orbit

MLI Multi-layer insulation

PCM Phase change materials
PRESTO Pressure staggering options
PTD Peak temperatures difference

Emitted radiation

Fig. 1. The sources of heat the spacecraft experiences in LEO environment.
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SHS Sensible heat storage

SS-PCM  Solid-solid phase change materials
TCE Thermal conductivity enhancer
TCS Thermal control subsystem

TES Thermal energy storage materials
TSP Thermal storage panel

TCM Thermal control module

TVC Thermal vacuum chamber
Subscript

app apparent

i initial

rad radiation

S solar

L heat load

max maximum

Thermally critical satellite subsystems require more thermal con-
straints and have a limited span of the operating temperature range.
These critical subsystems include remote sensing, optical, battery, and
microwave satellite payloads. In these subsystems, a high quantity of
heat is produced over a short time during the “ON” mode before they
enter again to “OFF” mode, and heat generation stops [8,9]. Among the
satellite components, the battery involves the most severe temperature
limitations of satellite components with an allowable temperature range
in general from —10 °C to 50 °C [10]. There is a distinction between the
thermal conditions of small satellites, of the category micro/nano-
satellites, and large satellites in space. Small satellites have (i) small heat
capacity, (ii) limited power resources, (iii) relatively small radiator
areas, (iv) highly compact electronics, and (v) mass constraints. That's
why micro/nanosatellites are less thermally controllable than large
satellites. Recently, Nasa reported a problem in one of its nanosatellites
of NASA's Edison Demonstration of Small sat Networks (EDSN). The
satellite has been restricted in its operating time due to the heat dissi-
pation generated by mission devices [11].

Improving thermal controllability for small satellites requires a novel
thermal control subsystem. This novel TCS needs to account for mass
and size limitations in micro/nanosatellites and consumes no electrical
power. TES are promising candidates for solving micro/nano satellites'
thermal controllability issues. Using TES in satellite thermal control is a
passive technique for small satellite thermal control with no power re-
quirements. Many researchers focus on the implementation and feasi-
bility of using TES in the thermal control of small satellites. Two types of
TES are used in satellite TCSs: latent heat storage (LHS) and sensible
heat storage (SHS) materials. Both techniques of TES were used in the
thermal control of satellite subsystems. LHS materials store heat energy
as they experience a phase change process or change in their crystalline
structure (solid-solid phase change materials (SS-PCM)).

A numerical study by Madruga et al. [12] investigated the effect of
nano-metallic particles on thermal energy storage and heat transfer in a
PCM forced by thermocapillary. The findings concluded that metallic
nanoparticles with higher diameters support higher convective flows
and better heat transfer. Madruga and Mendoza [13] delivered a nu-
merical study simulating the melting process of the PCM in squared
geometries under the natural convection and thermocapillary effects.
The PCM used was n-octadecane. The results revealed that thermoca-
pillary effects at a small Bond number significantly enhance the heat
transfer rate. Swanson et al. [14] surveyed to summarize the current
efforts at the National Aeronautics and Space Administration to develop
new technologies of thermal control systems for future robotic missions.
Giangi et al. [15] reported a numerical study investigating the signifi-
cance of Marangoni effects in microgravity conditions. The findings
revealed that the presence of the argon and Marangoni convection play a
vital role in affecting the solidification process.

Shukla and Ababneh et al. [16,17] examined the thermal perfor-
mance of the heat pipes using LHS materials of (water, ammonia, and
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ethylene glycol). LHS materials were fitted in the heat pipes as the
working fluids and were coupled with radiators for thermal control of
satellite subsystems. Thermal control of small satellites using (PCM) as
LHS materials is a promising solution for small satellites’ thermal
controllability issues. PCM can raise the apparent heat capacity for the
small satellite subsystems. Therefore, PCM can reduce the temperature
fluctuation that satellite subsystems experience in space. Thermal con-
trol of small satellites using PCM is a passive thermal control technique
that requires no electrical power and accounts for the mass constraints of
small satellites. Madruga et al. [18] conducted a numerical study about
the melting dynamics of a PCM by the action of the thermocapillary
effect. The results reported enhancement in the heat transfer of PCM by
thermocapillary effect.

The effective way to use PCM in the thermal control of satellite
avionics is by using PCM encapsulation. PCM encapsulation refers to
encapsulating the PCM inside a container with an appropriate design to
accommodate the PCM. The main objective of PCM encapsulation is to
keep the PCM's solid and/or liquid phase and isolate it from its sur-
roundings. Hence, PCM encapsulation ensures a fixed PCM composition
that could be changed due to exposure to the surroundings [19,20].
Research using PCM encapsulated in thermal control modules (TCM) has
flourished recently. Hansen et al. and Humphries [21,22] studied the
process of PCM phase change under normal and zero-gravity conditions
in 1974. Abhat and Groll [23], studied using a honeycomb structure as a
filler material in the PCM-based thermal control module. The authors
reported the effectiveness of the honeycomb structure in limiting the
hardware temperature within narrow bands as required for the satellite
operating conditions. In addition, the authors concluded that the natural
convection effects within the PCM are negligible for space applications.
Three PCM-based-thermal capacitors were manufactured and tested for
ExoMars 2016 European space agency mission [24]. The thermal ca-
pacitors contain phase change waxes to absorb the heat energy during
the phase transition process.

Baby and Balaji [25] conducted an experimental investigation about
the effect of using PCM-based finned heat sinks for the thermal man-
agement of electronic devices. The PCM used was n-eicosane encapsu-
lated in an aluminium-finned heat sink. The aluminium fins of the heat
sink are used as a thermal conductivity enhancer to compensate for the
low values of PCM thermal conductivity. The study reported a signifi-
cant improvement in the heat sink's thermal performance by using
aluminium fins as a thermal conductivity enhancer. Baby and Balaji [26]
experimentally studied the effect of fins configuration for a PCM-based
heat sink and the PCM type on the thermal performance of elec-
tronics. Both n-eicosane and paraffin wax were used individually as the
PCM. The results revealed that paraffin wax was better than n-eicosane
for maintaining the hardware temperature within the desired range.
Madruga et al. [27] presented a new concept of harvesting electrical
energy from ambient thermal fluctuations using the Marangoni effect,
thermoelectric generators, and PCM. The results show that this type of
micro-harvesters obtained high specific power.

Wu et al. [28] conducted a numerical study about the effectiveness of
a shape-stabilized PCM module in protecting the satellite against a short-
term high-level heat flux. In this study, one side of the satellite model
was subjected to a high heat flux of 3 W/cm? for 100 s. The results show
that the shape-stabilized PCM module was highly influential in
absorbing short-term high heat flux and protecting the satellite from
extreme temperature values. The development of a novel thermal con-
trol module named a heat storage panel was performed by Yamada and
Nagano [10]. In this study, Eicosane was inserted into the heat storage
panel as a PCM, while carbon fiber-reinforced polymer was utilized as a
thermal conductivity enhancer. The novel HSP was demonstrated early
in orbit. Kim et al. [29] reported A new spacecraft TCM in a numerical
study. This study used heat pipes as a thermal conductivity enhancer for
PCM, while alkane was used as a PCM with a melting point of 28°C. A
numerical study on the effect of using expanded graphite to increase the
thermal conductivity of shape-stabilized PCM used for electronic
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devices' thermal control was conducted by Cheng et al. [30]. The results
depicted a significant improvement in the thermal conductivity of PCM
to four times higher than that of the original one.

Mahmoud et al. [31] conducted an experimental study about the
effects of PCM, power levels, and design of heat sink configuration on
PCM-based TCM performance for the cooling process of electronic de-
vices. The study revealed a significant enhancement in the thermal
performance at a higher number of fins for both parallel and cross-fin
geometries. An experimental and numerical investigation was carried
out by Yang et al. [32] to study using low melting point PCM in a metal-
based heat sink. Aluminium fins were used as thermal conductivity
enhancers (TCE), and several internal fins were studied in the heat sink.
An experimental study was performed by Praveen and Suresh [33] to
investigate the thermal performance of a PCM microencapsulation
technique using low melting alloy as a TCE. The results show a signifi-
cant enhancement in the thermal performance using PCM microencap-
sulation with low melting alloy. The study delivered a uniform
temperature distribution in the PCM with a complete melting of the
PCM. A numerical investigation was performed by Desai et al. [34] to
find out the most effective fin configuration of an aluminium finned
PCM heat sink. Four fin parameters were tested: size, number, shape,
and mass percentage of fins.

Raj et al. [35] carried out a numerical investigation about the effect
of fin configuration on the performance of a satellite thermal control
module using SS-PCM. This study investigated the effect of fin thickness,
fin shape, TCM base thickness, and the number of fins for a steady heat
flux. Ho et al. [36] experimentally examined a PCM-based heat sink's
thermal performance using a tree-like structure TCE. The study reported
the potential of tree-like structures to enhance thermal performance. A
numerical study performed by Kansara et al. [37] studied the effect of
gravity on PCM's solidification and melting processes in an optimized
TCM with fins (pin type) as heat transfer enhancers. Pakrouh et al. [38]
performed a numerical investigation about a geometric optimization for
PCM-based heat sinks with pin fin. RT 44 HC was used as a PCM, while
the Taguchi method was used for the experiment design. Results show
the high dependency of the optimal thermal performance case on the
number, height, and thickness of fins and the critical temperature of the
TCM. An experimental study about the enhancement of PCM-based TCM
thermal performance and the effects of TCM orientation was presented
by Baby and Balaji [39]. N-eicosane was used as the PCM, while a copper
open-cell metal foam was adopted as a TCE. The results revealed that the
TCM orientation did not have an interesting effect on its thermal
performance.

Gharbi et al. [40] compared experimentally different PCM-based
heat sink configurations and their impact on the thermal control per-
formance of electronic components. At the same time, Xu et al. [41]
Presented a novel microchannel PCM-based heat sink for thermal con-
trol applications. Carbon nanotubes (CNTs) and Graphene Oxide parti-
cles (GOPs) were used as TCE. The results revealed a significant
improvement in the heat sink's thermal performance by adding CNTs
and GOPs. Saha et al. [42] studied the effect of TCE volume fraction on
the thermal control performance of PCM - based heat sinks. The results
reported that the TCE volume fraction of 8 % gave the best thermal
performance of the heat sink when aluminium was used as the TCE
material.

Ye et al. [43] presented a novel composite PCM with dual phase
change temperature regions. The novel composite PCM designed with
phase changeable polymer presented better thermal management in
cooling the battery than the traditional composite PCM. Younis et al.
[44] presented a numerical study investigating the heat energy storage
performance of nano-improved PCM. The results showed a significant
improvement in energy storage performance by using nanoparticles
integrated with PCM. Li et al. [45] presented a novel kind of flexible
PCM by a solvent-evaporation method at room temperature. The find-
ings reported the flexible PCM produced by the solvent-evaporation
method is promising for future applications. An experimental and
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numerical study by Hu et al. [46] investigated a heat pipe/PCM com-
posite for the thermal management of lithium-ion batteries. Results
show that the heat pipe/PCM composite system outperforms the heat
pipe-assisted battery thermal management system regardless of the
battery discharge rate. Wu et al. [47] studied a flexible PCM that can
minimize the thermal contact resistance for the thermal management of
batteries. The results reported a significant improvement in the thermal
management performance of the flexible PCM and the Rigid PCM.

2. Purpose of the present research

This study presents a numerical thermal analysis of a proposed
thermal storage panel (TSP) for the thermal control of small satellites in
low earth orbit. The TSP was an aluminium heat sink integrated with
PCM. The effect of PCM melting point on the thermal control perfor-
mance of TSP was investigated. Furthermore, the effects of using phase
change materials combinations for thermal control of satellite avionics
in the space environment were studied. The objective of the current
work is to examine the effect of PCM melting point and PCM combina-
tion on the thermal performance of a PCM-based TSP. In two cases, the
proposed TSP was tested for the thermal management of satellite avi-
onics in the space environment. The TSP contained a single PCM with
one melting point in the first case. But in the second case, the TSP
contained a combination of PCM. The PCM combination cases had two
scenarios. First, the TSP was filled with two PCM. Second, the TSP was
filled with three PCM. Each PCM was separated in its cavity without
mixing in PCM combination cases. The PCM combination cases have
different melting points, including double and triple PCM. The heat sink
model was integrated with fins for applying the PCM combination in the
same heat sink, resulting in separated cavities for accommodating PCM
without mixing. The fins also work as a thermal conductivity enhancer
to enhance PCM thermal conductivity's moderate values.

The novelty in the present work is presented in the following points.

e The PCM-based TSP was tested and analyzed under the actual
intermittent thermal environment of a proposed low earth orbit for
several orbits.

The TSP was designed based on a typical small satellite
configuration.

Three-dimensional transient numerical investigation about the effect
of PCM melting point and PCM combination on a PCM-based TSP's
thermal control performance under different heating loads.

The effects of PCM combination on the stability of the thermal
response with a varying heating load.

3. Model description and materials

This work investigates a TSP designed based on the typical config-
urations of a small satellite project. The outer dimensions of the TSP
were selected to be compatible with the outer dimensions of the satellite.
This satellite was nearly a cube of 60 kg in weight and had a side length
of 0.8 m. The TSP location was selected carefully according to the sat-
ellite configuration and temperature distribution. In the present model,
The TSP consisted of a heat sink with integrated fins manufactured from
aluminium 6061 (T6). Aluminium was selected due to its relatively high
thermal conductivity of 167.9 W/m. k, relatively low density among
other metals of 2770 kg/m® and hence, lower mass which has a signifi-
cant concern in spacecraft design. The heat sink was integrated with six
aluminium parallel fins, resulting in six separated cuboid cavities within
the body of the heat sink. Later, the heat sink cavities were filled with
PCM to study the effect of PCM melting point and PCM combination on
the thermal control performance of the heat sink.

The heat sink's outer dimensions were designed based on a typical
small satellite configuration. The heat sink's length, width, and height
are 98 mm, 71 mm, and 22 mm, respectively. Parallel fins were used as
thermal conductivity enhancers (TCE) to overcome the relatively low
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PCM thermal conductivity. In the present study, five parallel fins were
milled in the heat sink, resulting in six cavities of 13 mm in width and 61
mm in length, and 12 mm in height. A TCE volume fraction of 8 % was
used in the present work, resulting in a fin thickness of 2 mm. The
thicknesses of the cover plate, base plate, and side walls were all 5 mm.
The detailed heat sink dimensions and configuration are shown in Figs. 2
and 3, respectively. The volume of the TSP elements and weight for all
cases studied are presented in Tables 1 and 2, respectively. The average
total weight of the TSP was nearly 316.2 g. While the total volume of the
TSP was 98 mm, 71 mm, and 22 mm in length, width, and height,
respectively.

Fig. 4 presents the small satellite dummy model with the TSP
mounted on its back plate. This project is carried out between Benha
university and the Egyptian space agency. The satellite Model was of the
microsatellite category with a total mass of 45 Kg and volume of 40 cm *
40 cm * 30 cm in length, width, and height, respectively. The TSP was
mounted on the satellite back plate. Fig. 4 (a) presents the location of the
TSP on the satellite back plate. While Fig. 4 (b) presents, the subsystems
mounted to the plate. These subsystems were the significant sources of
hardware heat load that the TSP experiences during operation.

Table 1 presents the typical heat load experienced by the subsystems
of interest. The sum of these loads was 9.2 W, rounded to 10 W.
Considering the uncertainty in the heat load values and optimizing our
model by maximizing the heat load; the TSP was also tested at 13 W with
a 30 % increase to the calculated heat load. Tables 2 and 3 present the
TSP elements' volume and weight, respectively. The total volume and
average weight of the TSP were 153.07 cm® and 316.1 g, respectively.

The TSP cover plate was anodized with a black coating. The black
anodization had a solar absorptivity and emissivity of 0.65 and 0.82,
respectively. The cover plate acted as a thermal radiator which emitted
the absorbed heat to the surrounding space. The TSP was solved under
the orbital conditions as a radiator only without PCM to select the
appropriate PCM melting points. The appropriate PCM melting points
must be within the temperature results margins for the radiator to store
the thermal energy during phase transition. The used PCM were all
organic-based materials. Organic-based PCM has high thermal stability
when subjected to continuous phase change cycles. The PCM used are

commercial materials from (Rubitherm GmbH) [48]. The
98
i—S
!
ra! - ‘3 —~ 6'
88
98 _L_ 5
B e

Fig. 2. TSP dimensions and configuration (dimensions are in mm).
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Fig. 3. TSP parts description and configuration (a) Cover plate, (b) PCM cavities numbered from 1 to 6, (c) Fins, (d) Top plate surface (Radiator), (e) TSP side walls,
(f) Base plate (Heat source).

Table 1

Typical heat load of satellite subsystems mounted on the TSP plate.

thermophysical properties of all used materials are presented in Table 4.
Four PCM combination cases were investigated, (RT 15 & RT 21),

Subsystem Quantity Heat load (W)
Reaction wheel 1 0.5

Sun sensor board 2 0.42
Command and data handling unit 1 2.17

Battery 1 2.7

Star tracker 1 3.4

(RT 21 & RT 26), (RT 15 & RT 26), and the triple combination of (RT 15
& RT 21 & RT 26). The PCM was alternatively arranged in the heat sink

cavities. For example, for (RT 15 and RT 21) combination, the cavity
with digit one, as shown in Fig. 3, was assigned RT 15 material. The
adjacent cavity with digit two was assigned RT 21 material, the next

Table 2

The volume of the TSP elements.

Table 3

The weight of the TSP elements for all cases studied.

TSP with single PCM cases

TSP PCM combination cases

Dimensions length*width*hight (cm®)

Total volume (cm3)

PCM cavity

(for one cavity)
Cover plate
Base plate
Heat sink walls
TSP

6.1 *1.3*1.2

9.8*%7.1*0.5
9.8 *7.1*0.5
6.1 *1.2*0.5
9.8%7.1%22

9.516

34.79
34.79
3.66
153.07

Weight RT15 RT21 RT26 RT15 (RT 21 (RT (RT 15
(€3] case case case & RT & RT 15 & & RT
21 case  26) RT 21 &
case 26) RT 26)
case case
Metal 265.86
PCM 50.24  50.524 50.24  50.38 50.38 50.24 50.33
Total 316.1 316.4 316.1 316.21 316.21 316.1 316.19

Payload (Camera)

@

Fig. 4. Small satellite dummy model with the proposed TSP mounted on the backside.

Structure

TSP

> TSP side

«— Star Tracker

Command and Data handling subsystem

Reaction wheel

TSP side o

Star Tracker

(®)

Battery

Sun sensor
boards
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Table 4
Materials properties [48].
Materials Melting pkg/ Cp KW/ LH
point (°C)  m®%) (KJ/ m. K) (KJ/
k k
Solid <& &
Phase RT 15 15 880 2000 0.2 155
Change RT 21 21 885 2000 0.2 155
Materials RT 26 26 880 2000 0.2 180
Metals Aluminium B 2770 897 167.9

(6061) T6

cavity with digit three was assigned RT 15 again, and so on to the end of
six cavities. The reason for the PCM distribution in double combination
cases was to achieve symmetry in the temperature distribution in the
TSP and avoid hot spots due to the difference in melting points. For the
triple PCM combination (RT 15 & RT 21 & RT 26), the two middle
cavities of digits three and four were assigned RT 15, the cavities with
digits two and five were assigned RT 21, and the remaining cavities of
digits one and six were assigned RT 26. The lower melting point PCM
was localized at the middle of the TSP as the temperature distribution of
this location is expected to be the maximum compared to the tips.

The height of the TSP cavity was calculated from the mass of the PCM
inside each cavity. Eq. (1). presents a heat balance for the TSP over the
entire orbital period. Thus, the required mass of the PCM was distributed
equally in each cavity of the TSP. The radiator temperature during the
orbital period was assumed to swing around the melting point of the
PCM. Consequently, the radiator temperature was averaged during the
entire orbital period and equaled the melting point of the PCM.

=95 min
/ o mi aAstolardt + Q[aadA.xAt - EGA:Tmeh.‘tAt = mpcm (LH) (1)
=0 min

Where: a is the surface absorbtivity to solar radiation, Qg is the
solar flux, Ag: is the cover plate radiator and base plate surface area.
Quoad:is the heat load from the satellite component, ¢: is the radiator
emissivity to thermal radiation. o: is the Stefan-Boltzmann constant.
Tmelt.:is the PCM melting temperature. LH: is the latent heat of PCM.

4. Numerical investigation

A 3-D numerical model of the PCM-based TSP was analyzed using
ANSYS fluent 2020 R1 software. The phase transition of the PCM was
performed by enabling the melting and solidification model in ANSYS
fluent. This model needs essential material properties, such as latent
heat value, expansion coefficient, solidus temperature, and liquidus
temperature, to capture the phase transition of PCM. In the numerical
model, each cavity in the three-dimensional model was treated as a cell
zone, a fluid zone. The Thermal storage panel was divided into six
separate cavities. Each cavity was isolated from its neighboring one by
the separating fins. Therefore, no physical mixing happens between the
PCM used.

Small satellites are generally launched to the low earth orbit (LEO).
The thermal conditions of the low earth orbit are vastly different from
any other orbit. Due to the relatively lower altitude of satellites in LEO,
the satellites are subjected to a continuous thermal cycle of heating and
cooling as used in our work. The numerical simulations were performed

Table 5

Parameters of selected orbit.
Orbit parameter value
Category LEO
Altitude (Km) 500
Beta angle 0 Degree
Eclipse ratio 0.368
Eclipse duration (min) 35
Illumination duration (min) 60
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on the TSP in the thermal environment of LEO. The proposed low earth
orbit parameters are tabulated in Table 5.

The proposed TSP was supposed to be mounted on one of the small
satellite sides where its cover plate faced the outside space while its base
plate was attached to the satellite structure. The satellite side on which
the TSP was mounted was assumed to be opposite the satellite payload
side. The satellite payload was a high-resolution camera that always
pointed to the earth by the attitude determination and control subsystem
(ADCS). As a result, the TSP side faced the sun during the illumination
zone or outer space during the eclipse zone. The problem statement and
position of TSP on the satellite in LEO are shown in Fig. 5.

The TSP in the proposed LEO was subjected to a repeated thermal
cycle consisting of heating and cooling processes. The former happened
when the satellite was between the earth and the sun. That's why this
zone is called the illumination zone. While the latter presented when the
satellite was in the earth's shadow zone or the eclipse zone. During the
heating process, the TSP was subjected to two heat sources, the solar
heat flux at its cover plate and the hardware heat load at its base plate.
The solar flux lasted for 60 min which is the illumination zone period.
While the satellite hardware was in (ON) mode for 20 min. During the
cooling process, the hardware was in (OFF) mode, and the TSP radiated
its absorbed thermal energy to the outer space. The cooling process
lasted for 35 min in the eclipse zone. Three PCM were used in this study,
with melting points varying from 15 °C to 26 °C, which are the optimal
working temperatures for our case.

To increase the dependency of the results on the melting tempera-
tures of PCM, the materials selected have nearly the same specific heat
and hence, the same absorbed sensible heat. In addition, the materials
have nearly the same latent heat stored during the heating process. Two
case studies were examined. First, the thermal performance of the TSP
was investigated using a single PCM in all the heat sink cavities. Sec-
ondly, the heat sink cavities were filled with a combination of PCM;
thus, the TSP's thermal performance was studied.

The hardware components generate heat during their operation,
depending on their efficiency. All these components are powered by
electric power from the satellite battery. The more the components' ef-
ficiency, the less heat is generated during operation. The adopted
hardware heating loads are typical working loads for a satellite project
constructed in cooperation between Benha university and the Egyptian
space agency. The TSP was designed to be compatible with the satellite's
dimensions and weight.

The analysis was performed at two levels of hardware heating loads,
10 W and 13 W. During the illumination zone, the TSP experienced a
sinusoidal solar heat flux with a peak solar flux of 1367 W/m? as shown
in Fig. 6. Fig. 6 presents the solar heat flux on the left vertical axis and
the structure heat load on the right vertical axis. As the thermal
expansion was neglected in this study, densities of the PCM used in the
model were fixed and equaled the solid density of PCM mentioned in
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LEO

Side of our
>
[ concern

|
|
I
|

Illumination
zone

Sun

Fig. 5. TSP position on satellite and orientation during the proposed LEO.
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Fig. 6. Solar heat flux and hardware heat load during the orbital simula-
tion period.

Table 4.
The following assumptions were adopted in the numerical model to
reduce the complexity of the mathematical model.

1. The PCM properties for liquid and solid phases are temperature in-
dependent and constant during the simulation.

2. PCM was assumed isotropic, homogeneous, and incompressible.

3. The volume expansion during the phase change of PCM was
neglected.

4. The melting temperature range, which is the difference between the
liquidus, and solidus temperature, was 1 °C [34,49].

5. The dominant heat transfer mode was conduction, and the natural
convection effects of the PCM were neglected [50-52].

6. Convection heat transfer from outside surfaces was neglected due to
working in space.

4.1. Governing equations

The numerical simulations were performed on a three-dimensional
model of the proposed TSP. The finite volume method was used. The
phase change process was modeled using the enthalpy-porosity method.
In the enthalpy porosity approach, each cell was modeled as a porous
zone with a porosity value equal to the liquid fraction in the cell [53,54].
The enthalpy-porosity method considers the latent heat storage by
assigning a latent heat value for every computational cell in the energy
equation based on the temperature in every cell. When the computa-
tional cell undergoes a phase change process, it is modeled as a porous
medium with a porosity value equal to the liquid fraction of the PCM
inside the cell. The mushy zone constant was set as 10°.

The dominant heat transfer mode through the TSP was conduction.
Due to working in microgravity conditions, the natural convection ef-
fects were neglected, and no need for Navier-Stokes equations. These
assumptions could significantly save computational time without
influencing the results' reliability. The dominant heat conduction pro-
cess was modeled using a three-dimensional heat conduction equation,
as shown in Eq. (2). The apparent specific heat of the TSP was calculated
during the heating process using Eq. (3).

2 2 2
gm%tﬂarw -

a ooy o
Where, Hg: is the sensible enthalpy, H;: is the latent enthalpy. Hg and

Hj Assign the total enthalpy H where H = Hg + Hj. p is the density, and k
is the thermal conductivity. For solid domain Hj: is always zero, but for

the PCM domain, it was considered, and its value was related to the melt
fraction in each computational cell.

Osotar + Qroad — Qrad = M15pCpypprers (Tinax — Ti) 3

Where, Qs: is the solar heat, Q;: is the heat load from the satellite
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hardware components through the structure, Q.q4: is the outgoing ra-
diation heat to space, mrsp: is the mass of the TSP, pr: is the apparent
specific heat of the TSP, Tp:is the maximum temperature reached at
the end of a heating process at a steady state, T;: is the initial tempera-
ture at the beginning of the heating process. At a steady state, this value
varies according to each case.

In the numerical model, a simple scheme was applied for pressure-
velocity coupling. But for spatial discretization, PRESTO and second-
order upwind methods were used for pressure and energy, respec-
tively. For the energy equation, the convergence criteria were set as
107,

4.2. Boundary conditions

The TSP was subjected to heating and cooling processes during the
simulation cycle. During the heating process, the TSP was subjected to
variable solar heat flux from the top plate and heating load from the
satellite hardware components through the structure at the base plate.
The illumination zone lasted for 60 min within which a hardware
heating load was supplied for the first 20 min. During the cooling pro-
cess, the TSP radiated thermal radiation to outer space, and the hard-
ware component was in (OFF) mode. The cooling process lasted for 35
min. In addition, the sidewalls were insulated during the entire cycle,
and the thermal cycle was repeated several times until the steady state
was achieved. The steady state was obtained when the temperature at
the end of the orbital period was the same as the temperature at the
beginning.

The initial temperature of the solution did not have any impact on
the final steady state temperature. Selecting the initial temperature far
from the final steady state temperature will only increase the number of
solution cycles to obtain steady state results. The initial temperature for
each case was selected by expecting the final steady state temperature to
decrease the solution time as much as possible. The boundary conditions
are summarized as the following according to the proposed coordinate
system in Fig. 7.

1. Symmetry boundary conditions

or

9 -0 @
ay (x.0,2,1)

2. Heat flux at the base plate.

At 0 <t < 20 min

Q'):y,o‘: = Qpua 5)

At 20 <t <95 min

Qx.y,o.r =0 (6)

3. Side walls are all insulated

al %)
ox (0.y,2.0)

a - _, (8)
ax (Ly.z.t)

or —0 ©
l)y (xw.z,1)

4. Top plate

At 0 <t < 60 min
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Fig. 7. Physical problem boundary conditions and proposed coordinate system.

Q(x,;».H,z) = Qutar = Oraa (10)
Where Q.4 : is the radiation heat transfer to the deep space as Eq. (4).

Qrad = 80As(Tmrfac<'4 - T:O) (11)

Tsurface: is the TSP cover plate temperature, T, is the deep space
temperature 4 K [55,56].
At 60 < t <95 min

Q(x,y.H,z) =0 12)

Fig. 7 presents the boundary conditions of the TSP experiences
during the heating process. Two heat loads were subjected to the cover
plate, The solar heat flux, and outgoing radiation to the surroundings. In
addition, a heat load from the satellite components was applied to the
base plate.

4.3. Numerical model validation

The present physical problem is a heat transfer problem that includes
latent heat storage with heat added and rejected by hardware heating
and radiation. The significant physics in our model are the heat con-
duction and the phase transition phenomenon. The governing equations
of these physics are the general conduction equation and the enthalpy
porosity method equations, respectively. Both systems of equations were
validated with previously reported experimental works. The radiation
boundary conditions were also validated along with the general con-
duction equation and enthalpy porosity method. The mixed radiation
and convection boundary conditions were assigned at the external walls
of the heat sinks. The radiation boundary conditions were simulated
using Stefan-Boltzmann equation. The model validation results
concluded that the model could capture well the real amount of radia-
tion heat transfer.

The present numerical model was validated with the formerly
experimental work conducted by Mahmoud et al. [31]. In the experi-
mental work, different configurations of finned heat sinks were inves-
tigated. The parallel and cross-finned heat sinks were studied at different
heat loads of 3 W, 4 W, and 5 W. The parallel fins heat sink had two

configurations, 3-cavity, and 6-cavity. At the same time, the cross fins
configuration had 9-cavity and 36-cavity. The present numerical model
results were validated with the experimental work reported by Mah-
moud et al. [31]. The validation was performed with the 6- cavity par-
allel fins heat sink under heat loads of 3 W and 5 W. Rubitherm RT-42
was used as a PCM whose melting point is 42 °C, while Aluminium
T6-6061 was used for the heat sink structure.

The outer dimensions of the heat sink were 50mm in width and
length and 25 mm in height. In comparison, the dimensions of each
cavity were 6 mm in width, 46 mm in length, and 23 mm in height. The
thickness of each fin was 2 mm. The PCM volume adopted in the
experimental work by Mahmoud et al. [31] was constant in all heat sink
designs and equal to 25 ml which gave a height of PCM in parallel fins 6-
cavity heat sink of 15.09 mm. Heat loads of 3 W and 4 W were applied to
the cover plate for 60 min. The side walls were set as well insulated.
Meanwhile, the top plate was subjected to convection heat transfer to
the surrounding with an ambient temperature of 293 K. The heat
transfer coefficient was set as 10 W/m2K. The comparison of the tran-
sient response between the numerical model and the experimental work
by Mahmoud et al. [31] is shown in Fig. 8.

The results show a good agreement between the numerical model
results and experimental work results. The numerical model could
accurately capture the phase change phenomenon of the PCM. In
addition, The numerical model could also accurately predict the base
plate temperature value with time. The maximum error obtained be-
tween the numerical model and experimental results was 1.9 % and
1.95 % at 3 W and 5 W, respectively.

The present numerical model was also validated independently with
the experimental work performed by Yang et al. [51]. The effect of fins
configuration on the heat sink thermal performance was investigated in
the experimental work. Three fin configurations were studied, with no
fins, 1 x 1 cross fins, and 2 x 2 cross fins. At the same time, two PCM
were investigated, Octadecanol and E-BilnSn, with a constant volume of
100 ml. The heat sink was manufactured with 6063 aluminium alloy
with outer dimensions of 80 x 80 x 30 mm® and inner dimensions of 72
x 72 x 25 mm?® each. The fin thickness in all configurations was 2 mm. A
copper block, which was the heat source, with four inserted heating rods
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Fig. 8. Numerical model validation results with the previously stated experi-
mental work by Mahmoud et al. [31].

and outer dimensions of 60 x 60 x 20 mm® was attached to the heat sink
base plate.

Three heating loads were applied to the heat sink base plate, 80 W,
200 W, and 320 W. The heat load was applied to the heat sink until its
base plate temperature reached 140 °C. The numerical model was
validated with a 2 x 2 cross fins configuration, including nine cavities
under a heat load of 80 W using Octadecanol and E-BiInSn. The heat load
was applied to the bottom surface of the copper block. While the side
surfaces of the copper block were set as insulation. In addition, the
sidewalls of the heat sink and the top surface were exposed to convection
heat transfer from the surrounding air with a convective heat transfer
coefficient of 10 W/m?K. The initial and ambient temperatures were set
at 297 K.

The validation results shown in Fig. 9 revealed a good agreement
between the present numerical model results and the experimental work
carried out by Yang et al. [51]. As shown in Fig. 9, the base plate tem-
perature is maintained at a nearly constant temperature corresponding
to the melting temperature of each material for a considerable amount of
time. As a result, the present numerical model describes the phase
change phenomenon. The maximum error obtained between the nu-
merical model and the experimental work results is 1.88 %.

To validate the radiation boundary conditions of Stefan-Boltzmann,
the present model was validated with a previously reported experi-
mental study by Yamada and Nagano [57]. The experimental work
tested a heat storage plate in a thermal vacuum chamber (TVC) under
vacuum conditions. The only mode of heat transfer presented in the
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Fig. 9. Numerical model validation with the experimental work performed by
Yang et al. [51] at heat load 80 W.
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experimental work was radiation heat transfer. The heat storage plate
was made of carbon fiber-reinforced polymers (CFRP) and was filled
with eicosane as a PCM. The outer dimensions of the heat storage plate
were 15 cm x 15 cm with 2.5 mm thickness. The heat storage plate was
attached to an aluminium plate of dimensions 46 cm x 25 cm. A heater
with the same dimensions was mounted on the top plane of the heat
storage plate. The cycle lasted for 5800 s. The heating cycle was sinu-
soidal with a peak load of 20 W for 2900 s., and the heater was switched
off for the next 2900 s. The heat storage plate was attached to an
aluminium plate at the back surface. The heat storage and aluminium
plates were covered with (MLI). The tests were performed in a cylin-
drical thermal vacuum chamber with an outer diameter of 95 cm and a
length of 113.5 cm. The TVC shroud temperature was set below —180 °C
(93 K), which is the surrounding temperature in the Stefan-Boltzmann
equation. The results shown in Fig. 10 obtained a good matching be-
tween the experimental and numerical model results. Model parameters
and the boundary conditions of the simulation are listed in Table 6. The
current numerical model was built using the same validation model
setup and solution methods.

4.4. Grid and time step independence study

The effect of the grid element number and the value of the transient
solution time step was carefully examined for the present model. The
mesh was generated using ANSYS meshing feature. Two mesh control
methods were used: multizone and body sizing methods. The former was
used to generate cell zones with dominant hexagonal elements. At the
same time, the latter was used to control the number of elements in the
computational domain grid. Grid independence study was performed
with RT 15 PCM at 10 W heat load. Four cases of mesh quality at
different numbers of elements were examined and were summarized in
Table 7. The grid independence test results show a good convergence in
the results by increasing the mesh quality. For predicting the peak base
plate temperature, the maximum error reported between the coarse and
normal mesh was 0.602 %, and between the finer and very fine mesh
was 0.19 %.

The results were highly convergent at the very fine mesh. A tradeoff
between the numerical error and the computational time was considered
for computational time concerns. The finer mesh was considered the
best choice for this model solution as the finer mesh provides an
acceptable numerical error with a suitable computational time. Fig. 11
shows the computational domain for the PCM and heat sink domains.

A time step independence study was conducted based on the finer
mesh quality. Selecting the appropriate time step for capturing the phase
change phenomenon is required. Larger time steps may skip the entire
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Fig. 10. Numerical model validation with the experimental work conducted by
Yamada and Nagano [57].
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Table 6
The validation model parameters.
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Physical parameters Models

Boundary conditions

Initial conditions Meshing

Body emissivity 0.82 1. Melting and solidification model Radiation with Stefan-Boltzmann At time = 0's. Meshing methods are multizone and mesh
Plate heater load 20W 2. Energy equation equation at all boundaries The initial sizing (Mesh count is 96,641 element)
TVC shroud 93K Mushy zone 10° temperature is 243 K
temperature constant
P crrP 1800 pressure PRESTO
kg/m? discretization
K crrp 347 W/ pressure-velocity simple
mK coupling scheme
Cp (cFrP) 700 J/ energy second order
kg. K discretization upwind
Table 7
The grid and time step independence study.
Grid independence study Time step independence study
Mesh No. of elements Temperature Time step Base plate maximum temperature
alit; °C
quattty PCM zone  Metal the peak of the base plate temperature At the end of the orbital period ® co
zone Q) Q)
Course 3621 6086 21.58 7.15 5 21.37
Normal 8619 14,506 21.45 7.67 1 21.13
Finer 28,928 48,688 21.37 7.84
Very fine 222,917 375,187 21.33 7.92 0.1 21.15

Qo0

s

Q03 (m)

Fig. 11. The grid of the computational domain at finer mesh quality.

phase change phenomenon. The time steps presented in Table 7 are the
maximum values of time steps adopted by the solver. The solver may
consider lesser values to achieve the convergence criteria. The time step
independence test revealed no significant change in the base plate
maximum temperature as the time step varied from 5 to 0.1 s. Thus, 5 s
time step was adopted to account for the computational time and cost
considerations.

5. Results and discussions

In this item, the transient simulation results are discussed and
analyzed. Section 5.1. presents the transient simulation results for the
base plate temperature of the heat sink for single and PCM combination
cases. While section 5.2. discusses the results of temperature and liquid
fraction contours. Also, Section 5.3. presents and discusses the results of
a critical time when the TSP temperature was outside the recommended
range. Section 5.4 discusses the peak temperature differences. Finally,
Section 5.5. presents the results of the apparent heat capacity for the
different cases performed in this study.

10

5.1. Base plate temperature

In the first analysis stage, the heat sink was filled with a single PCM
with melting temperatures of 15 °C, 21 °C, and 26 °C. The base plate
temperature is a significant parameter in evaluating the thermal per-
formance of the TSP during the transient simulations. The base plate
temperature provides information about the satellite hardware surface
temperature, which is an issue of our concern. Thus, the area average of
the base plate temperature is presented at the base plate of the heat sink.
The model was subjected to several thermal cycles until a steady state
was obtained. The temperature results show the harmonic response of
base plate temperature during the orbital period. Figs. 12 and 13 show
the heat sink's base plate temperature when the heat sink was filled with
a single PCM at heating loads of 10 W and 13 W. At 10 W, the initial
temperatures for all cases were 22 °C, 2 °C, —1 °C, and — 3 °C for the
case without PCM, RT 15, RT 21, and RT 26, respectively. At the same
time, the initial temperatures were 0 °C for the case without PCM, RT 15,
and RT 26 at 13 W heating load. The initial temperature was 7 °C for RT
21 at a 13 W heating load.

At steady state, the temperature was swinging between the minimum
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Fig. 12. Base plate temperature during the transient analysis of a single PCM-
filled heat sink at a heating load Q = 10 W.
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Fig. 13. Base plate temperature during the transient analysis of a single PCM-
filled heat sink at a heating load Q = 13 W.

and maximum extrema points. At the beginning of the illumination
zone, the base plate temperature was below the melting temperature of
the PCM. Hence, the PCM stored SH, and thus, its temperature increased,
as shown in Fig. 12. When the temperature reached the melting tem-
perature of the PCM, the melting process began, and the PCM started to
store the heat in the form of LH. During the melting process, the tem-
perature remained constant for a considerable period. Fig. 12 shows the
effect of integrating PCM within the TSP. The case without PCM, in
which only radiators are integrated on the TSP outer surface, recorded
the highest maximum extrema and the lowest minimum extrema of
32.7 °C and — 12.5 °C, respectively. PCM could significantly decrease
the maximum extrema and increase the minimum extrema. RT 15
recorded the lowest maximum extrema of 21.4 °C with a decreasing
percentage of 34.6 % compared to the case without PCM. In addition, RT
15 recorded minimum extrema of 7.8 °C, increasing by 162.4 %. At the
same time, RT 21 recorded maxima and minima extrema of 23 °C and —
3.5 °C, respectively. While RT 26 obtained maxima and minima extrema
of 26.3 °C and — 6.8 °C, respectively. The minimum melting point PCM
recorded better thermal performance than the intermediate and higher
melting point PCM.

Fig. 13 shows the temperature profile of the transient simulations for
a single PCM-filled TSP at a heating load of 13 W. The case without PCM
recorded extreme temperature values outside the recommended tem-
perature range. At steady state, the maximum and minimum extrema
temperatures were 49.5 °C and — 7.5 °C, respectively. However, the
PCM-based TSP recorded a significant reduction in the maximum
extrema and an increase in the minimum extrema. RT 15 recorded
maximum and minimum extrema of 39.5 °C and 12.6 °C, respectively.
RT 15 could decrease the maximum extrema temperature by 20.2 % and
increase the minimum extrema by 268 %. However, the maximum
extrema decreased by 25 % and 32.52 % at RT 26 and 21, respectively.
In addition, the increase in minimum extrema was 343.6 % and 258.9 %
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at RT 26 and 21, respectively.

Figs. 14 and 15 present the temperature results during the transient
and steady state when the TSP was filled with multiple PCM at 10 W and
13 W, respectively. Four cases were investigated, (RT 15 & RT 21), (RT
21 & RT 26), (RT 15 & RT 26), and (RT 15 & RT 21 & RT 26). Each case
was investigated under heating loads of 10 W and 13 W. At 10 W, the
initial temperatures adopted are 22 °C, —1 °C, 7 °C,7 °C, and — 2 °C for
cases without PCM, (RT 15 & RT 21), (RT 21 & RT 26), (RT 15 & RT 26),
and (RT 15 & RT 21 & RT 26), respectively. In contrast, at 13 W, the
initial temperatures adopted are 0 °C, 0 °C, 7 °C, 9 °C, and 7 °C for cases
without PCM, (RT 15 & RT 21), (RT 21 & RT 26), (RT 15 & RT 26), and
(RT 15 & RT 21 & RT 26), respectively.

Fig. 14 shows that the PCM combination could significantly reduce
the maximum extrema and increase the minimum extrema. It was
remarked that the temperature results for PCM combination cases were
averaged between the results of the individual single PCM. The combi-
nation of (RT 15 & RT 21) recorded maximum and minimum extrema of
22.5°C and — 6.5 °C with a reduction and increase percentages of 31.1
% and 94.78 %, respectively. A significant remark was observed from
the results, the dependency of the base plate temperature with PCM
melting point was significantly decreased for PCM combinations. The
maximum variation in maximum extrema was 3.2 °C between (RT 15 &
RT 21) and (RT 21 and RT 26) combinations. However, the maximum
variation in minimum extrema was 3 °C between (RT 15 & RT 26) and
(RT 15 & RT 21) combinations.

Fig. 15 shows the temperature response for PCM combinations under
a heating load of 13 W. The triple PCM combination (RT 15 & RT 21 &
RT 26) recorded the lowest maximum extrema and could lower it from
49.5 °C in the case without PCM to 35 °C with a reduction percentage of
29.36 %. In addition, the triple PCM combination could increase the
minimum extrema by 244 %. The case without PCM recorded minimum
extrema of —7.55 °C. (RT 21 & RT 26) combination recorded the highest
minimum extrema of 17.22 °C. with an increasing percentage of 328 %.

5.2. Temperature and liquid fraction contours

The liquid fraction results were analyzed and reported during the
transient thermal analysis of the TSP for all cases. Figs. 16 and 17 pre-
sent the liquid fraction contours for (RT 15 & RT 26) PCM combination
at a heating load of 10 W, and 13 W, respectively. At the beginning of the
illumination zone (Heating process), the heat sink temperature
increased until it reached the melting point of RT 15; then, RT 15
experienced a melting process while RT 26 was still in the solid phase.
Once the heat sink temperature reached the melting point of RT 26, its
melting process started. Fig. 16 shows that RT 26 could not melt during
the illumination zone (heating process). Thus, its phase was stuck to a
solid phase during both the illumination and eclipse zones. The expla-
nation was that the temperature of the TSP did not reach the melting
temperature of RT 26 (26 °C) during the heating process. Thus, RT 26
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Fig. 14. Base plate temperature during the transient analysis of multiple PCM-
filled heat sink at a heating load of 10 W.
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Fig. 15. Base plate temperature during the transient analysis of multiple PCM-
filled heat sink at a heating load of 13 W.

could not melt and remained in a solid state.

It is evident from Figs. 16 and 17 that PCM's solidification and
melting processes started from the cavities' boundary and then traveled
through the entire PCM volume. In Fig. 16, At 13 W heating load, RT 26
was activated, and a liquid fraction of unity was recorded at the end of
the heating process. At the higher heating load, the temperature of the
TSP exceeded the melting temperature of RT 26. Hence, RT 26 experi-
enced a melting process during heating until it was completely melted at
the end of the heating process.

Fig. 18 shows the temperature contours for the RT 15 & RT 26
combination case at 10 W heating load during the entire orbital period at
a steady state. The heat sink structure material had a thermal conduc-
tivity significantly higher than the thermal conductivity of PCM.
Regardless of the temperature gradient between the cover plate and the
bottom plate at the beginning of the heating and cooling processes, the
temperature distribution was nearly uniform in the heat sink structure
metal, unlike the temperature distribution in the PCM domain. As shown
in Fig. 18, the heat sink temperature increased during the heating zone
until the temperature reached the maximum extrema. The temperature
declined again to reach the same temperature at the beginning of the
heating process.

Generally, in PCM combination cases, each fin in the heat sink was
neighboring two different PCM. One side of the fin was in contact with a
higher melting point PCM, and the other was with a lower melting point
PCM. So, an interesting phenomenon was observed from the
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temperature contours. The observations showed a temperature gradient
between the fins' sides for PCM combination cases when one of the
neighboring PCM was subjected to a phase change process (melting or
solidification). Fig. 19 illustrates the temperature gradient across the
fins for RT 15 & RT 26 combination for 13 W heating load at 5 min.

The explanation of such phenomenon was outlined. At the beginning
of the heating process, the temperature was the same throughout the
entire domain of the TSP. The PCM around each fin has a different
melting temperature. Therefore, the one with the lower melting point
underwent a melting process before the one with the higher melting
temperature. During the phase transition of the lower melting point
PCM, its temperature was nearly constant, while the other PCM with the
higher melting point was still in the solid phase, and its temperature was
rising. This distinction resulted in one PCM on one side of a fin having a
constant temperature during heating and the other PCM on the other
side of the fin experiencing an increase in temperature. Therefore, a
temperature gradient across the fin sides was observed during the phase
transition process. The temperature gradient was observed not only
during the heating process but also during the solidification process
while cooling.

5.3. Critical time results

The temperature of the TSP at higher and significantly higher heat-
ing loads were observed to exceed the recommended operating tem-
perature range of the satellite hardware. In this subsection, the duration
for which the TSP was exposed to temperature values outside the rec-
ommended temperature range at heating loads of 13 W was obtained.
The critical temperature adopted was 30 °C. The duration for which the
component temperature exceeded the prescribed critical temperature
was reported.

Fig. 20 presents the duration of exposure to extreme temperature
values for all cases at heating loads of 13 W. It was observed that PCM
with lower melting points recorded lower time durations for single PCM
cases. For the case without PCM, the extreme time duration was 45.4
min. For single PCM cases at 13 W heat load, RT 21 recorded the min-
imum time duration of 15 min with a reduction percentage of 66.9 %.
While RT 15 recorded a maximum time duration of 40.9 min with a
reduction percentage of 9.9 %. For PCM combination cases, the critical
time durations were lower than the durations of the case without PCM.
The triple PCM combination recorded the lowest extreme time duration
among PCM combination cases. The triple combination achieved 29.5
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Fig. 16. Liquid fraction contours of RT 15 & RT 26 PCM combination at 10 W.
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Fig. 18. Temperature contours of RT 15 & RT 26 PCM combination at 10 W during the entire orbital period.
min critical time with a reduction percentage of 35 %. (RT 15 & RT 26) percentage of 9 %.
PCM combination recorded an extreme time duration of 29.74 min,
while (RT 21 & RT 26) recorded 38.8 min with reduction percentages of 5.4. Peak temperatures difference (PTD)
34.5 % and 14.5 %, respectively. In addition, (RT 15 & RT 21) combi-
nation recorded 41.3 min extreme time duration with a reduction Peak temperatures difference (PTD) was a significant parameter
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Fig. 20. The critical exposure time to extreme temperature values outside the
recommended range at 13 W heating load.

adopted for analyzing the solution results and the TSP thermal perfor-
mance. PTD refers to the difference between the maximum and mini-
mum extrema temperature at steady state. The harmonic response of
satellite components' temperature is not preferable and should be
reduced as possible. PTD is equivalent to twice the temperature ampli-
tude at steady state condition. The higher the PTD lower the thermal
performance of the TSP and vice versa. Figs. 21 and 22 present the PTD
for single PCM and PCM combination cases, respectively. The case
without PCM presented the highest PTD among other cases of 45.2 °C
and 57.1 °C at 10 W and 13 W, respectively.

As shown in Figs. 21 and 22, the cases with PCM achieved a signif-
icant decrease in PTD. For single PCM cases, as shown in Fig. 19, RT 15
achieved a PTD of 13.5 °C and 26.8 °C at 10 W and 13 W with a
reduction percentage of 70.13 % and 113 %, respectively. At 13 W, RT
26 could reduce the PTD by about 66.8 %. Significant criteria for ther-
mal performance evaluation are presented in Fig. 21 and Fig. 22. The
change in PTD with changing the heating load is significant. The heating
load from the satellite structure is highly probable due to the intermit-
tent operation of satellite components and subsystems. The vertical side
of the dashed line box prescribed in Fig. 21 and Fig. 22 indicates the
change in PTD with the change in heating load.

As shown in Fig. 22, the PCM combination presented significant
stability in the PTD and fixed the temperature margins of satellite
components with heating load alteration. The combination of (RT 15 &
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RT 21) could reduce the PTD range by 82.9 % relative to the single RT 15
and 56.8 % relative to the single RT 21. The triple PCM combination
reported the higher reduction in PTD range. The combination of (RT 15
& RT 21 & RT 26) reported a reduction in PTD range by 89.84 %, 74.3 %,
and 90.5 % at single RT 15, RT 21, and RT 26, respectively. It was
remarked that combining the intermediate melting point PCM (RT 21)
with the higher melting point PCM could not impose any significance in
decreasing the PTD range relative to the single RT 21. As discussed in
Fig. 14 and Fig. 15, the PCM melting point significantly affected the base
plate temperature. PCM combination had more than one melting point,
so they had combined effects and resulted in more stability in the
swinging temperature response and the PTD.

5.5. Apparent specific heat

The apparent specific heat of the TSP during the heating process was
calculated using Eq. (3). Fig. 23 shows the apparent specific heat for
single PCM cases, while Fig. 24 shows the results for PCM combination
cases. For Fig. 23, At the heating load of 10 W, the lower melting point
PCM achieved a lower base plate maximum temperature. Therefore,
they achieved higher apparent specific heat values. In addition, PCM
with higher melting points achieved higher base plate maximum tem-
perature. Hence lower values of apparent specific heat. At 10 W, in the
case without PCM, the specific heat was 2.63 Kj/kg. K. On the one hand,
RT 15 achieved the highest value of 7.42 Kj/kg. K, with an increase of
182.13 % compared to the case without PCM. On the other hand, RT 26
recorded the lowest value of specific heat, among PCM cases, of 3 Kj/kg.
K, with an increase of 14 % compared to the case without PCM.

For PCM combinations, as shown in Fig. 24, (RT 15 & RT 26) com-
bination recorded a specific heat of 4.57 Kj/kg. K for both 10 W and 13
W, with an increasing percentage of 73.7 %. The specific heat values did
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Fig. 24. Apparent specific heat of single PCM combination cases for the heat-
ing process.

not change remarkably with the change in the heating load for the PCM
combination. (RT 15 & RT 21) achieved a specific heat of 4.3 and 3.8 Kj/
kg. K at 10 W and 13 W, respectively. While (RT 21 & RT 26) combi-
nation achieved specific heat of 3.8 and 3.9 Kj/kg. Kat 10 W and 13 W,
respectively. The triple combination recorded specific heats at 10 W and
13 W of 3.9 and 4 Kj/kg. K, respectively. It was concluded from Fig. 24
that the PCM combination had stable thermal storage effectiveness with
a varying heating load.

6. Conclusion

This work presents a transient three-dimensional numerical thermal
analysis of a thermal storage panel (TSP) for thermal control of satellites
in low earth orbit. The effect of phase change materials (PCM) melting
point and PCM combination on the thermal performance of the TSP was
investigated. The TSP was designed based on a typical small satellite
configuration. The thermal performance of the TSP was analyzed under
the thermal conditions of a low earth orbit (LEO). The TSP was an
aluminium heat sink integrated with five internal fins. The internal fins
divided the interior of the heat sink into six cuboid cavities, which
contained the PCM and prevented their mixing. The fins were also a
thermal conductivity enhancer to overcome PCM's relatively low ther-
mal conductivity. The study revealed significant conclusions, which are
outlined in the following.

e PCM encapsulation inside an aluminium heat sink with high thermal
conductivity effectively increases the PCM's low thermal
conductivity.

e Small satellites' intermittent thermal environment in space imposes
difficulties in designing thermal control subsystems. PCM is a
promising solution for the thermal controllability problems of small
satellites. PCM can significantly increase the thermal control
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performance of satellites by raising its thermal storage capabilities

without a remarkable increase in satellite mass.

PCM-based TSP significantly improves thermal control performance

by storing the heat energy during the illumination zone and repelling

it to the satellite components during the eclipse zone, avoiding
overheating or overcooling.

PCM melting point is a dominant factor that considerably influences

the thermal performance of the PCM - based TSP under a time-

dependent thermal environment like the LEO thermal environment.

The PCM with the intermediate melting point, relative to our

application, presented the best thermal performance at the temper-

ature and critical time level.

e The PCM combination could not have a remarkable effect on the
critical time. Instead, The PCM combination shows significant sta-
bility in the temperature response amplitude under varying heating
loads. In addition, the specific heat, which reflects the thermal
storage ability, was nearly constant for PCM combination cases
under different heating loads.

o The effective PCM combinations which resulted in good impact were
the combination of lower melting point with the higher melting point
PCM, the lower melting point with the intermediate melting point
PCM, and the triple PCM combination. The combination of inter-
mediate melting point with the higher melting point PCM could not
impose any remarkable effect.

e PCM combination resulted in a significant phenomenon of a tem-
perature gradient across the thin partitioning fins, which separated
the PCM in the heat sink and prevented mixing between them. This
phenomenon was remarked during the phase transition of one PCM
in the combination.

e Future research should be dedicated to studying the effect of this
temperature gradient on the TSP from the thermal stress perspective
and the ways to reduce this temperature gradient by novel PCM
partitioning designs.
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