Performance analysis of acceleration effect on paraffin melting in finned copper foam
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Abstract

Phase change material (PCM) has great potential in thermal control of aircraft electronic
components because of their excellent latent heat capacity. In the current work, a finned copper
foam phase change energy storage unit (PCESU) was fabricated using n-eicosane, 97.2% porosity
copper foam and 0.8 mm fins. The effects of four different heating power i.e. 40 W, 45 W, 50 W,
55 W corresponding to heat flux of 0.4 W/cm?, 0.45 W/cm?, 0.5 W/cm?, 0.55 W/cm? at four
different centrifugal acceleration magnitudes, 1.e. 0 g, 5 g, 9 g, 13 g with three different acceleration
directions on the thermal performance of PCESU were experimentally studied in a systematic
manner. Experimental results indicated that: (1) the acceleration direction has a significant effect
on the thermal performance of PCESU which can be improved for the cases of vertical and
opposite direction, whereas restrained for the case of same direction. Under acceleration condition,
the average melting time for the cases of opposite and same direction are 15.19% and 37.10%
longer than that for the case of same direction, respectively. The temperature difference of PCESU
while the melting is completed is 95.12% higher than that for the case of vertical direction on
average. (2) the effect of acceleration magnitude on the heat transfer performance can be
determined significantly when the acceleration direction is applied. The melting time decreases
with the increase of the acceleration magnitude along vertical direction and increases along the
same direction. The temperature difference decreases with the increase of the acceleration
magnitude along vertical direction, whereas increases along opposite or same direction. Moreover,
the melting time and temperature difference for acceleration magnitude changing from 0 gto5S g
have an obvious larger change rate than that from 5 gto 9 gand 9 g to13 g. (3) the melting time is
negatively correlated to the heating power, whereas the temperature difference is positively
correlated to the heating power. The proposed two-dimensional (2D) simplified model can be
helpful to reveal the physical mechanism of the thermal performance of PCESU.

Keywords: Phase change energy storage; centrifugal acceleration; thermal performance; finned
metal foam; phase change material
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Nomenclature

Abbreviation
ETC

FMF
PCESU
PCM

PMS

Symbols

tm
tm-V, tm-0, tm-S

AT
AT-v,AT-0, AT-S
Tm, Tml, Tm2

Greek symbol

Subscripts
f

N

effective thermal conductivity
finned metal foam

phase change energy storage unit
phase change material

porous metal structure

the acceleration vector (s-m)

additional source to damp the velocity in solid PCM

form drag coefficient

liquid fraction

effective thermal conductivity of the PCM/foam composite (W-m2-K™?)
permeability

heat flux (W-m?)

the complete melting time of n-eicosane (s)

tm in vertical, opposite and same acceleration direction (s)

the temperature difference of PCESU when the melting is just
completed (°C)

AT in vertical, opposite and same acceleration direction (°C)

The melting temperature, lower and upper limits of the melting
temperature of paraffin (K)

liquid fraction of PCM in the porous medium
the porosity of metal foam

Thermal conductivity (W-m?-K™?)

viscosity (N-s-m)

density (kg-m)

phase change material
copper foam

1. Introduction

Over the past two decades, high-power electronic components for intermittent operation on
aircraft are increasing remarkably with the rapid development of hypersonic vehicles, rockets,
airborne laser weapons and radar. With a power level ranging from 0 W/cm?to 30 W/cm?, the heat
generation of these components is usually local, variable and short-term change that brings a severe
problem for temperature control of thermal management system. It is recognized that phase change
material (PCM) could be used to solve this problem due to their stable chemical property, excellent
reusability, low cost and high enthalpy [1-3].




PCM have been widely used in different area such as building heat storage, solar energy
utilization, thermal management of electronic components [4]. Among various PCMs, paraffin is
considered as a classical PCM with its excellent physical performance that can be applied to heat
sinks and passive thermal management systems [5,6]. However, poor thermal conductivity of
paraffin becomes the bottleneck of its practical applications. It is known that the thermal property
of PCM would be greatly enhanced by adding highly porous metal foam. Many investigations on
enhancing the thermal properties of PCM have been carried out over the past years. It is indicated
that the metal foam could significantly enhance the thermal performance of PCM [7-15]. Effective
thermal conductivity (ETC) is recognized as an important parameter to evaluate the reinforcing
effect of foam metal on PCM. Yao et al. [16] proposed a new model to calculate the ETC of high
porosity open-cell metal foams. Compared with available experimental data, the average deviation
of the predicted model was within 10%, which showed better results than other reported ETC
models. Bai et al. [17] performed an analytical study to estimate the individual components of the
effective thermal conductivity in fluid-saturated metal frame and prismatic cellular structures. It
was found that their predicted results agreed well with existing experimental data and those
obtained from exhaustive numerical computations.

In addition to metal foam, the thermal conductivity of PCM can also be significantly improved
by adding fins. By adding aluminum fins with circular and square cross-sectional area into n-
eicosane, the enhancement effect of fins on PCM performance was experimentally studied by
Ashrafet al. [18]. Their results demonstrated that the latent heat could be the major factor effecting
the thermal properties of PCM. Wang et al. [ 19] experimentally investigated the thermal
performance of cylindrical battery with finned paraffin. They concluded that the thermal resistance
could change significantly with the thermal structure and the thermal performance can be enhanced
by using the composite PCM with finned structure. Hussein et al. [20] conducted an experimental
study to investigate the effect of finned pipes and metallic strips on the thermal property of solar
water heaters with PCM. Their results showed that, compared with that of unfinned pipes, the
energy utilization of molten wax with finned pipes and copper strips could be increased by 47%
and 304%, respectively. Ali et al. [21] studied the thermal behavior of PCM embedded 2-mm
square fin and 3-mm circular fin for passive cooling of electronic devices. Filled with n-eicosane
and different number of fins, the thermal property of latent heat storage units were compared. It
was found that the 3-mm circular fin combined with PCM presented the optimum enhancement
compared with other fins. Ping et al. [22] applied a novel PCM with fin structure to the thermal
control of battery. Their results suggested that the PCM-fin structure could maintain the battery
surface under a suitable temperature. In general, many studies have concluded that the thermal
performance of PCM could be greatly improved by adding fins and copper foam. The finned metal
foam (FMF) structure has now become an important method to enhance the thermal property of
PCM.

Recently, Qureshi et al. [23] presented a detailed review focused on the enhancement of thermal
conductivity by the introduction of highly thermally conductive metallic and carbon-based
nanoparticles, metallic foams, expanded graphite and encapsulation of PCM. It was stated that this
review will be helpful to explore and develop better materials and techniques so that PCMs can be
used with much better performance. A novel microchannel heat sink including PCM, pin-fins and
carbon nanotube was experimentally studied by Xu et al. [24]. With the Graphene oxide particles
nanofluids pulsating flow, their study showed that the thermal performance of PCM was obviously
enhanced. Using expanded graphite as the thermal conductivity enhancer, Zhang et al. [25]
prepared a composite PCM by adding nano-SiO; to n-eicosane. Their results demonstrated that the



composite PCM had excellent application in thermal management. It is also noted that high thermal
performance nanoparticles have been widely used to enhance the ETC of PCM [26-29]. Moreover,
Ramakrishnan et al. [30] experimentally studied the feasibility of integrating form-stable PCM
composites into cementitious composites. It was found that the composite PCM having contact
angle higher than 90° and negative wetting tension properties successfully prevented the PCM
leakage in cementitious composites due to counter-water affinity properties. Chamkha et al. [31]
investigated the composite heat sink of PCM and metal foam under pulse heating conditions. They
found that the cooling rate of the element can be increased by PCM-heatsink when the heat pulse
was activated. Hu et al. [32] performed a combined experimental and numerical study on the heat
transfer performance of PCM in a cubic cell porous metal structure (PMS). The numerical results
were in good agreement with experimental results, which indicated that heat transfer
characteristics can be predicted using pore-scale numerical simulation. It was also found that the
temperature field of PCM with PMS was more uniform and heat transfer mechanics was different
for PCM with and without PMS. Zhang et al. [33] experimentally studied the effect of centrifugal
acceleration on paraffin melting in high porosity copper foam. The solid-liquid interface and
temperature distribution of the composite PCMs were obtained. They stated that the centrifugal
acceleration had a significant effect on the melting process of PCM. The convection and heat
transfer coefficient of liquid paraffin was gradually enhanced with the increase of the centrifugal
acceleration. However, the effect of acceleration direction was not taken into account. Under
rotating conditions, Yang et al. [34] numerically studied the heat transfer process in metal foam
and established a correlation for predicting interstitial heat transfer Nusselt number. The
correlation results showed a good validity within the studied range of corresponding parameters.
Wau et al. [35] numerically investigated the effects of vibration frequency and orientation of the
vibration axis on melting processes. It was observed that for low frequency mechanical vibration,
the enhanced mixing of molten phase change materials (PCMs) would accelerate the melting
processes critically. While for a higher vibration frequency could lead to an obviously faster
charging speed. When the vibration axis is parallel to the gravity, the thermal response rate was
the fastest.

It appears from the previous investigations that the FMF structure can be an effective method to
enhance the ETC of PCM. However, most of the work is conducted under the normal ground
environment. To the best of the authors’ knowledge, there is a lack of in-depth experimental
investigation on the thermal performance of composite PCM with FMF structure under
acceleration condition. Moreover, no research is implemented to study the effect of acceleration
direction on the paraffin melting. To this end, the objective of current work is to present the results
attained through acceleration simulation experiment for PCESU based on finned copper foam and
paraffin. The effects of several control parameters such as different centrifugal accelerations,
acceleration directions and heating power on the thermal performance of PCESU are discussed in
a systematic manner.

2. Experimental apparatus and method

2.1. Experimental apparatus
2.1.1. Experimental system

In the current work, the experimental investigation was implemented at the Reliability and
Environmental Engineering Laboratory at Bethang University, Beijing, China. The experimental
system mainly consists of acceleration and control subsystem, test section, and data acquisition
subsystem. The schematic diagram of the experimental test rig is shown in Fig. 1.
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Fig. 1. Experimental test system.

The centrifuge and acceleration simulating and control subsystem are set up in two separate
rooms. The required acceleration magnitude was controlled by an acceleration simulation and
control subsystem and generated by centrifuge Y 53100-3/Z F. The motor of centrifuge was three-
phase asynchronous motor and the rotatory arm was driven through a gear box. As shown in Fig.
1, the centrifuge was installed in room 1 and was controlled by the acceleration simulating and
control subsystem in room 2. Fig. 2 is a photo of the test component along the rotatory arm. During
the test, the test section was setup in a fixed box at the end of the rotatory arm with maximum
acceleration magnitude up to 13g. The experiment was carried out according to the GB/T 2424.15
standard.
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Fig. 2. The photo of test section in rotation arm.



Data acquisition and control subsystem mainly consisted of three HP 34901A plug-in modules
and an Agilent 34970A multi-functional data acquisition instrument which can collect and record
data such as current, resistance, voltage, and temperature. The power supply was DH 1722A-2 DC
voltage and current stabilized power supply, which can automatically measure its output current,
directly read and calculate the heating power.

2.1.2. PCESU design

The composite structure of FMF and paraffin has become an effective approach to enhance the
ETC of PCM and it has a greater ETC than the composite structure with foam and paraffin only.
In the present study, a finned copper foam PCESU was designed and fabricated. The copper foam
of PCESU was nickel-plated copper foam with 97.2% porosity with pore size of 25 PPI. With
excellent latent heat capacity and the melting point 36.8 ~38.5 °C, n-eicosane can keep the
electronic components in an optimum working temperature range (-10 °C ~ 50 °C) during melting
process. In addition, since its melting temperature was close to the ambient temperature, the n-
eicosane with a purity of 98% (Aladdin, https://www.aladdin-e.com/zh_en/) was used as phase
change material that was beneficial to reduce the heat loss.

As shown in Fig. 3, the PCESU was made up of core body and wallboards. The slab of copper
foam was customized from a copper foam manufacturer ( YiYang Foametal New Material Co. Ltd).
The copper foam was first cut into 100.0 mm %100.0 mm x25.0 mm flat rectangular body and then
the fins were inserted into it to form a finned copper foam with interference fit. The fin thickness
was 0.8 mm and the distance between the fins was 12.5 mm. In order to reduce the thermal
resistance, the heat conductive adhesive is coated on the surface of fins. The core body was a
“sandwich” structure consisting of two copper plates and a copper foam. In addition, in order to
prevent dead corner during paraffin injection, length of the fins was designed to be 75 mm (less
than the size of the core), and the fins were staggered to make the core structure symmetrical that
can lead to a more uniform heat transfer in PCESU. The size of the whole “sandwich” core body
was 100.0 mm % 100.0 mm % 35.0 mm.

Top copper plate

Bottom copper plate

Finned copper foam Core body Test piece (PCESU

Fig. 3. Structure and assembly process of PCESU.

The fins were welded to the top copper plate of 106 mm x 106 mm X 3 mm and the bottom
copper plate of 106 mm % 106 mm X 7 mm that can reduce the contact thermal resistance with low
temperature brazing process. In order to decrease the thermal resistance, the thickness of the
copper base plate was designed to be thicker than the top plate. An electronic-heating plate (100
mm x 100 mm) was embedded in the bottom plate. Through the design of combining electronic-
heating plate with shell, the heat loss between the heat source and test section was minimized.



The phenolic resin insulation board with thermal conductivity less than 0.02 W/(m-K) was used
to attach the wallboards around the test section, which can greatly reduce the heat loss along the
wallboards. This will make sure that the heat can be only transferred and absorbed by PCESU.
After completing the shell packaging of PCESU, the paraffin was filled through vacuuming
method. In the current work, the vacuum degree in the shell was less than 0.1 Pa prior to filling
the paraffin. This can make the PCM is fully and uniformly filled into the test section. The physical
properties of the materials used in the current experiment were illustrated in Table 1.

Table 1 Physical properties of the materials of PCESU.

Materials Parameters Value
Density (kg/ m?) 778
Melting temperature (°C) 36.8~38.5
n-cicosane Specific heat capacity (J/(kg- k)) 2082
Thermal conductivity(W/( m- k)) 0.27
Latent heat (J/kg) 241000
Porosity (%) 97.2
Density (kg/ m*) 8930
Copper foam . .
Specific heat capacity (J/(kg- k)) 386
Thermal conductivity (W/( m- k)) 398
Density (kg/ m*) 8440
Copper plate Specific heat capacity (J/(kg- k)) 377
Thermal conductivity (W/( m- k)) 109
Phenolic resin Thermal conductivity (W/( m- k)) <0.02

Before the melted n-eicosane was poured into the PCESU, a vacuum paraffin fusion irrigation
system was firstly used to evacuate the test section and then poured the n-eicosane into it. This
method can reduce the remaining gas in the copper foam due to the viscosity of n-eicosane. In
addition, the paraffin would produce high expansion stress during the melting process. In order to
prevent this stress, the temperature control module was used to keep the temperature of the whole
paraffin melting system maintained at approximate 55 °C during the pouring process. After pouring,
it needs to be sealed and only a little vacuum space may be exist within the test section after cooling.

2.1.3. Temperature measuring points

Fig. 4 shows the arrangement of the temperature measuring points at five different layers within
the PCESU. When the test section was heated, the heat flux flowed into the core body from the
bottom plate, that was, from layer E to layer A. As can be seen in Fig. 4(a), the distances between
the electronic-heating plate and layer E, as well as the distances between different layers were 4
mm, 9 mm, 6.5 m, 6.5 m and 9 mm, respectively. In each layer plane, five temperature measuring
points were evenly distributed. A total of twenty five temperature measuring points were allocated
in the test section. In layer A, five patch Pt100 temperature sensors were used, while in layers B,
C, D and E, twenty probe thermocouples were adopted. In the current experiment, the average
temperature of five points in each layer was taken as the temperature of this layer.
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Fig. 4. The arrangement of temperature measuring points: (a) five layers divided in the PCESU
and (b) the position of temperature measuring points in every layer.

2.2. Experimental procedure

The main contribution of the current work is to investigate the effect of acceleration on the
thermal performance of PCESU. In the current study, the effects of different heating power,
centrifugal acceleration magnitudes and acceleration directions on the melting process of PCESU
were studied. Three different control parameters such as heating power, acceleration magnitude
and direction, were selected as experimental variables, as illustrated in Table 2. The corresponding
heat flux of different heating power were 0.4 W/cm?, 0.45 W/cm?, 0.5 W/cm? and 0.55 W/cm?.
Three different acceleration directions can be achieved by changing the relative direction of the
heat flux and centrifuge acceleration through different placement methods (see Fig. 5) of the test
section. For the case of vertical direction, as shown in

Fig. 5(a), the heat flux direction was vertical to the acceleration direction. Similarly, for the case
of opposite direction, as illustrated in



Fig. 5(b), the heat flux direction was opposite to the acceleration direction. While for the case
of the same direction (see

Fig. 5(c)), the heat flux direction was the same as the acceleration direction. The acceleration
magnitude of 0 g means it was under the ground operating conditions. Since the behaviour in
opposite and same direction under the ground condition were same for test section, thus, only the
results for opposite direction was analyzed at 0 g.

Table 2 Experiment cases setup.

Variables Value
Heating power 40W 45W 50 W S55W
Acceleration magnitude 0g 5g 9¢g 13¢g
Acceleration Direction vertical opposite same

Centrifuge rotating shaft

: Acceleration direction

ﬁ-

Rotating arm Test section

(@) “vertical” direction

Centrifuge rotating shaft

Acceleration direction

Rotating arm Test section



(b) “opposite” direction

Centrifuge rotating shaft

Acceleration direction g 1

ﬁ

Rotating arm Test section

(c) “same” direction

Fig. 5. The test section placement in different acceleration directions:
(@) vertical direction (the heat flux direction is vertical to the acceleration direction), (b)
opposite direction (the heat flux direction is opposite to the acceleration direction)
and (c) same direction (the heat flux direction is the same as the acceleration direction).

2.3. Performance indexes

It should be noted that the melting speed and the inside temperature difference are the most
important performance indexes of PCESU. The melting speed of PCESU can be evaluated by the
melting time (tm) of n-eicosane. As shown in Fig. 4, the Layer E was close to the heating source.
Once the n-eicosane melted completely, the temperature difference of PCESU can be considered
as that between layer E and layer A, represented by AT. Therefore, based on the above two thermal
performance indexes, the tm and AT of PCESU under different working conditions was obtained.
The method to obtain ty, and AT was as follows:

When the temperature of layer E reached 36.8 °C, the corresponding time was t1. When the
temperature of layer A was 38.5 °C, the corresponding time was t2, and the corresponding
temperature of layer E was Te. As a consequence, tm = t2-t1, AT=Te-38.5 °C. For example, the
method to get the tm and AT at 40 W and 5 g along vertical direction was demonstrated in Fig. 6.
When the temperature of layer E was 36.8 °C, t1 = 404 s. And when the temperature of layer A
was 38.5 °C, t2 = 1818 s, the corresponding temperature of Layer E was 47.1 °C, that was, Te =
47.1 °C. Thus, tm = 1818 s - 404 s = 1414 s, AT = 47.1°C -38.5 °C = 8.6 °C. In the current study,
tm and AT along vertical, opposite and same directions are represented by tm-v, tm-0, tm-s and AT-
v, AT-o0, AT-s, respectively.
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2.4. Experimental uncertainty

In this study, the uncertainties of experimental results mainly included the temperature
measurement by thermocouples, dimensions of copper foam, foam porosity, mean heat flux density,
tm and AT. The uncertainty of thermocouples relative to standard thermocouple was +0.3 °C. The
lowest temperature was 21°C, thus the maximum uncertainty of temperature was 1.4%. Similarly,
with the minimum size of 0.8 mm, the dimension uncertainties of copper foam was 2.5%. The
uncertainty of the copper foam porosity was 0.5%. The uncertainty of the heat flux density was
mainly related to the accuracy of voltage (U) and current (7). According to the specification data
of DH 1722A-2 DC voltage and current stabilized power supply, the uncertainty of U and / in the
current experiment were 0.5% and 1%, respectively. Considering the uncertainty caused by U and
1, as well as caused by heat leakage, the maximum uncertainty of heat flux density was 5%. The
errors of tm and AT came from the deviation of reading temperature. Therefore, the lowest
temperature was 36.8°C, therefore, the uncertainty of tm and AT were both 0.8%.

3. Numerical approach

In the present study, a 2D model was proposed to investigate the heat transfer performance of
PCESU. The following assumptions were made for the purpose of simplification:

(1) The liquid paraffin was considered as incompressible Newtonian fluid, and the density was
subjected to the Boussinesq approximation.

(2) The copper foam was assumed to be homogeneous and isotropic, the flow of the liquid
paraffin in copper foam was laminar flow, and the volume expansion of the paraffin during phase
change was neglected.

(3) The heat transfer of staggered fins is uniform and the heat transfer structure of PCESU can
be consider as the combination of some basic units.



As shown in Fig. 7. Computational domain with boundary conditions, a basic unit of PCESU
was obtained and the mesh were generated by ICEM CFD commercial software. The enthalpy-
porosity model and melting model were used to describe the phase change heat transfer of paraffin.
One temperature model was used to explore the heat transfer process with the assumption of local
thermal equilibrium. The following governing equations are used to evaluate the flow and heat
transfer characteristics of PCM and copper foam.

Continuity equation:
v-{ﬁ} =0 (1)
Momentum equations:
&@+&(<G>V)<ﬁ> =-v(P) +£0v2 ()
5 ot o 5 )
p\}% (O (0)+ £, GA(T ) -To)+ £y 3BT, ) -T,) + A1)

where K is the permeability, Cr is the form drag coefficient, and ¢ is the porosity of metal foam.

Hi
—(=+
(K

P, 1s the density of liquid paraffin. ais the acceleration vector. 4 is an additional source to damp

the velocity in solid PCM. ¢ is the liquid fraction of PCM in the porous medium:
o=¢-1 (3)

f, is the liquid fraction which is determined by Eq. (4).

T, <T.,
fl = (Tf _Tml) / (Tm2 _Tml) ;Tml STf STmz (4)
LT, =T,
where T, is the temperature of paraffin. T ,and T_, are the lower and upper limits of the

melting temperature of paraffin.

Energy equations:

o(Ti)

(gpfcpf +(l_g)pscps)7+pfcpf <U>V<Tf > (5)
:v'(kefv<Tf >)_pfg|‘%

where p, is the density of solid paraffin. k, is the effective thermal conductivity of the

PCM/foam composite.
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The governing equations were solved using finite volume method (FVM) using commercial
software ANSYS Fluent 2019R3. The simulation parameters and meshing specifics are given in
Table 3. In order to compromise the simulation accuracy and computational time, the mesh
independence study with mesh number (7700, 9800 and 11200) and time-step (0.1 s, 0.2's,0.5 s
and 1s) was analyzed. The permeability and form drag coefficient were calculated according to
Ref. [7]. In the present simulation, three different direction were considered (see Fig. 5).

Table 3 Simulation parameters and boundary conditions

Mesh Quadrilateral elements, Structured mesh, No of Element 9800
Models Laminar, Melting model, Enthalpy-porosity model
Boundary conditions Fins: symmetry; Top copper plate: convection;
Bottom copper plate: heat flux
Numerical scheme SIMPLE pressure—velocity coupling was used. Second order
accuracy was used.
Convergence criteria Less the 1e-5

Time step 0.5s




4. Results and discussion

4.1. Effects of acceleration direction on thermal performance

Fig. 8 shows the temperature changes of Layer A and Layer E with two different heating power
of40 W and 50 W at acceleration magnitude of 5 g under different acceleration direction conditions.
From Fig. 8, it can be seen that the acceleration direction has significant effects on the thermal
performance of PCESU. The temperature for both layer E and layer A increase rapidly when it is
less than 36.8 °C. When the temperature of layer E reaches about 36.8 °C, the paraffin begins to
melt and there is an inflection point in the temperature curve. Since the layer E is located in the
bottom copper plate, its temperature still increases with a slower rate during the melting process.
For layer A, its temperature curves are consistent with the curve characteristic of paraffin melting
process and the melting process ends when the temperature reaches about 38.5 °C. In the current
work, the temperature curves are consistent with the theoretical melting process of paraffin. In Fig.
8, there are obvious longer tm-s and bigger AT-s than that along other two directions. However,
since the curves intersect and are close to each other, it is unclear to compare the performance
index between vertical and opposite direction using melting curves of PCESU. In order to compare
the effects of acceleration direction on the thermal performance of PCESU more clearly, the tm and
AT under different working conditions are obtained using the method described in Fig. 6. Under
certain heating power and acceleration, the effects of acceleration direction on the heat
performance of PCESU are analyzed by using bar graph.
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4.1.1. Effects of acceleration direction on tn

Fig. 9 demonstrates the effects of acceleration directions on tm at four different power of 40 W,
45 W, 50 W and 55 W.
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It can be seen from Fig. 9 that when the heating power and acceleration magnitude are kept
constant, the influence of the acceleration direction on ty, presents a good regularity. With the same
heating power and acceleration, tm-v > tm-0 (Or tm-s) at acceleration of 0 g, while tm-s> tm-0 > t-v
under the acceleration environment. For example, at 40 W and 0 g, tm-v, tm-0 and tm-s are 1607 s,
1496 s and 1496 s, respectively. And tm-v is 111 s (7.42%) longer than tm-0 or ty-s. While at 40 W
and 13 g, tm-v, tm-0 and tm-s are 1438 s, 1560 s and 1966 s, respectively. And tm-0 and tm-s are 122
s and 528 s which is longer than tm-v, with an increase of 8.48 % and 36.72 %, respectively. For
all the acceleration operating conditions, the average values of tm-0 and twm-s are 177 s and 433 s
longer than that of ty-v, with the increase of 15.19% and 37.10%, respectively. That indicates the
acceleration direction has obvious effect on the tp.

4.1.2. Effects of acceleration direction on AT

Fig. 10 shows the comparison of AT at heating power of 50 W with 5 g along different
acceleration directions. When time <300 s, it can be seen from Fig. 10 that AT increases rapidly
before the paraffin starts to melt and it is kept almost the same along different acceleration
directions. Afterwards, AT continues to increase gradually followed by a slight decrease. When
time >400 s, AT-s becomes significantly larger than AT-v and AT-o, and the AT for the latter two
are almost the same. When the paraffin is completely melted, AT along different acceleration
directions begins to decrease gradually and AT-s is still larger than AT-v and AT-o.
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Fig. 10. Comparison of AT along different acceleration directions at 50 W and 5g.
For the purpose of comparison in a clear manner, the comparison of AT along acceleration
direction at four different heating power of 40 W, 45 W, 50 W and 55 W is illustrated in Fig. 11.
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Fig. 11. The effects of acceleration direction on AT.

As can be seen from Fig. 11, at 0 g (ground), the effect of acceleration direction on AT does not
show an obvious regularity. Under acceleration condition, there is no significant difference
between AT-v and AT-o, but AT-s is significantly higher than AT-v and AT-o. For example, on the
ground, AT-v, AT-o and AT-s at 40 W are 11.9 °C, 12.6 °C and 12.6 °C, respectively, while AT-v,
AT-0 and AT-s at 50 W are 16.0 °C, 15.3 °C and 15.3 °C, respectively. There is no regular effect of
different acceleration directions on the thermal performance of PCESU under the two working
conditions. Under acceleration conditions, at 40 W and 13 g, AT-v, AT-0 and AT-s are 7.6 °C, 6.9 °C
and 15.5 °C, respectively. In this case, AT-s is 7.9 °C and 8.6 °C higher than AT-v and AT-o, with
the increase of 103.95% and 124.64%, respectively.

For all acceleration operating conditions, AT-v and AT-o are almost the same and the average
difference is only 0.04 °C. The average value of AT-s is 8.6 °C higher than that of AT-v, with an
increase of 95.12%. It is suggested that the thermal performance along the same direction is
significantly lower than that along vertical or opposite direction. Based on the analysis of tm, the
result shows that the PCESU could have the best thermal performance along vertical acceleration.

4.1.3. Analysis of experimental phenomena

According to phase change energy storage, there is a solid-liquid phase transition zone between
melted and without n-eicosane during the melting process, which moves along the direction of
heat flux with time. It is noted that, in the current study, the temperature distribution and liquid
fraction inside the PCESU cannot be observed. Thus, in order to explore the physical mechanism,
the working condition for acceleration magnitude of 5 g with heating power of 50 W along
different acceleration direction is simulated with the proposed 2D simplified model. As shown in
Fig. 12, the simulation results of liquid fraction are used as the schematic diagrams of n-eicosane
melting process in PCESU for analysis.
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Fig. 12. Schematic diagram of n-eicosane melting process in PCESU in different acceleration
directions: (a) same direction, (b) opposite direction and (c) vertical direction.

Since the copper foam is always being solid state during the melting process, the acceleration
direction has almost no effect on its thermal performance. For the n-eicosane melting process in
PCESU, the main reason for different results achieved could be the different natural convection
caused by the buoyancy. The temperature distribution is uneven along the heat flux direction. For
example, at 40 W, 5 g and along same direction, the temperature of layer A, B, C, D at melting
time 2000 s are 38.0 °C, 38.4 °C, 42.9 °C, 48.6 °C and 51.8 °C, respectively. It can be seen from
Fig. 12 that if considering the influence of temperature only, the n-eicosane from heat source to
the phase change zone is liquid, and its temperature would gradually decrease. It is noted that the
lower density of n-eicosane at high temperature and the higher density of n-eicosane at low
temperature, the density of n-eicosane increases from the heat source to the phase change zone.
When the temperature and density distribution are not uniform, the buoyancy will be generated in
liquid n-eicosane, which will lead to a certain intensity of convection. This convection can enhance
the heat transfer in PCESU.

According to the influence results of acceleration direction on tm and AT, the main reasons could
be explained as follows:

(1) as shown in Fig. 12(a), the heat flux direction is the same as acceleration direction, and the
uniform temperature leads to an uneven density distribution of liquid n-eicosane in PCESU. The
trend of buoyancy force caused by the temperature non-uniformity is to reduce the unevenness of
the density, while the trend of acceleration action (n-eicosane with high density moving towards
the acceleration direction) is to increase the unevenness. As a result, the acceleration effect along
the same direction will suppress the convection caused by the uneven temperature. During the n-
eicosane melting process, such suppression effect will lead to the increase of the thermal resistance
and the final temperature difference of PCESU. Afterwards, the melting rate of n-eicosane slows



down and the temperature difference of PCESU.

(1) along opposite direction, as demonstrated in Fig. 12(b), the effect of acceleration on the heat
transfer is contrary to that along the same direction. The acceleration would enhance the
convection and lead to the decrease of the thermal resistance and the final temperature difference
of PCESU. Therefore, tm-0 and AT-o are smaller than tm-s and AT-s during acceleration conditions.

(1i1) as presented in Fig. 12(c), the heat flux direction is opposite to gravity direction along
vertical direction. The combined effect of acceleration and gravity also enhances the convection
caused by uneven temperature distribution and this enhancement is stronger than that along
opposite direction. As a consequence, with the same acceleration magnitude and heating power,
the tm and AT along vertical direction are the smallest of that alone three direction.

4.2. Effects of acceleration magnitude on heat performance
4.2.1. Effects of acceleration magnitude on tm

According to the method described in Fig. 6, the effects of acceleration magnitude on ty under
different heating power along vertical, same and opposite directions are presented in Fig. 13.
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Fig. 13. The effects of acceleration magnitude on heat performance.

It can be seen from Fig. 13 that, along vertical direction, overall tm decreases with the increase
of the acceleration magnitude at different heating power. The reason could be due to the effect of
acceleration direction on the thermal performance of PCESU. The combined effect of gravity
acceleration and centrifugal acceleration can accelerate the melting of n-eicosane. The bigger the
acceleration magnitude, the faster the paraffin melts. Although it is mentioned in section 4.1.3 that
the acceleration could accelerate the melting process of PCESU along opposite direction, it can be
seen from Fig. 13 that tm does not show regular change with acceleration magnitude along this
direction. The reason could be that the acceleration magnitude gradient set in the current
experiment is too small. As a result, the effect is not obvious. Along the same direction, unlike the
result shown along vertical direction, tm increases with the increase of the acceleration magnitude



under a certain heating power. According to the analysis of the acceleration direction on n-eicosane
melting process in section 4.1.3, the acceleration would suppress the convection of the liquid n-
eicosane. And the suppression effect increases with the increase of the acceleration magnitude.

4.2.2. Effects of acceleration magnitude on AT

Fig. 14 shows the comparison of AT at heating power of 50 W along vertical direction at
different acceleration magnitudes. From Fig. 14, it can be seen that AT has the same tendency as
that in Fig. 10. AT gradually increases with time and is almost the same at different acceleration
magnitudes before the paraftin starts to melt. Then it continues to increase gradually after a slight
decrease. At 0 g, the AT becomes significantly larger compared with that for other acceleration
magnitudes. In the acceleration environment, the difference of AT between different acceleration
magnitudes is small. When the paraffin is completely melted, all of AT begins to decrease and the
AT at 0 g is still obvious bigger than that of others.
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Fig. 14. Comparison of AT with different acceleration magnitudes at 50 W along vertical
direction

According to the method described in Fig. 6, the effects of acceleration magnitude on AT at four
different heating powers along vertical, same and opposite directions are plotted in Fig. 15.
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Fig. 15. The effects of acceleration magnitude on heat performance.

Fig. 15 indicates clearly that AT decreases with the increase of the acceleration magnitude under
a certain heating power along vertical direction. Similar to the effect of acceleration direction on
tm, acceleration magnitude could enhance the natural convection in liquid n-eicosane along vertical
direction. This enhancement could decrease the internal thermal resistance of PCESU and it
increases with the increase of the acceleration magnitude. Along opposite direction and under
certain heating power, although the acceleration magnitude has almost no obvious influence on tm,
AT decreases with the increase of the acceleration magnitude remarkably. As described in section
4.1.3, acceleration along opposite direction would reduce the thermal resistance in PCESU. This
reduction effect could become greater as the acceleration magnitude increases, which could lead
to the decrease of AT. Under the operating condition of same direction, AT generally increases
with the increase of the acceleration magnitude for a certain heating power. As explained in section
4.1.3, the acceleration at same direction could lead to the increase of the thermal resistance of
PCESU. Therefore, AT increases with the increase of the acceleration magnitude.

It is worth noting that tn and AT have a larger change rate when the acceleration magnitude
changes from static state (0 g) to 5 g. For example, along vertical direction, the average value of
AT decreases by 4.9 °C from 0 g to 5 g with a decrease of 32.97 %. However, it only decreases by
0.8 °C and 0.4 °C when the acceleration magnitude changing from 5 g to 9 g and 9 g to 13 g, with
the decreases of 7.81 % and 4.85 %, respectively. This could be explained by the fact that there is
an initial "destroying" effect on the original flow field in liquid n-eicosane when the acceleration
magnitude changed from 0 g to 5 g. Therefore, the change rate of tn or AT is greater.

The above analysis illustrates that the acceleration magnitude has obvious influence on the
thermal performance of PCUSE. The acceleration magnitude would have a contrary effect with
different acceleration direction. It is important to take the acceleration direction into account when
comparing the effect of acceleration magnitude.



4.3. Effects of heating power on heat performance
4.3.1. Effects of heating power on tm

Fig. 16 presents the comparisons of tm at four different heating powers, i.e. 40 W, 45 W, 50 W
and 55 W. It can be seen that tm generally decreases with the increase of the heating power along
certain acceleration direction and acceleration magnitude. For all the working conditions, the
maximum value of ty, is 1966 s at 40 W and 13 g along the same direction. And the minimum value
of tm 1s 997 s at 55 W and 13 g along vertical direction. In general, tn is negatively correlated to
the heating power. It can be concluded that the higher the heat flux flows through the PCESU, the
faster the n-eicosane melt and the smaller tm.
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Fig. 16. The effects of heating power on tn.

4.3.2. Effects of heating power on AT

Fig. 17 presents the comparisons of AT at four different heating powers. It can be found from
Fig. 17 that AT increases with the increase of the heating power. For all the working conditions,
the maximum AT is 20.5 °C at 55 W and 13g along the same direction, and the minimum AT is
6.9 °C at 40 W and 13g along opposite direction. In general, AT is positively correlated to the
heating power. From the Fourier's law of heat conduction:

q=—A_ (6)

where A presents thermal conductivity. It can be pointed that, when the acceleration and the heat
flux direction are constant, only the heat flux g and the temperature gradient dT /dx are different.
The higher the heat flux, the larger the temperature gradient. Therefore, AT increases with the
increase of the heating power when it increases from 40 W to 55 W.
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5. Conclusions

A composite PCESU composed of copper foam (porosity of 97.2%), n-eicosane paraffin, and
copper fins (thickness of 0.8 mm) was fabricated. The effects of several control parameters such
as heating power, centrifugal acceleration magnitudes and directions on the thermal performance
of PCESU was analyzed in a systematic manner. A 2D simplified simulation was carried to further
reveal the physical mechanism of the thermal performance of PCESU. The results obtained in this
study can be concluded as follows:

(1) The acceleration direction has a significant effect on the thermal performance of PCESU.
The acceleration effects along vertical and opposite direction could improve the thermal
performance of PCESU. While it shows a contrary effect along the same direction. Under
acceleration conditions, tm-S> tm-0 > tm-v, and AT-v are almost the same with AT-o, but AT-s is
significantly higher than AT-v and AT-o. The average values of tm-0 and tm-s are 15.19% and 37.10%
longer than that of tm-v, and AT-s is 95.12% higher than that of AT-v.

(2) The effects of the acceleration magnitude on the thermal performance of PCESU depend on
the acceleration direction. tm and AT decreases with the increase of the acceleration magnitude
along vertical direction and increases with that along the same direction. In addition, AT and tn
have a larger change rate from 0 g to 5 g. The average value of AT along vertical direction decreases
32.97 % from 0 g to 5 g and only 7.81 % and 4.85 % from 5 gto 9 gand 9 gto 13 g.

(3) The heating power has significant effects on tn and AT. In general, tm and AT are negatively
and positively correlated to heating power, respectively. For all cases, the minimum value of tn is
997 s at 55 W and 13 g along vertical direction. And the minimum value of AT is 6.9 °C at 40 W
and 13 g along opposite direction.



(4) The acceleration along both vertical and opposite direction can enhance the natural
convection of the melted n-eicosane in PCESU, and reduce the resistance of PCESU. It is a
contrary effect along same direction. The bigger the acceleration magnitude, the stronger the
acceleration effect. Moreover, along vertical direction, the combined effect of acceleration and
gravity have a stronger enhancement than that along opposite direction.

In conclusion, when using PCESU under acceleration condition, the heat flux direction received
by the energy storage unit should be vertical to acceleration direction as far as possible. This would
contribute to shorten the melting time of the energy storage unit and reduce the temperature of the
electronic components.
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