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Solid–liquid phase change materials (PCMs) are attractive candidates for thermal energy storage and
electronics cooling applications, but once all the PCMs have completely phase-changed and approximate
their thermal storage limit, they will become the bottleneck for heat dissipation on the contrary and the
electronics have to stop working. In this paper, a modularized thermal storage unit (MTSU) was proposed
to overcome such fatal drawback. Once the PCMs reach their limit, the completely phase-changed MTSU
will be replaced by a new one due to the modularization. Such online thermal charging and offline ther-
mal discharging working characteristics enable the continuous working of electronics. The proposed
MTSU is fabricated by encapsulating paraffin with epoxy resin, and the paraffin is thermally enhanced
via copper or nickel foams. Theoretical and experimental validations reveal that the ETC is increased
by 376% via copper foam with the porosity of 95.52%, and by 205% for nickel foam with the porosity
of 95.61% due to the relatively lower skeleton thermal conductivity of nickel foam. The cycled test
revealed that the proposed MTSU has good thermal stability. Compared with the conventional TSU, the
proposed MTSU avoids the slow re-solidification process and exhibits potential for continuous thermal
storage over long periods of time. The proposed MTSU is expected to be applied in the field of driving
batteries and solar-thermal conversion system.

� 2018 Published by Elsevier Ltd.
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1. Introduction

Phase-change materials (PCMs) have been applied in thermal
energy storage, electronics cooling, and data storage due to its sig-
nificant latent heat storage capacity [1–8]. However, the real
implementation of PCMs is restricted by two main concerns: one
is the low intrinsic thermal conductivities which leads to quite
slow thermal storage/retrieval process [9–11], and the other is
the leakage problem due to the volume expansion in the phase
change process [12,13]. In terms of the first concern, efforts have
been made to enhance the PCM’s thermal conductivity by filling
with high thermal conductivity particles or porous matrixes, such
as metal powder [14], expanded graphite [15,16], carbon nanotube
[17,18], graphene [19,20] and metal foam [21–24]. The PCM ther-
mal conductivity is increased effectively depending on the corre-
sponding filling material and percentage. As for the second
concern, the PCMs are usually encapsulated with organic polymers
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to overcome the leakage problem due to the high ductility and high
compatibility with PCMs. Huang et al. [25] used PET plastic pipes
to encapsulate paraffin and float stones to increase the thermal
conductivity, and nearly a third of the melting time can be reduced.
Alam et al. [26] adopted polytetrafluoroethylene (PTFE) and fluori-
nated ethylene propylene (FEP) as shell materials to encapsulate
PCM, and the melting/solidification time was significantly shorter
without degradation in thermos-physical properties on cycling.
More researchers employed epoxy resin as encapsulation material
because of its high tensile strength, good adhesive properties, low
cost, and high compatibility with PCMs [13,27–29].

However, all these approaches share one significant drawback
that once all the PCMs have completely phase-changed, their ther-
mal storage capacity will approximate its maxima and the heat will
no longer be stored. More seriously, the PCMs become the key bot-
tleneck for heat dissipation due to their relatively low intrinsic
thermal conductivity compared with the metal or semiconductor
substrates. The electronic devices have to stop working at that time
and wait for the slow re-solidification process of the PCMs before
restarting to work [30,31]. Such drawback dramatically restricts
the implementation of PCMs for thermal storage applications.

Inspired by the online-discharging/offline-charging working
characteristics of the driving batteries [32,33] and the modular
thermal energy storage concept [16], we proposed a similar mod-
ularized thermal storage unit (MTSU) to overcome such drawback
and realize online thermal charging and offline thermal discharg-
ing working characteristics. Fig. 1 shows the working principle of
the MTSU. During the operating time of electronic devices, the
MTSU absorbs the heat from electronics and maintains the
designed constant temperature before phase changing totally.
Then, the completely charged MTSU could be replaced with a fresh
one directly once it reaches the thermal storage limitation. The
electronics can continue to work without waiting for the longtime
re-solidification process. Therefore, the MTSU can overcome the
above-mentioned drawback and enable the continuous working
of the electronic devices.

In this paper, we fabricated the MTSU by epoxy resin
encapsulated paraffin to validate the online thermal charging and
offline thermal discharging working characteristics. Vacuum
impregnation and casting molding were adopted to prepare the
phase-change core and encapsulate shell, respectively. Paraffin
was chosen due to its advantages of high latent heat (�250 J/g),
appropriate melting point (30–70 �C), high stability, low negative
Fig. 1. Working principle
environmental impact, and low cost. Copper and nickel metal
foams with different porosities were employed as thermal enhan-
cers because of high thermal conductivity and good mechanical
strength of the skeleton. A series-parallel model was developed
to predict the effective thermal conductivity (ETC) of the MTSU
samples and the accuracy was verified experimentally. The ther-
mal storage performance of the MTSU was also assessed. The
advantages of the proposed MTSU was verified and discussed by
comparison with conventional TSU.
2. Preparation of MTSU

Fig. 2 shows the fabrication processes of paraffin/metal foam
core through vacuum impregnation [24]. Firstly, the solid paraffin
was put in a beaker and melt in a water bath at 80 �C, and the
metal foam with a size of 26 mm � 26 mm � 10 mm was
immersed in the liquid paraffin. Secondly, the beaker was put into
a vacuum oven at 80 �C. The pressure inside the vacuum oven was
maintained below 100 Pa for 2 h by a vacuum pump to obtain a
desirable impregnation effect in this process. Thirdly, the breaker
was cooled at the ambient temperature till the complete solidifica-
tion. Then, the beaker was reheated in the water bath again. When
the inner surfaces of the beaker were wetted by the liquid paraffin,
the paraffin/metal foam composite was pulled out. Finally, the
extra paraffin outside the metal foam was removed. The thermo-
physical properties of the paraffin and epoxy resin are listed in
Table 1. We can find that both the paraffin and the epoxy resin pos-
sess a low thermal conductivity, which demonstrate the necessity
of thermal enhancement by metal foam.

The thermally enhanced MTSU was fabricated through casting
molding method. Fig. 3 shows the preparation process. Firstly,
the epoxy resin (Ausbond�, America) including resin and hardener,
were mixed with the mass ratio of 5:1 in a vacuum chamber to
expel air bubbles. Secondly, the resin gaskets with a thickness of
2 mm were molded by Mold 1. Thirdly, the paraffin (RT44HC,
RUHR TECH�)/metal foam core was put into Mold 2 with the
mold-releasing agent (polyvinyl alcohol, PVA) uniformly coated
on the surfaces of the molds, and the gaskets were used to retain
a fixed distance between the core and mold surfaces. After that,
the liquid epoxy resin was injected into Mold 2 to fill the reserved
space around the paraffin core. Then, Mold 2 was put into a vac-
uum chamber to expel air bubbles inside. Finally, the specimen
of the MTSU samples.



Fig. 2. Vacuum impregnation processes of paraffin/metal foam composite.

Table 1
Thermo-physical properties of paraffin and epoxy resin.

Materials Density (kg/m3) Thermal conductivity
(W/m�K)

Latent heat
(kJ/kg)

Paraffin 845 (liquid)/860 (solid) 0.2 244
Epoxy resin 1500 0.518 /

Fig. 3. Preparation processes of the me
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was placed in the vacuum chamber for 6 h with curing treatment
at 50 �C.

During the preparation process, copper and nickel foams with
different porosities were employed to fabricate the thermally
enhanced MTSU. The thermo-physical properties of the metal
foams are listed in Table 2. Fig. 4a shows the skeletons of the cop-
per foam and nickel foam. It can be seen that the skeleton inside
the foam is reticulate and connected layer by layer. Hence, the high
tal foam enhanced MTSU samples.



Table 2
Thermo-physical properties of the metal foams.

Properties Copper foam Nickel foam

20PPI 30PPI 20PPI 30PPI

Density (kg/m3) 8930 8930 8900 8900
Thermal conductivity (W/m�K) 398 398 91.4 91.4
Porosity 97.59% 95.52% 97.48% 95.61%
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thermal conductivity paths were formed inside the metal foam.
Fig. 4b shows the panoramic and cross-sectional view of the MTSU
sample. The samples have the dimension of 30 mm � 30 mm � 14
mm, and the thickness of the resin shell is 2 mm.

3. Series-Parallel model

To evaluate the thermal enhancement effect of the metal foams,
the ETC of the MTSU was measured. However, common transient
thermal conductivity measurement methods were inapplicable
due to the anisotropic characteristic of the MTSU [34]. Therefore,
we developed a series-parallel model to predict the ETC of the
MTSU. Fig. 5 shows the series-parallel model of the MTSU sample,
including a series model and a parallel model [35,36]. The MTSU
sample could be divided into three layers which formed a series
model, then the ETC of the MTSU could be expressed as

keff ¼ v1k1 þ v2k2 þ v3k3 ð1Þ
where v1, v2, and v3 are the volume fraction of these three layers,
respectively. k1 and k3 are the thermal conductivity of the first
and third layer, i.e. the thermal conductivity of the epoxy resin
(ker). k2 is the thermal conductivity of the second layer, which con-
sists of the phase change core and the wrap-around resin shell that
formed a parallel model, and the expression is as follows.
Fig. 4. (a) The skeletons of the copper foam

Fig. 5. Series-parallel mode
k2 ¼ 1
mer2
ker

þ mc
kc

ð2Þ

where ver2, and vc are the volume fraction of resin shell and metal
foam/paraffin composite in the second layer, respectively. kc is the
thermal conductivity of the metal foam/paraffin composite. Then
the ETC of the MTSU could be expressed as

keff ¼ h1 � h2

h1
ker þ h2

h1

w1l1 �w2l2
w1l1ker

þ w2l2
w1l1kc

� ��1

ð3Þ

where h1 and h2 are the height of the MTSU sample and the paraffin/
metal foam core, respectively. w1 and l1 are the width and length of
the MTSU sample, while w2 and l2 are those of the paraffin/metal
foam core. The ETC of the metal foam/paraffin core could be calcu-
lated based on the model proposed by Bhattacharya [37] as

kc ¼ 0:75
e
kp
þ 1�e

km

þ 0:35ðe � kp þ ð1� eÞ � kmÞ ð4Þ

where e is the porosity of the metal foam, kp is the thermal conduc-
tivity of paraffin, and km is the thermal conductivity of metal foam.
4. Experimental validation

The accuracy of the model was evaluated experimentally.
Fig. 6a shows the schematic of the experimental setup based on
steady-state plate method [38]. Two heat flux sensors were stack
on the upper and lower surfaces of the sample. K-type thermocou-
ples were also coupled with the heat flux sensors to measure the
average surface temperature. Thermal conductive silicone sheets
(TCSS) with a thickness of 0.1 mm were placed in the interfaces
between the sample and heat flux sensors, and the thermal con-
ductivity is 1.5 W/(m�K). The cold plate was adopted to remove
the heat leakage from the upper heat flux meter and maintain a
and nickel foam. (b) The MTSU sample.

l of the MTSU sample.



Fig. 6. (a) Schematic of the experimental setup based on steady-state plate method. (b) Thermal resistance model of the test sample.

Table 3
ETC of the samples predicted by the series-parallel model.

ETC MTSU with pure paraffin Copper foam Nickel foam

20PPI 30PPI 20PPI 30PPI

keff (W/m�K) 0.302 1.238 1.439 0.734 0.922
Enhancing ratio / 310% 376% 143% 205%
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constant cold temperature. The insulation layer was packed around
the copper plate and the samples to eliminate heat leakage to
ambient. Consequently, heat flow in flux meter could be regarded
as one-dimensional. Fig. 6b shows the thermal resistance model of
the test sample. The overall thermal resistance (Rtotal) of the model
consists of the bulk thermal resistance of sample (Rsamp) and two
interface thermal resistances (Rinter) between the sample and the
heat flux sensors, and it could be solved by Eq. (5). The ETC of
the MTSU could be calculated by Eq. (6).

Rtotal ¼ ðTlow � TupperÞ=Aq ð5Þ

keff ¼ d=ARtotal ð6Þ
where Tlow and Tupp are the surface temperature of the lower and
upper sensors when the system arrived at the steady state. A is
the area of sample and q is the heat flux through the sensors. d is
the thickness of the sample. The Rinter consists of the bulk thermal
resistance of the TCSS and the thermal contact resistance (TCR)
between the TCSS and the sample. Rinter was considered to be con-
stant because of the same test conditions. In addition, a pure epoxy
resin sample with the same dimension of MTSU was also prepared.
The thermal conductivity of the epoxy resin (ker) was detected to be
0.518 W/m�K, and the thermal resistance of the resin sample could
be calculated by Eq. (7). Rinter could be solved as Eq. (8). Finally, the
ETC of the MTSU (keff) could be calculated as Eq. (9).

Rer ¼ d=Aker ð7Þ

Rinter ¼ 1
2
ððTlow � TuppÞ=Aq� d=AkerÞ ð8Þ

keff ¼ dq=ðTlow � Tupp � 2RinterAqÞ ð9Þ
5. Results and discussion

Table 3 lists the ETC of the samples predicted by the series-
parallel model. The MTSU with pure paraffin was also evaluated
for comparison and its ETC was 0.302 W/m�K due to the low ther-
mal conductivity of the epoxy resin as well as the paraffin, which
cannot meet the demand for a quick thermal response. The ETC
was increased by 376% via copper foam with the porosity of
95.52%, revealing a significant thermal conductivity enhancement
effect by metal foam. The ETC increased from 1.238 W/m�K to
1.439 W/m�K as the porosities of copper foam decreased from
97.59% to 95.52%. It could be explained that a lower porosity pos-
sesses a larger mass fraction of metal foam, which forms a more
intensive thermal conductive path, presenting a more significant
thermal enhancing effect. The MTSU with nickel foam revealed a
similar tendency, and the ETC increased from 0.734 W/m�K to
0.922 W/m�K as the porosities decreased from 97.48% to 95.61%.
The thermal enhancing effect of nickel foam is not as desirable as
that of the copper foam due to its much lower skeleton thermal
conductivity of nickel.

Table 4 lists the temperature and the heat flux detected by
experiment. It should be noted that the heating power was set
below 10W to maintain a relatively low specimen temperature
(below the paraffin melting temperature) to avoid phase change
during the experiment. The ETC of the MTSU could be calculated
by Eq. (9). The ETC increased from 1.132 W/m�K to 1.524 W/m�K
as the porosities of copper foam decreased from 97.59% to
95.52%, while it is increased from 0.753 W/m�K to 0.998 W/m�K
for the nickel foam as the porosities decreased from 97.48% to
95.61%. Fig. 7 shows the comparison between model predictions
and experimental results. It is observed that the theoretical predic-
tions agree well with the experimental results for both the copper
foam and nickel foam enhanced MTSU samples, with the maxi-
mum deviation of 9.7%, indicating that the model is appropriate
to predict the ETC of MTSU.

Fig. 8 shows the effect of porosity on the ETC of the MTSU. It is
seen that the ETC of the copper foam enhanced MTSU could be
increased from 0.322 W/m�K to 1.805 W/m�K theoretically while
the porosity varies from 1 to 0, while it is increased from 0.322
W/m�K to 1.780 W/m�K for the nickel foam. In addition, it reveals
that a significant thermal enhancing effect is achieved as the
porosity decreased from 1 to 0.9 due to the thermally conductive



Table 4
The ETC of MTSU measured by experiment.

Detected values Epoxy resin MTSU with pure paraffin Copper foam-enhanced Nickel foam-enhanced

20PPI 30PPI 20PPI 30PPI

Tlow (�C) 39.3 41.0 36.2 33.4 37.8 34.7
Tupp (�C) 8.3 7.9 13.2 14.3 12.1 13.5
q (W/m2) 1102 698 1707 1856 1305 1401.5
keff (W/m�K) 0.518 0.302 1.132 1.524 0.753 0.998

Fig. 7. Comparison of the model predictions with the experimental results.

Fig. 8. Effect of porosity on the ETC of the MTSU. Fig. 9. The mass variation of MTSU with different cycle times.
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path formed bymetal foam. However, the thermal enhancing effect
is not obvious while the porosity is lower than 0.9, which is
restricted by the low thermal conductivity of the encapsulation
shell, and both the cooper foam and the nickel foam presents the
same tendency. In addition, the latent heat of the MTSU decreases
with the decreasing porosity accordingly. Therefore, the porosity of
the metal foam is preferred to be 0.9–0.95 with comprehensive
consideration of the ETC and the latent heat.

The thermal stabilities of the samples were evaluated by the
repeated heat storage/release cycles. The tests were conducted in
a cycling thermal chamber with the heating temperature of 85 �C
and the cooling temperature of 20 �C. The cycle period is 60 min
to confirm a completely phase-change of the MTSU samples.
Fig. 9 shows the mass variation of the copper foam enhanced MTSU
samples with different cycle times. The mass variation is caused by
the leakage of paraffin. The thermal stabilities of the samples could
be assessed by the mass variation after different cycle times. It
observes that the maximum leakage of these two samples were
less than 0.2% after 50 cycles, indicating that the MTSU possesses
a significant thermal stability performance.

The energy density of the MTSU samples were also evaluated to
assess its thermal storage capacity, whichmainly dependent on the
temperature difference of paraffin. At the temperature difference
of 50 �C, the amount of heat production per unit volume for copper
foam (30PPI) enhanced MTSU sample is about 175.3 MJ/m3, reveal-
ing a significant thermal storage capacity. The energy density
decreased to 155.7 MJ/m3 at temperature difference of 35 �C. The
other samples presented the similar energy density because of
the similar amount of paraffin.

To validate the advantage of the proposed MTSU, the heat stor-
age performance of the MTSU was measured experimentally, and
the conventional metal foam/paraffin composite phase-change



Fig. 10. Comparison of the thermal storage performance between the MTSU and
the conventional TSU.
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thermal storage unit (TSU) with the same dimension was also
tested for contrast. The copper foam (30PPI) enhanced MTSU sam-
ple was adopt to exhibit the continuous thermal storage ability
compared with the conventional TSU. The design temperature of
common electronic devices is usually 90 �C. Fig. 10 shows the com-
parative results. During the test, the MTSU has replaced a fresh one
immediately when the heat source reaches the design tempera-
ture, then the heat source temperature decreased rapidly and the
online thermal charging and offline thermal discharging working
characteristics were reflected. But for the conventional TSU, the
heat source has to stop working at that time and wait for re-
solidification of the PCMs before restarting to work. It presents
an obvious periodic temperature variation process for the MTSU
at different heat flux consistently and the heat source temperature
was maintained below the design temperature consistently, indi-
cating that the continuous heat storage process was realized. How-
ever, the conventional TSU presents a long-time cooling process
due to their relatively low thermal conductivity compared with
the metal or semiconductor substrates, thus dramatically reducing
the working efficiency. Besides, the MTSU seems to show a slower
thermal response than the conventional TSU because of the low
thermal conductivity encapsulation shell, but the thermal enhanc-
ing effect of the metal foam can still guarantee a completely phase-
change before the heat source reaches the design temperature.
Therefore, the thermal storage performance of MTSU was not
affected much. The latent heat of the MTSU was also decreased
because of the encapsulation shell, then the single thermal storage
time was slightly lower than that of conventional TSU, but the
whole thermal storage time was much higher due to the modular-
ization. Besides, the later thermal storage time of the MTSU was
lower than that of the first one, because the later MTSU was con-
fronted with a much higher initial heat source temperature, hence
the thermal storage time was decreased. In general, the MTSU pre-
sents the potential of continuous thermal storage over long periods
of time because of the online thermal charging and offline thermal
discharging working characteristics.

6. Conclusions

In this study, we proposed a thermally enhanced MTSU to real-
ize the online charging and offline discharging working character-
istics. The MTSU samples were fabricated through the vacuum
impregnation and the casting molding method. A series-parallel
model was developed to predict the ETC of the MTSU samples.
An experimental setup based on the steady-state method was also
established to verify the accuracy of prediction results. The results
showed that the predictions agree well with experimental results
and deviations are within 9.7%. Based on the model, we can find
that the ETC of the MTSU samples increased drastically with metal
foams. The ETC of copper foam-enhanced MTSU increased by 376%
while the porosity is 95.52%, and the enhancing effect increases
with the decrease of porosity. The repeated heat storage/release
cycles revealed that the proposed MTSU possess a good thermal
stability. We further evaluated the heat storage performance of
the MTSU experimentally. Compared with the conventional TSU,
the MTSU avoids the slow re-solidification process and enables a
continuous thermal storage process for the electronics, and the
electronics temperature was maintained below the design temper-
ature consistently. Therefore, the MTSU shows the potential for
continuous heat storage over long periods of time, which is
expected to be applied in the field where there is a continuous heat
storage demand, such as driving batteries and solar-thermal con-
version system.
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