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In order to improve the thermal performance of thermal energy storage systems, a
packed bed thermal energy storage systems unit using spherical capsules filled with
multiple phase change materials (multi-PCM) for use in conventional air-conditioning systems is presented. A 3-D mathematical model was established to investigate the charging characteristics of the thermal energy storage systems unit. The
optimum proportion between the multi-PCM was identified. The effects of heat
transfer fluid-flow rate and heat transfer fluid inlet temperature on the liquid phase
change materials volume fraction, charging time and charging capacity of the thermal energy storage system unit are studied. The results indicate that the charging
capacity of multi-PCM units is higher than that of the conventional single-PCM
(HY-2). For proportions 0:1:0, 2:3:3, 3:2:3, 3:3:2, 4:1:3, and 4:2:2, the charging
capacity decreases by approximately 24.84%, 14.69%, 6.47%, 3.82%, and 1.13%,
respectively, compared to the 4:2:2 proportion. Moreover, decreasing the heat
transfer fluid inlet temperature can obviously shorten the complete charging time of
the thermal energy storage systems unit.
Key words: cold storage air-conditioning, latent heat thermal energy storage,
multiple phase change materials, dynamic characteristics

Introduction

Conventional central air-conditioning systems equipped with thermal energy storage
systems (TES) can use cheaper electric power at night to reduce electrical costs and alleviate the
on-peak electricity load [1-3]. Latent heat storage (LHS) is considered as one of the most promising TES methods due to its much higher energy storage density when compared with the sensible heat storage [4]. At present, LHS units using ice have gained considerable attention in conventional air-conditioning systems. However, with the melting point of ice being 0 °C, the
evaporation temperature and the coefficient of performance (COP) of these units are lower than
those of conventional air-conditioning systems [5]. To deal with this issue, Li et al. [6] prepared
a novel phase change material (PCM) whose melting temperature (8.5 °C) is higher than ice.
However, PCM suitable for air-conditioning systems suffer from the disadvantages of low latent
heat and the poor thermal conductivity, which limits the systems' charging capacity [7]. To over*
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come this problem, the use of multi-PCM with different melting temperatures in TES systems
has been considered.
The multi-PCM TES systems have been applied in various fields, such as solar-based
thermal power plants [8], waste heat recovery systems [9], and energy-efficient buildings [10].
The heat transfer in multi-PCM TES systems determines their thermal performance of such systems. Aldoss and Rahman [11] investigated the performance of a TES system based on a
multi-PCM design of two and three stages. Chiu and Martin [12] analyzed the performance of a
multistage latent heat thermal energy storage (LHTES) system using a cascade design of
multi-PCM at various phase change temperatures. Peiro et al. [13] experimentally analyzed the
advantages of multi-PCM compared to single PCM in TES systems at a pilot plant scale. However, these studies did not provide a further discussion on the effects of the operating parameters
on the charging performance of the multi-PCM TES systems. Shaikh and Lafdi [14] investigated a combined convection-diffusion phase change heat transfer process in various configurations of composite PCM slabs based on a 2-D control volume based numerical method. Hu et al.
[15] developed a 2-D control volume based numerical model to investigate the effects of the arrangement of multi-PCM, their melting temperature distribution and type on melting behavior
and heat transfer. Wang et al. [16] developed a 2-D numerical simulation model of a LHTES
unit with three high temperature PCM, simulating the effects of operating and geometric parameters on the LHTES. The result showed that the melting times decrease with an increase in the
air inlet temperature. Meanwhile, an optimum length of the LHTES exists for achieving a high
melting rate.
Several studies reported that the improvement of charging processes is a key issue to
be solved for the development of TES systems. However, 2-D mathematical models can neither
predict the local temperatures in the PCM well nor show the complete charging time when compared to 3-D analyses. Futhermore, few studies have dealt with the charging process of
multi-PCM TES systems using 3-D modelling. Therefore, this paper presents a TES unit using
spherical capsules filled with three kinds of PCM. More specifically, the multi-PCM TES unit is
fitted to conventional air-conditioning systems. A 3-D simulation model is developed using
ANSYS FLUENT to investigate the dynamic characteristics of multi-PCM TES unit. An optimum proportion between the multi-PCM is deeply studied and identified. The effect of different
heat transfer fluid (HTF) inlet temperature and flow rates on the volume fraction and the charging capacity are investigated.
Physical and mathematic models
Physical model of the LHTES

The LHTES tank is composed of spherical capsules filled with three kinds of PCM. Water is used as the HTF. The multi-PCM are used and those with a higher phase change temperature
are placed higher in the storage tank. The initial temperature of the PCM was set at 12 °C and the
HTF temperature was kept at 2 °C during the charging process, while the fluid was flowing at different flow rates. The charging process was considered as finished once the volume fraction of the
PCM was 0. Figure 1 illustrates the TES unit.
Mathematical model

The energy conservation equation is:
r
¶
( rh) + Ñ ( rnh) = Ñ ( kÑT ) + q r
¶t

(1)
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where
r is the density, h – the enthalpy,
r
v – the velocity of the fluid, k – the thermal conductivity. The qr is the source
term, and it is set to zero. Enthalpy h can
be written:
T

h = h0 + ò cdT + aL

(2)

T0

where c is the specific heat, L – the latent
heat of the PCM, and the volume fraction a is:

Figure 1. Physical model of the TES unit
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The momentum equation is:
r
rr
r
r
r (1 - a) 2 r
¶
(4)
( rv ) + Ñ ( rvv ) = -Ñp + Ñ[ m(Ñv + Ñv T )] + rg +
vA mush
¶t
a3 + e
r
where t is the time, p – the pressure, m – the dynamic viscosity, rg – the gravitational body force,
Amush – the mushy zone constant (1×105) [17], and e – a constant (0.001) to avoid division by
zero.
The charging capacity of the PCM in the TES tank can be calculated using:
n

Tfinally

i =1

Tinitial

QPCM = å r PCM, iV p, i Li +

ò r PCM (1 - a)V p c + r PCM aV p c dT

(5)

where rPCM, i is the density of the ith PCM, and Li – the latent heat value of the ith PCM, Tinitial and
Tfinal are the initial and final temperatures, respectively, and Vp,i – the volume of the spherical
capsule.
Results and discussion
Effects of different proportions of PCM on the
thermal performance of the TES tank

In this paper, the PCM considered are HY-1, HY-2, and HI-1. Among them, HI-1 and
HY-2 were prepared by our team. The phase change temperatures of HI-1 and HY-2 are 5.3 and
6.5 °C, and latent heat values are 271.2 and 226.2 kJ/kg, respectively. The HY-1 is the already
existing material paraffin C15, whose phase change temperature and latent heat are 10 °C and
205 kJ/kg, respectively. Meanwhile, multi-PCM designs with volume ratios of 2:3:3, 3:2:3,
3:3:2, 4:1:3, and 4:2:2 (HI-1:HY-2:HY-1) were studied.
Figure 2 shows the effects of different proportions of PCM on the charging capacity of the
TES tank. According to the figure, the charging capacity of TES tank using only HY-2 (i. e. volume ratio 0:1:0) is smaller than that of the other proportions. To find the optimum proportion between PCM,
the complete charging time (i. e. the time needed to achieve a charging capacity of 95%) and the corre-
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Figure 2. Charging capacity of different
proportions of PCM

sponding charging capacity values are shown. When
the proportions were 0:1:0, 2:3:3, 3:2:3, 3:3:2, 4:1:3,
and 4:2:2, the corresponding complete charging
times were 17941.8, 17580.2, 18469.3, 18992.5,
19521.8, and 19745.9 seconds, while the charging capacities were 2539.59, 2882.55, 3108.89, 3147.43,
3340.43, and 3379.11 kJ, respectively. For proportions 0:1:0, 2:3:3, 3:2:3, 3:3:2, 4:1:3, and 4:2:2, the
charging capacity decreases by approximately
24.84%, 14.69%, 6.47%, 3.82%, and 1.13%, respectively, compared to the 4:2:2 proportion. The results
indicate that the proportion 4:2:2 have the largest
charging capacity. Therefore, the optimum proportion 4:2:2 is selected to investigate the dynamic characteristics of multi-PCM TES unit.

Effects of different HTF flow rates on charging
time and charging capacity

Figure 3 shows the charging process of the PCM under different HTF flow rates, with
the HTF inlet temperature being 2 °C. The figure illustrates the temperature fields of the cross-sections at different times. In fig. 3(a), the temperature of the PCM remains below 10 °C throughout,
indicating that HY-1, whose phase change temperature is 10 °C, is completely frozen. Due to the

Figure 3. Effects of different HTF flow rates on the charging time; temperature distributions
(for color image see journal web site)
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Figure 4. Volume fraction at different HTF
inlet temperatures
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phase change temperature of HY-1 being higher
than that of HY-2 and HI-1, HY-1 is the fastest to
completely freeze. Figure 3(b) is the temperature
fields of the cross-sections at 95% of the total
charging time. It takes 19745.9, 18552.3, and
17092.3 seconds to complete the charging process at the flow rates of 0.15, 0.3, and 0.45 kg/s,
respectively. For the 0.3 kg/s and 0.45 kg/s cases,
the time to reach the complete charging process is
shorter by approximately 6.04%, and 13.44%, respectively, compared the 0.15 kg/s case. The results indicate that increasing the HTF flow rate
contributes to the faster freezing of the PCM and
shortens the necessary charging time, but the effect is not obvious.

Effects of different HTF inlet
temperatures on the volume fraction

Figure 4 shows the effect of inlet temperature on the volume fraction. An HTF flow rate of
W = 0.15 kg/s condition indicates that the volume fraction increases more rapidly when the inlet
temperature is smaller during the charging process, and the volume fraction is a steady value
during the final period. When the HTF inlet temperature are 1, 2, and 3 °C with an HTF flow rate
of 0.15 kg/s, the charging processes end (i. e. reach a charging capacity of 95%) at 15518.9,
19745.9, and 25299.9 seconds, respectively. The complete charging time is reduced by decreasing the HTF inlet temperature; differences of 27.24% and 63.03% are, respectively, observed
when the inlet temperature of HTF is 2 °C and 3 °C compared to 1 °C results.
Conclusions

· The numerical results indicate that the 4:2:2 proportion yields the largest charging capacity.
For this proportion, the charging capacity is increased by approximately 33.06%, 17.23%,
8.69%, 7.36%, and 1.16%, compared to the 0:1:0, 2:3:3, 3:2:3, 3:3:2, and 4:1:3
configurations, respectively.
· Increasing the HTF flow rate can shorten the complete charging time. For the 0.3 kg/s and
0.45 kg/s cases, the time to reach the complete charging process is shortened by
approximately 6.04%, and 13.44%, compared to 0.15 kg/s case. However, in order to reduce
energy consumption, the HTF flow rate should remain within a certain range in practical
applications.
· The charging time decreases as the HTF inlet temperature decreases. The complete charging
time is reduced by decreasing the HTF inlet temperature. Differences of 27.24% and 63.03%
are respectively observed when the inlet temperature of the HTF is 2 °C and 3 °C compared
to 1 °C results.
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Nomenclature
A
r mush
g
c
h
k
L
p
Q
T
tr
v
W

–
–
–
–
–
–
–
–
–
–
–
–

mushy zone constant
gravity vector, [ms–2]
constant-pressure specific heat, [kJkg–1 °C–1]
enthalpy, [kJ]
thermal conductivity, [Wm–1 °C–1]
PCM latent heat, [kJkg–1]
pressure, [Nm–2]
charging capacity of the TES unit, [kJ]
temperature, [°C]
time, [s]
velocity, [ms–1]
flow rate, [kgs–1]

Acronyms
COP

– coefficient of operation performance

HTF
LHS
LHTES
multi-PCM
PCM
TES

– heat transfer fuid
– latent heat storage
– latent heat thermal energy storage
– multiple phase change materials
– phase change material
– thermal energy storage

Greek symbols
a
m
r

– volume fraction
– dynamic viscosity coefficient, [Nm–2s–1]
– density, [kgm–3]

Subscripts
l
s

– liquid
– solid
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