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Abstract: An application of latent heat thermal energy storage systems with phase change materials
seems to be unavoidable in the present world. The latent heat thermal energy storage systems allow
for storing excessive heat during low demand and then releasing it during peak demand. However,
a phase change material is only one of the components of a latent heat thermal energy storage system.
The second part of the latent heat thermal energy storage is a heat exchanger that allows heat transfer
between a heat transfer fluid and a phase change material. Thus, the main aim of this review paper
is to present and systematize knowledge about the heat exchangers used in the latent heat thermal
energy storage systems. Furthermore, the operating parameters influencing the phase change time of
phase change materials in the heat exchangers, and the possibilities of accelerating the phase change
are discussed. Based on the literature reviewed, it is found that the phase change time of phase
change materials in the heat exchangers can be reduced by changing the geometrical parameters
of heat exchangers or by using fins, metal foams, heat pipes, and multiple phase change materials.
To decrease the phase change material’s phase change time in the tubular heat exchangers it is
recommended to increase the number of tubes keeping the phase change material’s mass constant.
In the case of tanks filled with spherical phase change material’s capsules, the capsules’ diameter
should be reduced to shorten the phase change time. However, it is found that some changes in the
constructions of heat exchangers reduce the melting time of the phase change materials, but they
increase the solidification time.

Keywords: heat exchanger; heat pipe; heat transfer enhancement; latent heat thermal energy storage;
multiple phase change materials; phase change material; thermal energy storage

1. Introduction

The thermal energy storage (TES) seems to be unavoidable in the present world due to several
reasons. The most important of them can include the increasing use of renewable energy sources.
Additionally, it is widely known that much attention is paid to improving energy efficiency and more
rational energy management, which can be implemented by, for example, using cogeneration or waste
heat recovery. Although there is a tendency to increase the use of both cogeneration and waste heat
recovery as well as energy from renewable sources, it can generally be concluded that their common
disadvantage is often the discrepancy between the time of energy supply and time of energy demand.
Therefore, it seems that the use of energy storage systems, including TES, is the necessity.

One of the possibilities of thermal energy storage is the use of phase change materials (PCMs),
especially those with solid–liquid phase transition [1]. Detailed information about the types of
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PCMs and their properties can be found elsewhere in the literature [1–3]. It is generally accepted
that the main advantage of PCMs over sensible TES is their large heat capacity per unit volume
and nearly constant phase change temperature [4]. However, one of the drawbacks of PCMs is a
low thermal conductivity [1,4], which results in slow heat transfer and may restrict the potential
applications of PCMs [5]. Therefore, numerous methods have been proposed to intensify the heat
transfer in the PCMs and thus, accelerate the phase change process. One of the possibilities is to
improve the thermal conductivity of PCMs by adding high-thermal conductivity materials [6], such as,
e.g., nanomaterials [7,8], metal foams [9], or carbon-based porous materials [10]. However, it should
be noted that metal foams not only improve the thermal conductivity of PCMs, but they enlarge the
heat transfer surface area as well. On the other hand, heat exchangers (HXs) are an integral part of
PCM-based TES systems, called latent heat thermal energy storage (LHTES) systems, and appropriate
design of the heat exchangers can augment the heat transfer rate, hence reducing the phase change
time and charging and discharging time of the LHTES systems.

Therefore, this paper reviews the types of heat exchangers used in LHTES and their parameters
that influence the phase change time which, to the best of the authors’ knowledge, has not been
done before. Moreover, the other factors influencing the phase change time of PCMs, such as
inlet temperature and flow rate of a heat transfer fluid (HTF), and using multiple (cascaded) PCMs
are also described. Although Kalapala and Devanuri [11] investigated the operational and design
parameters of heat exchangers, they focus only on the double-, triple-, and multi-tube heat exchangers.
In this paper, the studies available in the open literature on the following heat exchangers types are
discussed: Plate HXs, helical-coil HXs, double-, triple-, and multi-tube HXs, HXs with encapsulated
PCMs, enclosure-type HXs, and the other types of HXs. However, the work is limited to PCMs
that undergo a solid–liquid phase transition, and focuses mainly on the phase change time of PCMs,
without emphasizing the other thermal performance parameters like heat storage capacity or power
of HXs. Nevertheless, this work contains a comprehensive insight into the types of PCM-based heat
exchangers and the factors affecting PCMs’ phase change time. Thus, this paper is supposed to ease
the design of heat exchangers to possibly achieve a short phase change time of PCMs.

2. Basics of Heat Transfer in LHTES

In LHTES systems, during the melting process heat is transferred from an HTF to PCM. During the
solidification, the direction of heat transfer is opposite, i.e., from the PCM to HTF. As commonly known,
the heat transfer rate between the HTF and PCM is directly proportional to the heat transfer surface
area, the temperature difference between the HTF and PCM, and the overall heat transfer coefficient.
Regarding the heat transfer inside the PCM, the convection and conduction are the dominant heat
transfer mechanisms during melting and solidification, respectively [12–17]. Hence, it was confirmed
by numerous scientists that the melting process is faster than the solidification process [13,14,18–25],
and the heat exchangers should be designed in such a way that do not suppress the natural convection
inside the PCM [16,26].

2.1. The Influence of HTF Inlet Parameters

According to the basics of heat transfer, the heat transfer rate between an HTF and PCM is
directly proportional to the temperature difference between them. Additionally, as the HTF mass
flow rate increases, the heat transfer rate also increases. Therefore, the heat transfer rate between
the HTF and PCM rises with increasing or decreasing HTF inlet temperature during the melting or
solidification of PCM, and with increasing HTF flow rate. Kabbara et al. [13] and Tiari et al. [27]
found that when the HTF inlet temperature was increased by 10 ◦C, the melting time of PCM was
reduced by approximately 50%. The same reduction of the solidification time, i.e., by 50%, might be
achieved by decreasing the HTF inlet temperature by 10 ◦C [23]. Regarding the HTF flow rate,
Salyan et al. [28] reported that when the HTF volumetric flow rate increased six times, the melting
and solidification time of PCM decreased by 24.6% and 39.3%, respectively. The same melting time
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reduction, by 24%, was achieved by Karami and Kamkari [29], but in their investigations, the volumetric
flow rate of HTF increased only two times. Therefore, it can be concluded that the same change
of HTF inlet parameters might bring significantly different results. A possible explanation of such
discrepancies could be that various researchers used different constructions of heat exchangers, and the
heat transfer rate is influenced not only by the HTF flow rate itself but also by the nature of the flow
(laminar or turbulent), which depends on the geometry of flow and the thermophysical properties of
the HTF [30]. In the case of numerical simulations, the results depend on the applied model of heat
transfer, which was investigated by Sunku Prasad et al. [31]. They examined PCM phase transition
processes using two models of heat transfer. In the first case, only conduction was included, whereas
in the second case, the conduction–convection model was used. It was found that the solidification
was a conduction-dominant process independently of the HTF inlet velocity, and thus, the differences
in the results obtained by using pure conduction and convection-conduction model were negligibly
small. On the other hand, heat transfer mechanisms during the melting were dependent on the HTF
inlet velocity. For small HTF velocities, melting was convection-dominant and the deviations between
the two models, i.e., pure conduction and convection-conduction, were significant. However, as the
HTF inlet velocity increased, melting became more conduction-dominant, thus the deviations between
the two models (pure conduction and convection-conduction) were getting smaller.

As already mentioned, the heat transfer rate between the HTF and PCM increased with an
increasing temperature difference between them and with an increasing HTF flow rate. However,
many scientists, for example Youssef et al. [25], Yang et al. [32], and Anish et al. [33], concluded that
changing the HTF inlet temperature impacts more the phase change time than changing the HTF
flow rate. Furthermore, Khan and Khan [34], Wu and Fang [35], and Wu et al. [36] found that the
phase change time reduction gets smaller as the HTF flow rate increases. Nevertheless, it is obvious
that when the HTF flow rate increases, the power consumed by the pump also increases [37], and,
thus, rising the HTF flow rate above a certain value seems to be unreasonable [29,38,39]. Moreover,
in real LHTES systems, the HTF inlet temperature and/or flow rate are usually constant and cannot be
changed. Therefore, some researchers concluded that there exists an optimal HTF flow rate to obtain
the best thermal performance of the HX when HTF inlet temperature [40] or HTF input power [41]
are set.

2.2. The Application of Multiple PCMs

The temperature difference between the HTF and PCM is the main factor affecting the rate of heat
transfer. If the HTF velocity is high and the HTF flow path in a heat exchanger is not long, then the
HTF temperature drop may be small and the heat transfer rate is high. However, if the HTF flow
path is long or the HTF velocity is small, then the temperature of the HTF decreases during PCM
melting, and consequently, the heat transfer rate also decreases. A possible solution to the problem of
decreasing temperature difference is using PCMs with different melting temperatures, which is called
multiple or cascaded PCMs, and enables keeping the constant temperature difference between the
HTF and PCM [42].

During the melting, PCMs should be arranged in such a way that their melting temperatures
decrease with the HTF flow. During the solidification, the PCMs should be arranged in reverse
order [43–45]. However, such a simple situation occurs only when the HTF flow path is straight and
the HTF does not change the flow direction, for example when the LHTES is in a form of a double-tube
heat exchanger. The arrangement of PCMs in the heat exchanger with the multi-U-shaped HTF channel,
as shown in Figure 1, was investigated by Kurnia et al. [46]. They found that the melting rate of PCMs
was improved by 30%, 25%, 15%, and 12% for arrangements Figure 1a–d, respectively, compared to a
single PCM case. Therefore, the best PCM arrangement is shown in Figure 1a.
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Figure 1. Heat exchanger with multiples phase change materials (PCMs) [46]: (a) Horizontal descending
arrangement; (b) horizontal descending arrangement; (c) vertical descending arrangement; (d) vertical
ascending arrangement. Tm—melting temperature.

Regarding the melting temperatures of cascaded PCMs, Domanski and Fellah [47] concluded that
to achieve the best exergy efficiency of a multiple PCMs LHTES system, the melting temperatures of
the first and the last PCMs should be close to the HTF inlet temperature and ambient temperature,
respectively. Furthermore, Gong and Mujumdar [48] and Xu et al. [49] reported that the melting
temperatures of PCMs should change in a geometrical progression, whereas Tao et al. [50] presented
mathematical formulas based on the entransy theory, allowing for the determination of the optimal
melting temperatures of PCMs in the two-stage LHTES unit (for detailed information about the
entransy theory, readers are referred to [51]). The studies on the multiple PCMs in LHTES systems are
collected in Table 1.

One of the advantages of using multiple PCMs is that they possess better thermal performance
in terms of heat transfer rate [43], thermal efficiency [52], exergy efficiency [53,54], and phase change
time [55] than LHTES units with only one PCM. For example, Cheng and Zhai [56] found that the
solidification time of the cascaded LHTES unit consisting of three PCMs decreased by 25% compared
to the non-cascaded LHTES.

The thermal performance of cascaded LHTES systems increases with an increasing number
of PCMs, but as a result, the complexity and operating costs of the system grow [52]. Therefore,
Aldoss and Rahman [43] concluded that using more than three PCMs is not recommended from a
practical and economical point of view. As can be seen from Table 1, cascaded LHTES systems with
three PCMs are most commonly investigated among the literature reviewed. Furthermore, in most
cases, the mass or volume ratio of the PCMs was 1:1:1 (see Table 1). However, changing the PCMs mass
or volume ratio can also impact the thermal performance of cascaded LHTES. Li et al. [57] reported that
when the volume ratio of PCMs was changed from 1:1:1 to 2.5:4.0:5.5, each PCM melted at the same
time. A similar finding was achieved by Wang et al. [41], who found that as the mass ratio of PCMs
was 16:6:8, the PCMs melted simultaneously. Additionally, the melting time of PCMs with mass ratio
16:6:8 decreased by 11% and 26%, compared to multiple PCMs with equal mass ratio and to a single
PCM, respectively. Li et al. [58] reported that the solidification time of multiple PCMs with volume
ratio 1:2:3 was the shortest among the volume ratios investigated, and decreased by 9% compared to
the single PCM solidification time. On the other hand, Ahmed et al. [59] found that the solidification
time of multiple PCMs was longer by 27% than the solidification time of a single PCM. A possible
explanation of such discrepancies could be the differences in the thermophysical properties of different
PCMs used by the two research groups.
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Table 1. Research on heat transfer enhancement with multiple PCMs.

Reference Number of
PCMs Type of PCM Melting Temperature

of PCM, (◦C)
Ratio of
PCMs

Type of
Research

Investigated
Process

Elfeky et al. [24] 3
MgCl2–KCl–NaCl 505

1:1:1
(volume) Numerical Melting

Solidification
MgCl2–NaCl 440

Li2CO3–K2CO3 382

Sunku Prasad et al. [31] 3
KOH 360

1:1:1
(volume) Numerical Melting

Solidification
KNO3 335

NaNO3 306

Wang et al. [41] 3 Not available Not available
1:1:1

16:6:8
(mass)

Numerical Melting

Aldoss and Rahman [43] 2, 3 Not available
42–44 1:1

1:1:1
(volume)

Numerical Melting
Solidification

50–52
60–62

Mohammadnejad and
Hossainpour [44] 3

KOH 378–380
Not

available
Numerical SolidificationKNO3 333–336

NaNO2 277–304

Wang et al. [45] 3 NaCl-MgCl2 Not available 1:1:1 (mass) Numerical Solidification

Kurnia et al. [46] 3 Not available
46–48

Not
available

Numerical Melting
Solidification

26–28
36–38

Gong and Mujumdar [48] 2, 3, 5 Not available Not available Not
available Numerical Melting

Solidification

Xu et al. [49] 3
Li2CO3–K2CO3 488

Not
available

Numerical Melting
Solidification

NaNO3 307
NaNO3–KNO3 220

Tao et al. [50] 2
LiF–CaF2 767 1:1 (volume) Numerical Melting
LiF–MgF2 746

Ezra et al. [55] 2–180 Not available Not available 1:1 (mass) Numerical Melting

Cheng and Zhai [56] 3
PCM1 1 13

1:1:1
(volume)

Numerical
Experimental SolidificationPCM2 1 14.5

PCM3 1 17

Li et al. [57] 3
K2CO3–Na2CO3 710 5:4:3

3:4:5
2.5:4:5.5
(volume)

Numerical MeltingLi2CO3–Na2CO3–K2CO3 550
Li2CO3–K2CO3–Na2CO3 397

Li et al. [58] 3
HS-W1 5.3

2 Numerical
Experimental SolidificationHS-W2 6.5

Paraffin C15 10.0

Ahmed et al. [59] 3
Galactitol 187 1:8:1

2.5:5:2.5
4:2:4

(volume)

Numerical Melting
Solidification

D-mannitol 165
Mixture of galactitol

and d-mannitol 153

Zhao et al. [60] 3
NaNO3 100

1:1:1 (mass) Experimental MeltingNaNO3–Ca(NO3)2 200
NaNO3–KNO3–LiNO3 300

Yuan et al. [61] 3
Li2CO3–K2CO3 3 500

1:1:1
(volume)

Experimental Melting
Solidification

Li2CO3–K2CO3 4 484
Li2CO3–K2CO3–Na2CO3 422

Peiró et al. [62] 2
Hydroquinone 165–172 Not

available
Experimental Melting

D-mannitol 155–162
1 Mixtures of capric–lauric–oleic acid. Mole fractions of oleic acid: 10%, 6%, and 2% for PCM1, PCM2, and PCM3,
respectively. 2 Investigated volume ratios: 1:2:3, 1:3:2, 2:1:3, 1:1:1, 2:3:1, 3:1:2, 3:2:1, 0:1:0. 3 Weight fractions of
Li2CO3 and K2CO3: 34.83% and 65.17%. 4 Weight fractions of Li2CO3 and K2CO3: 46.59% and 53.41%.

3. Types of Heat Exchangers Used in LHTES Systems

The researches on thermal performances of different types of heat exchangers are described in
Sections 3.1–3.8, while Tables 2–9 summarize the reviewed literature on the HXs.



Energies 2020, 13, 4840 6 of 44

Table 2. Research on the plate heat exchangers.

Reference PCM HTF Type of Research Investigated
Process HX Orientation Flow Direction Parameters Influencing or Heat

Transfer Enhancement Technique

Johnson et al. [12] KNO3–NaNO3 Mobiltherm 603
Numerical

Experimental Solidification Vertical Not available
HTF inlet temperature

HTF flow rate
The addition of heat transfer structures

Medrano et al. [23] Rubitherm RT35 Water Experimental Melting
Solidification

Not available Not available
Types of HXs

HTF inlet temperature
HTF flow rate

Saeed et al. [40] Hexadecane Water Experimental Melting
Solidification

Not available Not available
Number of plates

HTF inlet temperature
HTF flow rate

Gürel [63] RT35 N-octadecane Water Numerical Melting Horizontal Downward
Number of plates

HTF inlet temperature
PCM layer thickness

Hoseinzadeh et al. [64] CaCl2·6H2O RT25 Air Numerical Melting Horizontal -

Multiple PCMs
Geometrical parameters of HX

HTF inlet temperature
HTF inlet velocity

Liu et al. [65] Not available Glycol Numerical Melting Not available Not available
HTF inlet temperature

HTF flow rate
Dimensions of the HX

Vogel et al. [66] KNO3–NaNO3 Thermal oil Numerical
Experimental Melting Vertical

Downward
(melting) Upward

(solidification)
Dimensions of the HX

Jmal and Baccar [67] Paraffin C18 RT27 Air Numerical Solidification Horizontal - Number of fins

Elbahjaoui and El
Qarnia [68]

RT42
RT50
RT60

Water Numerical Melting
Solidification

Vertical Downward
Number of PCM slabs

HTF flow rate
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3.1. Plate Heat Exchangers

Plate heat exchangers consist of an enclosure with slabs (plates) inside. The slabs are filled with
a PCM, and between each slab, there is a gap through which an HTF flows. The HTF might also
flow through the slabs and, therefore, the PCM is placed directly in the enclosure. Regardless of the
placement of the PCM and the HTF, the heat transfer surface area between them is one of the most
important factors affecting the thermal performance of the HX. Hence, some researchers proposed
to use zigzag [41,45], and trapezoidal [63] slabs (Figure 2b,c) with improved heat transfer surface
area. However, the thermal performance of HXs with such plates was not compared to the thermal
performance of the HX with straight plates. To increase the heat transfer surface area, Johnson et al. [12]
added zigzag structures into the PCM. As a result, the solidification time of the PCM decreased from
2.75 to 1.55 h when the zigzag structures were added to the HX.
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trapezoidal PCM slabs [63].

Compared to the other types of HXs, plate HXs could obtain high effectiveness, up to 0.82 [40].
Moreover, Gürel [63] found that the melting time of a PCM in plate HX decreased by 75%, compared to
the double-tube heat exchanger (DTHX) with the same volume of the PCM. On the other hand,
Medrano et al. [23], who examined thermal performances of DTHXs, compact HX, and plate HX,
concluded that plate HXs are not appropriate for using in LHTES, because of the low ratio of PCM
heat capacity over empty HX heat capacity.

The influence of geometrical parameters of plate HXs on its thermal behavior was investigated by
several researchers. Saeed et al. [40] found that using 20 plates with HTF instead of 10 resulted in a
shorter melting time (the researchers did not report the exact value of improvement), but the volume
occupied by 20 plates was higher by 1.3%, compared to 10 plates. Gürel [63] and Hoseinzadeh et al. [64]
also concluded that when the mass of PCM was constant, increasing the number of plates with HTF
led to a shorter melting time, but the researchers did not provide the exact values of the time reduction.
However, when the number of plates increased, the total volume of the HX also increased, which is
disadvantageous [64]. On the other hand, Liu et al. [65] investigated the influence of PCM slabs’
dimensions on the thermal performance of the HX. They concluded that the dimensions of the slabs
had a negligibly small influence on the melting time of PCM.
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3.2. Helical-Coil Heat Exchangers

The second type of heat exchangers used in LHTES systems is helical-coil HXs (HCHXs).
They consist of a cylindrical insulated tank (shell) filled with PCM, and a coil through which an HTF
flows, as shown in Figure 3.
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Dimensions and geometry are one of the parameters that influence the thermal performance of
HCHXs. Appropriate geometry of the HCHX might considerably augment the heat transfer rate and,
thus, reduce the phase change time of a PCM in the heat exchanger. To reduce the melting time of PCM
in horizontally oriented HX, it is advisable to increase the helical-coil diameter, which reinforces the
convective heat transfer because the HTF flows through a lower part of the HX [69]. Rahimi et al. in
their two works [69,70] examined the HCHX with helical-coil diameters of 90, 70, and 50 mm, but with
the same heat transfer surface area. It was found that as the helical-coil diameter increased from 50
to 90 mm, the melting time of PCM decreased by 72.6%. However, no significant difference in the
melting time was observed when the helical-coil diameter was changed from 70 to 90 mm. A similar
finding was reported by Ahmadi et al. [71] who studied the performance of the HCHX under nine
different geometrical configurations with constant PCM volume. The melting time of PCM decreased
by 49.2% and 71.4% when the coil diameter increased from 50 to 60 mm, and 50 to 70 mm, respectively.
Additionally, when the coil diameter was 50 mm, the melting time decreased with an increasing tube
diameter from 8 to 16 mm, whereas, when the coil diameter was 60 and 70 mm, the melting time
decreased with a decreasing tube diameter, which might be explained as follows. On the one hand,
for a constant coil diameter, the heat transfer surface area increased as the tube diameter decreased.
Hence, it seems obvious that the melting time should decrease with a decreasing tube diameter. On the
other hand, for the coil diameter of 50 mm and the tube diameter of 8 mm, there was a large space
between the lowest part of the coil and the shell; thus, the melting of PCM in the bottom part of the HX
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was prolonged. However, when the tube diameter increased, the space between the lowest part of the
coil and the shell decreased, which reduced the melting time of the PCM in the bottom part of the HX.

Chen et al. [37] concluded that in the case of a horizontal helical-coil HX, the optimal value of the
helical-coil radius-to-shell radius ratio should be kept between 0.53 and 0.64. These values provided
the shortest melting time of the PCM and the best temperature distribution in the HX.

Some of the researchers proposed new types of coil shape to enhance heat transfer.
Ardahaie et al. [72] investigated nine different geometrical configurations of the proposed novel
coil shape (Figure 4), but the mass of PCM and the heat transfer surface area was kept constant in all
cases. The melting time of PCM decreased as the number of flat spiral tubes increased. Moreover,
when the HX was oriented vertically and the spacing between the flat spiral tubes in the bottom part of
the HX was reduced, the melting time decreased by 30%, compared to the horizontal HX. However,
when the spacing between the flat spiral tubes was equal, no significant difference in the melting
time of PCM in horizontal and vertical HX was observed, whereas the melting time was the longest
when the HX was inclined at 45◦. Because PCM melting is a natural convection-dominant process,
Mahdi et al. [73] proposed to use a conical-shape coil that had a large diameter at the bottom of the HX
and small diameter at the top. The melting time of the PCM in the conical-shape coil HX decreased by
22% compared to the traditional helical-coil HX, while the heat transfer surface area and the volume
occupied by the PCM were the same in the two HXs.
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between flat spiral tubes.

In the case of vertically oriented HCHXs, HTF might flow from the bottom to the top or in
the opposite direction. The influence of flow direction on the thermal performance of the HX was
investigated by Saydam et al. [18] who concluded that the HTF flow direction influenced neither
melting nor solidification time of the PCM.
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Table 3. Research on the helical-coil heat exchangers.

Reference PCM HTF Type of Research Investigated
Process HX Orientation Flow Direction Parameters Influencing or Heat

Transfer Enhancement Technique

Kabbara et al. [13] Dodecanoic acid
Water (solidification)

Water–glycol (melting)
Experimental Melting

Solidification
Vertical

Downward
(solidification)

Upward (melting)

HTF inlet temperature

HTF flow rate

Anish et al. [14] Erythritol Xylitol Therminol-55 Experimental Melting
Solidification

Vertical
Downward

Upward

Type of a PCM
HTF inlet temperature

HTF flow rate

Saydam et al. [18] Paraffin wax Ethylene glycol–water
mixture

Experimental Melting
Solidification

Vertical Upward
Downward

HTF inlet temperature
HTF flow rate

HTF flow direction

Korti and Tlemsani [19]
Refined paraffin wax

Semi-refined paraffin wax
Classical paraffin wax

Water Experimental Melting
Solidification

Vertical Downward
HTF inlet temperature

HTF flow rate
Type of a PCM

Anish et al. [20] Erythritol Therminol-55 Experimental Melting
Solidification

Vertical
Downward

Upward
HTF inlet temperature

HTF flow rate

Rahimi et al. [69] RT-35 Water Experimental Melting Horizontal - HTF inlet temperature
Helical-coil diameter

Mahdi et al. [73] Paraffin wax Water Experimental Melting Vertical Upward Coil geometry
HTF inlet temperature

Mahdi et al. [38] Paraffin wax Water Experimental Melting
Solidification

Vertical Upward HTF inlet temperature
HTF flow rate

Salyan et al. [28] D-mannitol
D-mannitol with gallium Therminol 55 Experimental Melting

Solidification
Vertical Not available

Addition of metal inserts
HTF inlet temperature

HTF flow rate

Yang et al. [32] RT54HC/expanded
graphite Water

Numerical
Experimental

Melting Vertical Not available
HTF inlet temperature

HTF flow rate

Chen et al. [37]
Paraffin with expanded

graphite Water
Numerical

Experimental
Melting Horizontal -

HTF inlet temperature
HTF flow rate

Helical-coil diameter

Du et al. [39]
Paraffin

Paraffin with copper
nanoparticles

Water
Numerical

Experimental
Melting Vertical Downward

Nano-enhanced PCM
HTF inlet temperature

HTF flow rate

Rahimi et al. [70] RT35 Water Experimental Melting Horizontal - Helical-coil diameter
HTF inlet temperature
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Table 3. Cont.

Reference PCM HTF Type of Research Investigated
Process HX Orientation Flow Direction Parameters Influencing or Heat

Transfer Enhancement Technique

Ahmadi et al. [71] RT50 Water Numerical Melting Horizontal -

Helical-coil diameter
Tube diameter

HTF inlet temperature
HTF flow rate

Ardahaie et al. [72] RT35 Water Numerical Melting Horizontal 45◦

Vertical
Upward

Helical-coil geometry
Inclination angle

HTF inlet temperature
HTF flow rate

Zhang et al. [74] RT54 with 3 wt.% of
carbon fiber

Water Experimental Melting
Solidification

Vertical Not available
HTF inlet temperature

HTF flow rate

Tayssir et al. [75] Paraffin wax Water Experimental Melting Vertical Not available
HTF inlet temperature

HTF flow rate

Ling et al. [76] Mannitol
Thermal oil (melting),
Water (solidification)

Experimental Melting
Solidification

Vertical Not available
HTF inlet temperature

HTF flow rate
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3.3. Double-Tube Heat Exchangers

Double-tube heat exchangers (DTHXs) consist of two usually concentric tubes, which create two
regions: The inner tube area, and the annulus area between the inner and the outer tube. Depending on
which region a PCM and an HTF are located, there are two possible DTHX models: Pipe model and
tube model [77,78], which are shown in Figure 5. Han et al. [78] showed that the melting time of the
PCM in the horizontal cylinder model DTHX was lower by 23.5% compared to the pipe model if the
PCM mass and heat transfer surface area was equal in each case. A similar result was reported by
Mahdi et al. [79], who found that the melting time of the PCM was 43 and 18 min for pipe and cylinder
model, respectively. However, solidification time was shorter in the pipe model (51 min) compared
to the cylinder model (90 min). Therefore, the complete melting–solidification cycle was shorter for
pipe than the cylinder model. In contrast, Chen et al. [77] reported that the full melting–solidification
cycle was shorter for the cylinder model DTHX (12,900 s) than for the pipe model (18,000 s). However,
the volume occupied by the PCM accounted for 70% of the total DTHX volume; thus, the heat transfer
surface area of cylinder model DTHX was larger than the pipe model. Nevertheless, based on Table 4,
it can be concluded that the pipe model DTHX has been investigated more often among the literature
reviewed than the cylinder model.
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Figure 5. Vertical double-tube HX: (a) Cylinder model with downward HTF flow direction, (b) pipe
model with upward HTF flow direction.

An inclination angle of the DTHX impacts natural convection during melting [80], which might
affect the thermal performance of the HX, but the results of research in this area are inconsistent.
Han et al. [78] concluded that there was almost no difference in melting time when cylinder model
DTHX was placed horizontally or vertically. Moreover, it was found that the upward HTF flow
direction ensured the shortest melting time in the cylinder and pipe model DTHX. On the other
hand, Mahdi et al. [81] found that the melting time of PCM in horizontal DTHX was reduced by 28%
compared to vertical DTHX. Mehta et al. [82] showed that the melting time of a PCM in vertical and
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horizontal DTHXs was 480 and 460 min, respectively, which gives a difference of less than 5%. However,
in their second work [83] it was concluded that the melting time of the PCM was shorter for vertical
than for horizontal DTHX, but the shortest melting time was achieved when the inclination angle
was 45◦. A similar result was obtained by Al Siyabi et al. [80], who found that when the inclination
angle was 45◦, the melting time was reduced by 13% compared to horizontal DTHX. On the other
hand, the inclination angle has an insignificant impact on the solidification process, because of its
conduction-dominated nature [15,83].

Another factor influencing the thermal performance of a DTHX is its geometry. To promote
natural convection, Kadivar et al. [16] designed DTHX with a non-concentric inner tube (Figure 6).
Such modification resulted in a reduced melting time of PCM up to 7.1 times compared to concentric
DTHX. However, the solidification time was longer in non-concentric DTHX, and consequently,
the complete melting-solidification cycle was the shortest in concentric DTHX. However, Li et al. [84]
in their research took into account the volume expansion of the PCM during melting and consequently
an air region at the top of the HX when the PCM was in the solid state. The results showed that
lowering the inner tube did not influence the melting time of the PCM when the air region was taken
into account.
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The natural convection can be also augmented by changing the shape of the inner or outer tube of
XH. Therefore, Chen et al. [77] examined the thermal performance of a cylinder model DTHX with
three shapes of inner tubes: Circular, horizontal ellipse, and vertical ellipse, as shown in Figure 7.
The mass of PCM was equal in each case; however, the authors did not specify if the outer tubes
of the heat exchangers were also changed to an ellipse shape; thus the outer tubes of the HXs are
marked with dashed lines in Figure 7. Compared to the HX with the circular inner tube (Figure 7a),
the greatest reduction, by 11.6%, of complete melting–solidification time was obtained for the HX with
the horizontal ellipse inner tube (Figure 7b). Seddegh et al. [85] compared the thermal performance
of two DTHXs: Cylindrical and conical. Both HXs were oriented vertically and the same mass of
PCM was placed in each HX. The difference between the HXs was that the outer tube diameter of
the cylindrical HX was kept constant, while the outer tube diameter of the conical HX was small at
the bottom and large at the top of the HX. The melting process in the conical DTHX was about 12%
faster than in the cylindrical DTHX. The same shape of the DTHX was proposed by Sodhi et al. [86];
however, the HXs (cylindrical and conical) were oriented horizontally, and the outer tube diameter of
the conical HX was decreasing along with the HTF flow. The melting and solidification time of the
PCM in the conical DTHX decreased by 17% and 28%, respectively, compared to the cylindrical DTHX.
Such an improvement was a result of a better PCM distribution, i.e., the volume of PCM decreased
with the HTF flow path and decreasing temperature difference between the HTF and PCM. Another
type of heat exchanger–double-tube helical-coil HX, which is shown in Figure 8, was proposed by
Mahdi et al. [81]. The melting time of a PCM in the proposed HX was reduced by about 25.7% and 60%
compared to horizontal and vertical straight DTHX, respectively.
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One of the most common heat transfer enhancement methods is the application of fins. In the case
of DTHXs, two types of fins can be used: Longitudinal and circular (radial), which are shown in Figure 9.
Agyenim et al. [87] compared the thermal performance of the DTHX without fins, with longitudinal
fins, and with circular fins. They concluded that using longitudinal fins in horizontally oriented HX
is more advisable than using circular fins because after 8 h of charging the PCM melted completely
only in the HX with longitudinal fins. However, Scharinger–Urschitz et al. [88] reported that when
the longitudinal and circular fins were used simultaneously, the melting was faster by 32% compared
to HX with only longitudinal fins. Nevertheless, the application of longitudinal fins can reduce the
melting time of PCM by 50% compared to the non-finned HX [89]. A possible explanation for better
performance of longitudinal fins than circular fins could be that the circular fins augment the heat
transfer only in the regions near the fins and in the radial direction, whereas, the longitudinal fins
augment the heat transfer in both radial and axial directions.
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Generally, the melting and/or solidification time of a PCM decreases with an increasing number
and length of fins, which was reported by Deng et al. [90,91] and Nie et al. [92]. Deng et al. [90]
found that when the number of fins increased from 2 to 10, the melting time of PCM decreased by
63.3%. In their second work, Deng et al. [91] increased the dimensionless length of fins from 0.5 to 0.95
(dimensionless length of fins was defined as the ratio of the fin’s length to the difference between the
radius of the outer and inner tubes), the melting time of PCM decreased by 45.3%. Nie et al. [92] showed
that when the number of fins increased from 2 to 10, the time of the complete melting–solidification
was reduced by 67.6%, whereas, when the dimensionless fins length (defined as the ratio of the fin
length to the difference between the radius of the outer and inner tube) increased from 0.5 to 0.95,
the melting-solidification time decreased by 50.6%. However, it should be noted that as the number
or length of fins increases, the share of sensible heat stored in fins is growing, but less PCM can be
placed in an HX. As a result, the overall heat storage capacity of an HX might decrease [93]. Therefore,
Pu et al. [94] reported that when the number and length of fins are changed so that their volume is
constant, then there exists an optimal value of number and length of fins to obtain the shortest melting
time. Additionally, Karami and Kamkari [29] proposed to use perforated circular fins, i.e., fins with
cut-out holes. The weight of HX with perforated fins was 16% less compared to HX with solid fins.
Moreover, perforated fins had less impact on the weakening of natural convection than solid fins.

As mentioned in Section 2, melting is a convection-dominated process, and PCM begins to melt at
the top of an HX. Therefore, to reduce the melting time, fins should be gathered in the lower part of an
HX rather than in the upper part [90–92,94]. When circular fins are applied into a vertically oriented
HX, it is advisable to reduce the distance between adjacent fins in arithmetic progression from top to
bottom, which can reduce PCM melting time by 49.9% [94]. The influence of the fins’ arrangement
(see Figure 10) on the melting time of PCM in horizontal DTHX was investigated by Deng et al. [91].
They found that the melting time of PCM decreased by 59.2%, 39.6%, 56.3%, and 57.9% for the HX
with bottom fins (Figure 10a), upper fins (Figure 10b), straight fins (Figure 10c), and angled fins
(Figure 10d), respectively, compared to the non-finned HX. Therefore, it was concluded that the bottom
fins arrangement was the most advantageous. On the other hand, Nie et al. [92] found that although
locating fins in the lower part of a DTHX reduces the melting time, it slows down the solidification
process. Therefore, to achieve complete melting–solidification time possibly short, the fins should be
distributed equally around the tube circumference.
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Besides the arrangement of fins, numerous researchers investigated the fins of various shapes.
Aly et al. [95] found that when the straight longitudinal fins were replaced by corrugated fins,
the solidification time of PCM decreased by 38%. Furthermore, Scharinger–Urschitz et al. [88],
Zhang et al. [96], and Luo and Liao [97] proposed using fractal Y-shaped (tree-shaped, dendritic) fins.
Zhang et al. [96] found that using Y-shaped fins resulted in reduced melting and solidification time by
4.4% and 66.2%, respectively, compared to straight fins. As can be seen, the solidification time was
reduced much more than the melting time, which might have been caused by the fact that Y-shaped fins
could suppress natural convection, while due to enlarged heat transfer surface area, the fins accelerated
the conduction-dominant solidification.

The other shape of fins, i.e., fins based on the snowflake crystal structure, was used by
Sheikholeslami et al. [98]. They reported that when the straight fins and snowflake fins were
used, the solidification was 4.5 and 7.8 times faster, respectively, compared to the non-finned HX.
Nevertheless, although the non-straight fins can augment the phase change time significantly, it should
be noted that the production process of such fins is more complicated and the production costs of
non-straight fins are higher than that of the straight fins [99].

The other possibility of heat transfer enhancement is the use of heat pipes, which was investigated
by Mahdavi et al. [100]. When the number of heat pipes was one, two, three, and four, the melting
time was reduced by 40%, 61.2%, 76%, and 83%, respectively, and the solidification time decreased by
43%, 77%, 88%, and 96%, respectively, compared to the DTHX without heat pipes. However, as the
number of heat pipes increased to four, the stored heat decreased by 14%, because of the decreased
amount of PCM in the HX.
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Table 4. Research on the double-tube heat exchangers.

Reference PCM HTF Type of
Research

Investigated
Process HX Orientation HTF Location,

(Flow Direction)
Parameters Influencing or Heat

Transfer Enhancement Technique

Kousha et al. [15] RT35 Water
Numerical

Experimental
Melting

Solidification
0–90◦

Inner tube, (not
available)

Inclination angle
HTF inlet temperature

Kadivar et al. [16]

N-eicosane
RT31
RT35

RT44HC

1 Numerical Melting
Solidification

Horizontal Inner tube, (-)
Inner tube eccentricity

PCM type
The ratio of the shell to tube diameter

Mehta et al. [82] Stearic acid Water
Numerical

Experimental
Melting

Solidification
Horizontal Vertical

Inner tube,
(upward)

Inclination angle
HTF inlet temperature

Karami and Kamkari [29] Lauric acid Water Experimental Melting Vertical
Inner tube,
(upward)

Fins
HTF inlet temperature

HTF flow rate

Mahdi et al. [89] Paraffin wax Water
Numerical

Experimental
Melting Horizontal Vertical

Inner tube, (not
available)

Fins
Inclination angle

HTF flow rate
HTF inlet temperature

Al Siyabi et al. [80] RT35 Water
Numerical

Experimental
Melting Horizontal Vertical

45◦
Inner tube, (not

available)

Inclination angle
HTF inlet temperature

HTF flow rate

Chen et al. [77] RT50 Water
Numerical

Experimental
Melting

Solidification
Horizontal

Inner tube
Annulus, (-)

PCM location
HX shape

Han et al. [78] Solar salt Air Numerical Melting Horizontal Vertical

Inner tube
Annulus,

(downward
and upward)

PCM location

Inclination angle
HTF flow direction

Mahdi et al. [79] RT50 1 Numerical Melting
Solidification

Horizontal
Inner tube

Annulus, (-)
PCM location

HTF inlet temperature

Mahdi et al. [81] RT50 Water Numerical Melting Vertical Not available
Shape of HX

HTF inlet temperature
HTF flow rate

Mehta et al. [83] Stearic acid Water Experimental Melting 0–90◦ Inner tube,
(upward) Inclination angle

Li et al. [84] RT27 Water Numerical Melting Horizontal Inner tube, (-)
Inner tube eccentricity

Inner tube diameter
HTF inlet temperature

Seddegh et al. [85] RT60 Water Numerical
Experimental

Melting
Solidification Vertical Inner tube, (not

available) Geometric design



Energies 2020, 13, 4840 18 of 44

Table 4. Cont.

Reference PCM HTF Type of
Research

Investigated
Process HX Orientation HTF Location,

(Flow Direction)
Parameters Influencing or Heat

Transfer Enhancement Technique

Sodhi et al. [86] NaNO3 Air Numerical Melting
Solidification

Horizontal Inner tube, (-)

Shape of HX
HTF inlet temperature

HTF velocity
Fins

Agyenim et al. [87] Erythritol Silicon oil Experimental Melting
Solidification Horizontal Inner tube, (-) Fins

Scharinger-Urschitz et al. [88] Sodium nitrate Thermal oil Experimental Melting
Solidification Vertical Inner tube,

(upward) Fins

Deng et al. [91] Lauric acid 1 Numerical Melting Horizontal Inner tube, (-)

Fin arrangement
Fin number
Fin length

HTF inlet temperature

Nie et al. [92] Lauric acid 1 Numerical Melting
Solidification

Horizontal Inner tube, (-)
Fin arrangement

Fin number
Fin length

Deng et al. [90] Lauric acid 1 Numerical Melting Horizontal Inner tube, (-)
Fin arrangement

Fin length
HTF inlet temperature

Caron-Soupart et al. [93] RT35-HC Water Experimental Melting
Solidification Vertical

Inner tube,
(downward-melting;
upward-solidification)

Fins

Pu et al. [94] RT35 Water Numerical Melting Vertical
Inner tube,

(downward)

Fin number
Fin length

Fin arrangement

Aly et al. [95] Formic acid 1 Numerical Solidification Horizontal Inner tube, (-) Fin shape

Zhang et al. [96] Lauric acid 1 Numerical Melting
Solidification Horizontal Inner tube, (-) Fin shape

Luo and Liao [97] Lauric acid 1 Numerical Melting Vertical Inner tube, (-) Fin shape

Sheikholeslami et al. [98]
Water

Water with copper
nanoparticles

1 Numerical Solidification Not available Inner tube, (-) Fin shape

Mahdavi et al. [100] RT55 Not available Numerical Melting
Solidification Vertical Inner tube,

(upward) Number of heat pipes

Pizzolato et al. [101] Not available 1 Numerical Melting
Solidification Horizontal Inner tube, (-) Fin shape

Kalapa and Devanuri [102] Lauric acid Not available Numerical Melting Vertical
Inner tube,

(downward)
HTF inlet parameters

HX dimensions
1 The HTF was substituted by the constant temperature of the heat transfer surface.
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3.4. Triple-Tube Heat Exchangers

Triple- or triplex-tube heat exchangers (TTHXs) are made of three tubes which creates three
separate areas. The inner tube area and the area between the middle and the outer tube might be used
as an HTF flow channel; then, the region between the inner and the middle tube is aimed to store a
PCM. However, the opposite configuration is also possible. Independently from the HTF and PCM
location, TTHXs possess a larger heat transfer surface area than DTHXs [103,104].

One of the factors that affect the thermal performance of a TTHX is its dimensions and shape of
tubes. Gorzin et al. [105] investigated the thermal performance of the TTHX with different radiuses of
the tubes, but with a constant mass of the PCM. The PCM was located in the inner tube and the region
between the middle and the outer tube. It was found that the optimal radiuses of the inner, middle and
outer tubes were 20.2, 54, and 67.4 mm, respectively, and the solidification time of the PCM in such
an HX’s configuration decreased by 62% compared to the cylinder model DTHX. Chen et al. [77]
examined the TTHX with an elliptical inner and middle tube, as shown in Figure 11a,b, but they did
not specify if the shape of the outer tube was also changed from circular to elliptical; thus, the outer
tubes of the HXs are marked with dashed lines in Figure 11. Nevertheless, the shortest melting and
solidification time was achieved for HX with the horizontal ellipse inner tube (Figure 11a). In this
case, i.e., Figure 11a, the melting and solidification time was reduced by 40.9% and 59.2%, respectively,
compared to the circular cylinder model DTHX.
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vertical ellipse inner tube; (c) circular inner tube [77].

To increase the heat transfer surface area, Shahsavar et al. [106] designed the TTHX with sinusoidal
wavy inner and middle tubes. The melting and solidification time of the PCM in the designed TTHX
decreased by 50% and 48%, respectively, compared to the TTHX with straight tubes.

Although changing the dimensions or shape of a TTHX can significantly improve its thermal
performance, the application of fins is the most commonly used technique for heat transfer enhancement.
Mahdi and Nsofor in their two works [107,108] reported that using straight fins can reduce the melting
and solidification time up to 59% and 55%, respectively, compared to non-finned HX. Although straight
longitudinal fins are usually used, the application of triangular [109,110] and V-shaped [111] fins can
be also found. Alizaedh et al. [111] found that the solidification time of PCM in the V-shaped-finned
HX was 1.94 times faster than the solidification time in the non-finned HX. Independently of the shape
of fins, phase change time can be reduced more by increasing the number of fins and/or increasing
their length. Abdulateef et al. [109] found that when the number of fins increased from 5 to 8 the
melting and solidification time of the PCM decreased by 39.6% and 46.5%, respectively. Furthermore,
when the length of fins was increased by 27%, the melting time was reduced by 21%. Mat et al. [112]
investigated the thermal performance of finned HX. The investigated lengths of fins were 10, 20, 30,
and 42 mm. The results showed that the maximum reduction of melting time, by 43.3% compared
to non-finned HX, was achieved for the HX with fins of length 42 mm. Al-Abidi et al. [113] reported
that when the length of fins was 10 and 42 mm, the melting time of the PCM was reduced by 26.1%
and 56.6% compared to the non-finned HX. Furthermore, the greatest reduction of the melting time,
by 65.3% compared to the non-finned HX, was achieved when the length of the fins was equal to the
distance between the inner and the middle tube. Mahdi et al. [114] found that for constant volume of
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fins, changing and optimizing the fin configuration might reduce the melting time of PCM by 36%,
compared to the HX with non-optimized fins arrangement.

On the other hand, changing the thickness of the fins does not influence much on the phase
change time of the PCM [111,113]. Moreover, it was concluded that to obtain the shortest phase change
time, long and thin fins are preferred instead of short and thick [107,108]. Nevertheless, it should be
noted that by increasing the number of fins or their length, the volume which can be occupied by the
PCM decreases. As a result, HX’s heat capacity can also decrease. Therefore, instead of changing the
dimensions of the fins, it was proposed to change their arrangement. Mat et al. [112] investigated the
melting time of the PCM in the TTHX with three configurations of fins. Firstly, fins were attached to
the inner tube (internal fins), then to the middle tube (external fins), and finally to both inner and
middle tubes (internal-external fins), as shown in Figure 12. It was found that the internal–external
fins provided the shortest melting time, which was reduced by 56.7% compared to the non-finned
HX. A similar finding was achieved by Zarei et al. [115] who reported that using the internal–external
fins in the TTHX is the most advantageous and can reduce the solidification time of the PCM by 42%
compared to the non-finned HX.
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The internal–external fins were used also by Eslamnezhad et al. [116], who additionally changed
the inclination angle of the fins. This modification reduced the melting time by 12.6% compared to
the HX with the fins mounted perpendicularly to the pipes (base case). Moreover, when the inner
tube was moved down by 5.4 mm, the melting time decreased by 17.9% compared to the base case.
Mahdi et al. [114] found that to obtain the shortest melting time, long and short fins should be located
in the lower and upper parts of the HX, respectively. That configuration enhanced the heat transfer in
the lower part of the HX and did not suppress the natural convection in the upper part.

Another possibility of increasing a heat transfer surface area is the use of metal foam. Mahdi and
Nsofor [117,118] found that using copper foam can decrease the melting and solidification time by
88.8% and 95.7%, respectively. Moreover, the phase change time decreased with decreasing porosity of
the copper foam.
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Table 5. Research on the triple-tube heat exchangers.

Reference PCM HTF Type of
Research

Investigated
Process HX Orientation HTF Location,

(Flow Direction)
Parameters Influencing or Heat

Transfer Enhancement Technique

Al-Abidi et al. [104] RT82 Water Experimental Melting
Solidification

Horizontal
Inner and outer

tube, (-)
HTF inlet temperature

HTF flow rate

Chen et al. [77] RT50 Water Numerical
Experimental

Melting
Solidification Horizontal Middle tube, (-) HX shape

Yang et al. [103] Ba(OH)2·8H2O Water Numerical Melting Not available
Inner and outer

tube,
(not available)

HTF inlet temperature

HTF flow rate

Gorzin et al. [105] RT50 Not available Numerical Solidification Not available Middle tube, (-) HX shape
HTF inlet temperature

Shahsavar et al. [106] RT35 Water Numerical Melting
Solidification Vertical

Inner tube
(upward), outer

tube (downward)
HX shape

Abdulateef et al. [109] RT82 Water
Numerical

Experimental
Melting

Solidification
Not available

Inner and outer
tube, (-)

Number of fins
Fin length

Fin thickness

Abdulateef et al. [110] RT82 Not available
Numerical

Experimental Solidification Horizontal
Inner and outer

tube, (-)
Fin shape

HTF flow rate

Alizadeh et al. [111] Water Not available Numerical Solidification Not available
Inner and outer

tube, (not
available)

Fin length
Fin thickness
Shape of fins

Al-Abidi et al. [113] RT82 Water Numerical Melting Horizontal
Inner and outer

tube, (-)

Number of fins
Fin length

Fin thickness

Mat et al. [112] RT82 Water Numerical Melting Horizontal
Inner tube
Outer tube

Inner and outer
tube, (-)

Fin arrangement
Fin length

HTF inlet temperature

Mahdi and Nsofor [107] RT82 Water Numerical Melting Horizontal
Inner and outer

tube, (-)

Fin length
Fin thickness

HTF inlet temperature

Mahdi and Nsofor [108] RT82 Water Numerical Solidification Horizontal
Inner and outer

tube, (-)
Fin length

Fin thickness

Mahdi et al. [114] RT82 Not available Numerical Melting Horizontal
Inner and outer

tube, (-)

Number of fins
Fin length

Fin arrangement

Zarei et al. [115] RT82 Water Numerical Solidification Horizontal Inner and outer
tube, (-) Fin arrangement
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Table 5. Cont.

Reference PCM HTF Type of
Research

Investigated
Process HX Orientation HTF Location,

(Flow Direction)
Parameters Influencing or Heat

Transfer Enhancement Technique

Eslamnezhad et al. [116] RT82 Water Numerical Melting Horizontal
Inner and outer

tube, (-)
Fin arrangement

Eccentricity of the inner tube

Mahdi and Nsofor [117] RT82 Water Numerical Melting Horizontal
Inner and outer

tube, (-)
Copper foam porosity
HTF inlet temperature

Mahdi and Nosfor [118] RT82 Water Numerical Solidification Horizontal Inner and outer
tube, (-) Copper foam porosity
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3.5. Multi-Tube Heat Exchangers

Multi-tube heat exchangers (MTHXs) consist of an outer tube (shell) and two or more inner tubes,
which ensures a large heat transfer surface area. Therefore, increasing the number of tubes in MTHXs,
while simultaneously keeping the mass of the PCM constant, reduces the melting and solidification time,
which was reported by Esapour et al. [17], Pourakabar and Rabienataj Darzi [21], Kousha et al. [119],
and Sodhi et al. [120]. Kousha et al. [119] reported that when the number of tubes increased from 1 to
4, the melting and solidification time decreased by 43% and 50%, respectively. Sodhi et al. [120] found
that the melting and solidification time was reduced by 20% and 48%, respectively, when the number
of tubes increased from 13 to 25.

Although increasing the number of tubes enhances the heat transfer, an appropriate arrangement
of tubes can also intensify the heat transfer. To shorten a phase change time of the PCM, the tubes
should be gathered in the lower part of an MTHX [121]. Esapour et al. [17] investigated the thermal
performance of the MTHX with three inner tubes, which were positioned in such a way that their
centers formed a triangle. In one case, the base of the triangle was located at the bottom part of the
MTHX, whereas in the second case, at the top. The melting time of the PCM in the first case was
shorter by 15% compared to the second case, which confirms that the bottom-arrangement of tubes
is favorable to shorten the melting time. However, the solidification time was reduced by 9% in the
second case, compared to the first case.

Pourakabar and Rabienataj Darzi [21] studied the thermal performance of the MTHXs with
cross-sections as shown in Figure 13 and with a constant mass of the PCM. The maximum reduction
of the melting time, by 74% compared to DTHX, was achieved for the case Figure 13b. However,
the shortest solidification and complete melting–solidification process were reported for the case
Figure 13d, and these processes were shortened by 42% and 52%, respectively, compared to the DTHX.
Additionally, the application of elliptical shells (cases Figure 13e–h) resulted in reduced melting time
compared to the DTHX, but it had a minor effect on the solidification time. Furthermore, it was
concluded that the influence of the tubes’ arrangement on the thermal performance decreases with an
increasing number of tubes.
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Figure 13. Cross-section of the TTHX: (a) Two horizontal inner tubes; (b) two vertical inner tubes;
(c) four inner tubes; (d) four inner tubes with the modified arrangement; (e) horizontal elliptical outer
tube and two inner tubes; (f) vertical elliptical outer tube and two inner tubes; (g) horizontal elliptical
outer tube and four inner tubes; (h) vertical elliptical outer tube and four inner tubes [21].

The other possibilities of heat transfer enhancement in MTHXs are the application of fins or metal
foams. Kuboth et al. [122] investigated the influence of circular fin arrangement on the solidification
time of PCM in the vertical MTHX. The shortest solidification time was obtained when the distance
between the adjacent fins increased linearly with the height of the HX. Bhagat et al. [123] reported that
to reduce the melting time of the PCM, a greater number of thin fins is better than a smaller number of
thick fins.
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Table 6. Research on the multi-tube heat exchangers.

Reference PCM HTF Type of
Research

Investigated
Process HX Orientation HTF Location,

(Flow Direction)
Parameters Influencing or Heat

Transfer Enhancement Technique

Esapour et al. [17] RT35 Water Numerical Melting
Solidification

Horizontal

Inner tubes and
space between

outer and middle
tubes, (-)

Number of tubes
Arrangement of tubes

Copper foam
Copper foam porosity

Pourakabar and Rabienataj
Darzi [21] N-eicosane Not available Numerical Melting

Solidification
Horizontal Inner tubes, (-)

The shape of the shell
Number of tubes

Arrangement of tubes
Copper foam

Anish et al. [33] Erythritol Therminol-55 Experimental Melting
Solidification

Horizontal Inner tubes, (-) HTF inlet temperature
HTF flow rate

Esapour et al. [124] RT35 Water Numerical Melting Not available

Inner tubes and
space between

outer and middle
tubes, (-)

Number of tubes

HTF inlet temperature
HTF flow rate

Esapour et al. [121] RT35 Water Numerical Melting Horizontal

Inner tubes and
space between

outer and middle
tubes, (-)

Number of tubes
Arrangement of tubes
HTF inlet temperature

HTF flow rate

Kousha et al. [119] RT35 Water Experimental Melting
Solidification

Horizontal Inner tubes, (-) Number of tubes
HTF inlet temperature

Sodhi et al. [120] Sodium nitrate Not available Numerical Melting
Solidification Not available Inner tubes, (not

available) Number of tubes

Kuboth et al. [122] RT42 Water Numerical Solidification Vertical Inner tubes,
(downward) Fin arrangement

Bhagat et al. [123] A164 Hytherm 600 Numerical
Experimental

Melting
Solidification

Vertical
Inner tubes,
(downward)

Number of fins
Fin thickness

Fin height

Raul et al. [125] A164 Hytherm 600 Experimental Solidification Vertical
Inner tubes,
(downward)

HTF inlet temperature
HTF flow rate
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The copper foam was used by Esapour et al. [17]. They found that the melting and solidification
time of PCM was reduced by 56% and 75%, respectively, when the PCM/copper foam was used instead
of pure PCM. Additionally, it was concluded that the phase change time decreased with decreasing
porosity of the foam; however, the effect was not significant. A similar finding was reported by
Pourakabar and Rabienataj Darzi [21] who found the melting and solidification time of the PCM
decreased by 92% and 94%, respectively, when the copper foam was applied.

3.6. Heat Exchangers with Encapsulated PCMs

One of the purposes of modifying heat exchangers’ constructions is to increase the heat transfer
surface area. This can be achieved by using spherical capsules filled with PCM. The capsules are
usually placed in a tank and a flowing HTF exchanges heat with each capsule. This solution can be
applied in traditional water thermal energy storage tanks and it can improve their heat storage capacity
by 30% [126].

The PCM capsules’ diameter is one of the parameters that affects the thermal performance of
heat exchangers with encapsulated PCMs. As the capsules’ diameter decreases, their number and the
heat transfer surface area increases [127,128]. Consequently, the melting and solidification time of the
PCM decreases, which was concluded by Bellan et al. [22], Wu et al. [127], Karthikeyan et al. [128],
and Li et al. [129]. Li et al. [129] reported that due to the large heat transfer surface area, the charging
and discharging rates of HX with PCM capsules was 2.1 times and 3.2 times higher, respectively,
than the charging and discharging rates of the shell and tube HX. Karthikeyan et al. [128] found
that as the capsules’ diameter decreased from 100 to 60 mm, the number of capsules and the heat
transfer surface area increased from 87 to 420 and from 2.73 to 4.75 m2, respectively. Therefore,
the melting time was reduced by 35.6%. However, Wu et al. [127] also reduced the capsules’ diameter
from 100 to 60 mm and the reduction of melting and solidification time was only 6.4% and 8%,
respectively. A possible explanation of the differences in results achieved by those two research groups,
i.e., Karthikeyan et al. [128] and Wu et al. [127], could be as follows. The decrease in capsules’ diameter
results not only in an enlarged heat transfer surface area but also in a decreased porosity of a packed bed.
The porosity of the packed bed can be defined as the ratio of the volume of voids to the total volume of a
packed bed [126,129]. Thus, as the porosity decreases, a larger amount of PCM is in the heat exchanger,
which might extend the phase change time, which was reported by Wu et al. [36], who investigated
the influence of packed bed porosity on the PCM’s solidification time. It was concluded that as the
porosity decreased from 0.55 to 0.35, the solidification time increased, but the authors did not report
the exact value of the solidification time extension. A similar finding was reported by Raul et al. [130],
who investigated the phase change time of PCM packed beds with porosities 0.6, 0.7, 0.8, and 0.9.
It was found that when the porosity decreased from 0.9 to 0.6, the melting and solidification time
increased by 73% and 9%, respectively. Additionally, the capsules’ diameter also affects the mechanism
of heat transfer inside the capsules, which was reported by Bellan et al. [22]. They concluded that
the natural convection in small capsules was insignificant; thus, the difference between the melting
and solidification time was slight. But, as the diameter increased, the convective heat transfer was
augmented and an increasing difference between the melting and solidification time was observed.
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Table 7. Research on the heat exchangers with encapsulated PCMs.

Reference PCM HTF Type of
Research

Investigated
Process

Capsule
Diameter, (mm)

HTF Flow
Direction

Parameters Influencing or Heat
Transfer Enhancement Technique

Bellan et al. [22] Sodium nitrate Therminol 66 Numerical Melting
Solidification

10
15
20
25

Upward

Capsule diameter
HTF inlet temperature

HTF flow rate
Tank length and diameter

Karthikeyan et al. [128] Paraffin wax Air Numerical Melting 60–100 Upward
Capsule diameter

HTF inlet temperature
HTF flow rate

Wu and Fang [35] Myristic acid Water Numerical Solidification 50 Upward HTF inlet temperature
HTF flow rate

Wu et al. [36] Paraffin wax Water Numerical Solidification 50 Upward
HTF inlet temperature

HTF flow rate
Packed bed porosity

Wu et al. [127] N-tetradecane
The aqueous

ethylene glycol
solution

Numerical Melting
Solidification

60–150 Downward

HTF inlet temperature
HTF flow rate

Packed bed porosity
Capsule diameter

Li et al. [129] A mixture of
Li2CO3–K2CO3–Na2CO3

Air
Numerical

Experimental
Melting

Solidification
15–40

Downward
(melting)
Upward

(solidification)

HTF inlet temperature

HTF flow rate
Capsule diameter

Raul et al. [130] A164 Hytherm 600 Numerical
Experimental

Melting
Solidification

21
31
41
51

Downward

HTF inlet temperature
HTF flow rate

Capsule diameter
Packed bed porosity

Mawire et al. [131] Sn–Pb Sunflower oil Experimental Melting
Solidification

50 Downward
HTF inlet temperature

HTF flow rate



Energies 2020, 13, 4840 27 of 44

3.7. Enclosure-Type Heat Exchangers

A common feature of the heat exchangers described in Sections 3.1–3.6 was that the heat source
was an HTF flowing through the tubes or plates. However, if for some reason embedding the HTF
tubes or plates in the PCM is not possible, the heat can be supplied to the PCM through the sides
and/or bottom walls of the enclosure, which in this case will be acting as heat sources. This type of
heat exchanger is often used for cooling electronic devices [132] or photovoltaic panels [133].

The first parameter that influences the thermal performance of such heat exchangers is its
inclination angle and the location of a heat source. Ren et al. [134] found that when 100% of PCM
was melted in the square enclosure heated from the bottom, only 84.63% of the PCM was melted
in the side-heated enclosure. To achieve possibly short melting time in rectangular enclosures, it is
recommended to set the enclosure horizontally, i.e., the long walls should be oriented horizontally,
and the heat source should be located on the bottom wall, which was reported by Kamkari and
Amlashi [135] who found that when the inclination angle of the rectangular enclosure was changed
from 90 (vertical) to 45, and 0◦ (horizontal), the melting time of the PCM decreased by 37%, and 52%,
respectively. Kamkari and Groulx [136] additionally concluded that decreasing the inclination angle
of the enclosure was more beneficial than adding the fins to the vertical enclosure. A similar finding
was reported by Karami and Kamkari [137], who concluded that the melting time of the PCM in
the vertical non-finned enclosure was shorter than the melting time in the 1-fin and 3-fin enclosures
inclined at more than 90◦. Nevertheless, the melting time of PCM in finned enclosures is shorter than
in non-finned enclosures. For example, Abdi et al. [138] reported that the melting time of PCM in
the horizontal enclosure with five fins was reduced by 68% compared to the non-finned enclosure.
However, the amount of PCM decreased by 12%, and the heat capacity was reduced by 6%.

Shape and dimensions of fins are important parameters that affect the thermal performance of the
enclosure-type HXs. Ren et al. [134] replaced one rectangle fin with two triangle fins with the same
volume to keep the PCM mass constant. That replacement decreased the melting time by 6.87%. It was
also reported that long and narrow triangle fins ensured a faster melting process than short and wide
triangle fins. Additionally, the melting time was reduced by 3.86% when the equal-length fins were
replaced with the unequal-length fins, i.e., the long and short fins were located in the bottom and upper
parts of the enclosure, respectively. The short fin enabled the growth of natural convection, while the
long fin ensured a greater heat transfer area, which improved the melting rate. A similar finding was
reported by Joshi and Rathod [26], who examined the influence of fins’ length and their arrangement
on the performance of the vertical enclosure. In the base case, three fins with equal lengths were
distributed evenly at the enclosure. Then, the lengths of the two fins were reduced by 75%, and 50%
and the fins were moved by 12 mm down, as shown in Figure 14. Such modification resulted in
improved melted fraction by 6.34% and enclosure’s heat capacity increased by 4.38% compared to the
base case.
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Another possibility to improve the heat transfer and do not suppress the natural convection at
the upper part of the enclosure is to change the inclination angle of fins, which was investigated by
Ji et al. [139]. The fins were inclined upward (Figure 15a) at +15, and +30◦, as well as downward
(Figure 15b) at −15, and −30◦. The shortest melting time of PCM was achieved for fins inclined at −15◦.
For that inclination, the saved melting time, defined as the difference between the melting time in the
non-finned and finned enclosure, increased by 23.8% compared to fins inclined at 0◦.
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Although fins can considerably reduce the phase change time of PCM, heat pipes can give
even better results. Ladekar et al. [140] found that the melting and solidification time of PCM
decreased by 45% and 40%, respectively when the copper fins were replaced by heat pipes. Among the
reviewed papers, the greatest reduction of melting time, by 94%, after the addition of heat pipe to the
non-enhanced enclosure was achieved by Motahar and Khodabandeh [141], whereas Yang et al. [30]
reported the smallest melting time reduction, by 11.26%. Such discrepancies could be a result of different
PCMs and heat pipes used, as well as the different operating conditions during the investigations.
Nevertheless, heat sinks with PCMs and heat pipes found an application in thermal management of
batteries—the heat sinks support maintaining a constant batteries’ temperature [142,143].

Table 8. Research on the enclosure-type heat exchangers.

Reference PCM Type of Research Investigated
Process

Parameters Influencing or Heat Transfer
Enhancement Technique

Joshi and Rathod [26] Lauric acid Numerical Melting Fin length
Fin arrangement

Tiari et al. [27] RT55 Experimental Melting
Solidification

Heat pipe
HTF flow rate

HTF inlet temperature

Motahar and Khodabandeh
[141] N-octadecane Experimental Melting

Solidification
Heat pipe

Heat source temperature

Yang et al. [30] NaNO3 Numerical Melting
HTF flow conditions (laminar/turbulent)

Heat pipe
HTF type

Ren et al. [134] N-eicosane Numerical Melting

Fin shape
Fin length

Fin thickness
Heat source temperature

Inclination angle

Duan et al. [144] N-octadecane Numerical Melting Heat source location

Kamkari and Amlashi [135] Lauric acid
Numerical

Experimental
Melting Inclination angle

Heat source temperature

Kamkari and Groulx [136] Lauric acid Experimental Melting Number of fins
Inclination angle

Karami and Kamkari [137] Lauric acid Numerical Melting Inclination angle
Number of fins

Abdi et al. [138] Lauric acid Numerical Melting
Heat source temperature

Number of fins
Fin length

Ji et al. [139] RT42 Numerical Melting Fins inclination angle
Fin length
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Table 8. Cont.

Reference PCM Type of Research Investigated
Process

Parameters Influencing or Heat Transfer
Enhancement Technique

Ladekar et al. [140] Paraffin wax Experimental Melting
Solidification

Heat pipe
Copper rods

HTF flow rate

Wu et al. [142] Paraffin with
expanded graphite Experimental Melting Heat pipe

Jiang and Qu [143] Not available Numerical
Experimental

Melting
Solidification Heat pipe

Robak et al. [145] N-octadecane Experimental Melting
Solidification

Fins
Heat pipe

Sharifi et al. [146] NaNO3 Numerical Melting Heat pipe

Sharifi et al. [147] N-octadecane
Numerical

Experimental
Melting

Solidification

Copper rods
Aluminum foil

Heat pipe

3.8. Other Types of Heat Exchangers

Construction of some heat exchangers is specific, and therefore it is difficult to assign them
to the categories described in Sections 3.1–3.7. These other heat exchangers can be made of a
cylindrical [34,148–153] or rectangular cuboid enclosure [25,62,154–157] filled with PCM. Heat is
transferred between PCM and HTF through pipes, however, in contrast to the MTHXs, the HTF flows
successively through each subsequent pipe, as shown in Figure 16. Nevertheless, other constructions
are also possible. For example, Lin et al. [148,149] designed and investigated the thermal performance
of the heat exchanger with two HTF flow channels as shown in Figure 17. That design allowed for the
use of two different HTFs and extended operational flexibility of the HX. Furthermore, the heat transfer
rate was augmented by increasing the number of baffles which enhanced turbulence of HTF; however,
they increased the HTF pressure drop. Therefore, nine baffles were chosen as the optimal number.Energies 2020, 13, x FOR PEER REVIEW 35 of 50 
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Similar to the case of MTHXs, in the other types of HXs melting time of PCM decreases with an
increasing number of HTF tubes. Khan et al. [150] found that when the number of HTF tubes increased
from 12 to 21, the melting time decreased by 48.5%. However, the mass of PCM also decreased, and it
could impact the melting time as well. Ebrahimi et al. [151] also investigated the influence of the
number of HTF tubes on the phase change time, but the mass of PCM was kept constant. It was
reported that when the number of U-pipes increased from 1 to 2 and from 1 to 3, the melting time
was reduced by 17% and 24.1%, respectively. Kurnia et al. [46] found that when the number of tubes
increased from 2 to 4, the solidification time of the PCM decreased by 50%.
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Table 9. Research on the other types of heat exchangers.

Reference PCM HTF Type of Research Investigated
Process HX Orientation Parameters Influencing or Heat

Transfer Enhancement Technique

Youssef et al. [25] Paraffin A16 Glycol–water
mixture

Numerical
Experimental

Melting
Solidification

Vertical
HTF flow rate

HTF inlet temperature

Khan and Khan [34] RT44HC Water Experimental Melting Vertical
HTF inlet temperature

HTF flow rate

Lin et al. [148]
Paraffin/expanded

graphite Water Numerical Solidification Vertical
Tubes diameter

Fins
Baffle configuration

Lin et al. [149] Paraffin/expanded
graphite Water Numerical

Experimental
Melting

Solidification Vertical HTF flow rate

Khan et al. [150] Paraffin Water Numerical Melting Not available

Number of tubes
Fin length

Fin thickness
HTF inlet temperature

Ebrahimi et al. [151] RT35 Water Numerical Melting Horizontal
Heat pipe

Number of tubes
Inclination angle of the HTF tubes

Khan and Khan [152] RT44HC Water Experimental Solidification Vertical
HTF inlet temperature

HTF flow rate

Khan and Khan [153] RT44HC Water Experimental Melting
Solidification

Vertical
HTF inlet temperature

HTF flow rate

Besagni and Croci [154] RT26 Water Experimental Melting
Solidification

Not available
HTF inlet temperature

HTF flow rate
HTF inlet arrangement

Pakalka et al. [155] RT82 Water Experimental Melting
Solidification

Horizontal
Diameter and thickness of tubes

Number of fins
Fins thickness

Talukdar et al. [156] Water Refrigerant Numerical
Experimental

Melting
Solidification Horizontal Number of fins
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The main disadvantage of increasing the number of tubes is a large reduction of the HTF
temperature along the flow path, which results in the non-uniform phase change process [154].
Therefore, Besagni and Croci [154] proposed to change the flow path of the HTF from the series
configuration to the parallel configuration. In the series configuration, all HTF tubes were connected
and increasingly colder HTF flowed into each subsequent tube. In the parallel case, the tubes were
connected in such a way that three sections were created and the hot HTF flowed into each section.
Nevertheless, it was concluded that both heat exchangers performed similarly.
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The influence of using fins on the thermal performance of the other types of HXs was
investigated by numerous scientists: Talukdar et al. [156], Khan et al. [150], and Pakalka et al. [155].
Talukdar et al. [156] reported that the application of 12 fins reduced the solidification time by about
50%. Khan et al. [150] found that as the length of fins increased three times, the melting time of PCM
decreased by 57.32%. Furthermore, when the thickness of the fins was changed from 1 to 5 mm, the
melting time decreased by 16.45%. However, such modifications decreased the heat storage capacity
of the HX by 1.94% and 5.7%, respectively. Therefore, increasing the length of fins is more effective
than increasing their thickness. Pakalka et al. [155] compared the thermal performance of two heat
exchangers. In the first heat exchanger, the diameter and thickness of the HTF tubes were 15 and
1.5 mm, respectively, and the number and thickness of fins were 35 and 1.5 mm, respectively. The values
of the abovementioned parameters of the second heat exchanger were 12.7, 0.5, 79, and 0.15 mm,
respectively. Consequently, the mass of the first and the second heat exchanger was 6.1 and 2.1 kg,
respectively. Moreover, the production costs of the first HX were higher than the second one, but the
average heat transfer rate and phase change time were almost the same in both cases. Thus, it seems
that the heat exchangers should be designed in such a way that their complexity and production costs
do not exceed the benefits resulting from their improvements.

Heat transfer enhancement by using heat pipe was investigated by Ebrahimi et al. [151]. The shell
of the heat exchanger acted as a heat pipe, as shown in Figure 18, while the HTF flowed through
the U-pipes. The application of the heat pipe reduced the melting time by 91%, compared to the HX
without the heat pipe. Moreover, it was found that when the inclination angle of the HTF tubes was
changed from 0 (Figure 18a) to 90◦ (Figure 18b), more heat was brought to the bottom part of the HX,
and, thus, the melting time decreased by 32%, compared to the HTF tubes inclination angle of 0◦.
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Figure 18. Cross-section of the heat exchanger with heat–pipe–shell and inclination angle of the HTF
U-pipes: (a) 0, (b) 90◦ [151].

4. Conclusions

Time-consuming PCMs’ phase change in LHTES systems might be shortened by using various
methods which include: Increasing the temperature difference between the PCM’s melting point
and HTF inlet temperature, increasing the HTF flow rate, using multiple PCMs, and using heat
exchangers with appropriate constructions. Based on the cited works, the types of heat exchangers
used in LHTES systems and the main possibilities of their improvements to shorten the PCM’s phase
change time are summarized in Table 10. Additionally, the value of the greatest possible phase change
time reduction achieved among the literature reviewed is given if possible. It should be noted that
some improvements significantly shorten the melting time of PCM but increase the solidification time,
which is also indicated in Table 10.

Generally, the phase change time decreases with an increasing HTF flow rate and an increasing
temperature difference between the HTF inlet temperature and the PCM melting temperature. However,
using PCMs with a much lower melting temperature than the HTF inlet temperature seems to be
inadvisable because of large exergy losses, whereas increasing the HTF flow rate results in augmented
electricity consumption by a pump. Furthermore, the HTF inlet parameters are usually set in real LHTES
systems and cannot be changed. Thus, paying attention to the other methods of enhancing heat transfer,
i.e., using multiple PCMs and changing the constructions of heat exchangers, seems more justified.

Using multiple PCMs might shorten the phase change time due to the constant temperature
difference between the HTF and PCM’s melting point. To achieve a high exergy efficiency of LHTESs,
the temperatures of PCMs should change in geometrical progression and the temperature of the first
and the last PCM in order should be close to the HTF inlet temperature and ambient temperature,
respectively. Multiple LHTESs with three PCMs were most often investigated among the literature
reviewed, and using more than three PCMs is not advisable due to technical and economic difficulties.
Although many studies have been conducted on multiple PCMs, the vast majority of them are numerical.
Therefore, there is an opportunity to conduct more experimental research on this topic.

Heat exchangers used in LHTES systems were divided into eight types in this paper, and various
features of HXs that affect the phase change time of PCMs were discussed.

To shorten the phase change time of PCM in plate heat exchangers, it is recommended to use a
large number of thin plates rather than a small number of thick plates. Moreover, the plates can have a
trapezoidal or zig-zag cross-sectional shape, which increases the heat transfer surface area.
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Table 10. Types of heat exchangers for PCMs and the main possibilities of phase change time reduction.

Heat Exchanger Type Schematic Drawing Improvement Base Case Maximum Melting Time
Reduction, (%)

Maximum Solidification
Time Reduction, (%)

Plate-heat exchanger
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Table 10. Cont.

Heat Exchanger Type Schematic Drawing Improvement Base Case Maximum Melting Time
Reduction, (%)

Maximum Solidification
Time Reduction, (%)
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In the case of horizontally oriented helical-coil HXs, the shortest melting time of PCM can be
achieved by using the coil radius-to-shell radius ratio between 0.53 and 0.64. When the HCHX is
vertical, the melting time of PCM can be shortened by reducing the distance between the adjacent coils
or by increasing and decreasing the coil diameter at the bottom and top parts of the heat exchanger,
respectively. Nevertheless, if the coils are distributed evenly in a heat exchanger, the inclination angle
of the HCHX does not impact the melting time of PCM significantly.

Double-tube heat exchangers, especially pipe models, were the most often investigated types of
heat exchangers among the literature reviewed. If the volume occupied by the PCM is 50% of the
total volume of HX, a pipe model DTHX ensures a shorter complete melting/solidification cycle than a
cylinder model DTHX. However, if the shortest melting time is required only, then using the cylinder
model DTHX is more advisable. The melting time of PCM can be also reduced by using either the
elliptical inner tube or the conical outer tube. Regarding the inclination angle of the DTHXs, the results
of the research are not consistent; thus, it seems that this issue could be a subject of further studies.
Nevertheless, in the case of vertically oriented DTHXs, the heat transfer fluid is recommended to
flow from the bottom to the top of the HX. The most common method of reducing the melting and
solidification time of PCM in DTHXs is using fins, especially longitudinal, which perform better than
the circular ones.

The next type of HX used in LHTES systems is a triple-tube heat exchanger. In the majority of
works concerning TTHXs, the PCM is placed in the inner tube and the region between the middle and
the outer tube. For such a PCM arrangement, using an inner to middle and outer tube radius ratio of
1:2.7:3.3 is recommended. If the PCM is between the inner and middle tubes, and the heat transfer is
enhanced by longitudinal fins, using both internal and external fins is advisable. Regarding the shape
of tubes, circular tubes are the most commonly used, but the elliptical or wavy tubes can be used to
reduce the charging time of PCM in the heat exchanger.

The third tube-type heat exchangers are multi-tube heat exchangers. In the case of MTHXs,
the main method of reducing the phase change time of PCM is increasing the number of HTF inner
tubes. However, the other methods of heat transfer enhancement, e.g., using fins of metal foams are
also possible.

Spherical capsules filled with PCM might be added to water TES tanks, which improves the
tanks’ heat storage capacity and ensures a large heat transfer surface area between the PCM and HTF.
To increase the heat transfer surface area and reduce the phase change time, it is recommended to
decrease the diameter of the capsules. Furthermore, as the capsules’ diameter decreases, more capsules
can be located in the TES tank and the heat storage capacity of the tank increases.

If the PCM is located in enclosures, the heat source should be located at the bottom wall of the
enclosure to reduce the melting time of PCM.

Some general conclusions about heat transfer enhancement in heat exchangers used in LHTES
can be as follows. In the case of DTHXs and TTHXs in which an HTF flows through an inner tube,
the inner tube should be moved down to shorten the melting time of PCM. Similarly, inner tubes of
MTHXs might be gathered in the lower part of the HX to reduce the melting time of PCM. However, the
abovementioned modifications prolong the solidification time of PCM compared to HXs with concentric
tubes. The phase change time of PCM decreases with an increasing number, length, and thickness of
fins, and using a large number of long and thin fins is more effective than using a low number of short
and thick fins. Furthermore, the melting time can be additionally reduced by attaching the longitudinal
fins only to the bottom part of the inner tube circumference in the case of DTHXs or TTHXs. In the case
of finned heat exchangers oriented vertically, the melting time of PCM might be additionally reduced
by using the following methods: Moving the fins down, reducing the distance between the adjacent
fins in the bottom part of the HX, changing the inclination angle of the fins, reducing the length of fins
in the upper part of the heat exchanger, simultaneously increasing the length of fins in the bottom part
of the HX. Using the non-straight fins, e.g., V-shaped or curved fins, can also augment the heat transfer
due to a greater heat transfer surface area; however, the production costs of such fins are larger.
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The majority of works concerning heat exchangers used in LHTES systems are numerical and the
results of such research depend, among others, on the heat transfer models used during calculations.
Therefore, it seems that there is an opportunity to check these results experimentally. Additionally,
in numerical research, scientists often neglect the volume changes of PCMs during the phase change,
which cannot be neglected in real LHTES systems. Furthermore, the researchers often investigated the
influence of the applied heat transfer enhancement technique on either the melting or solidification
process. It should be noted that some heat transfer enhancement techniques reduce the melting time
of PCM, but they extend the solidification time. Thus, it is suggested to examine the impact of heat
transfer enhancement techniques on both melting and solidification time in further studies. Moreover,
certain enhancement techniques, e.g., using fins or metal foams, reduce the PCM mass in a heat
exchanger, and the total heat storage capacity might also decrease. Additionally, the production of fins
with complex shapes is technically difficult and expensive.

Summarizing, it is difficult to identify the best type of heat exchanger or heat transfer enhancement
method because each heat exchanger and each heat transfer enhancement method has its advantages
and disadvantages. The type of heat exchanger and the method of heat transfer enhancement in the
PCM-based TES systems should be selected individually for each application. An analysis of the
benefits and possible drawbacks of various types of heat exchangers and heat transfer enhancement
techniques is necessary before choosing the appropriate one.
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DTHX double-tube heat exchanger
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LHTES latent heat thermal energy storage
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