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Abstract

Various enhancement techniques are proposed in the literature to alleviate heat
transfer issues arising from the low thermal conductivity of the phase change mate-
rials (PCM) in latent heat thermal energy storage systems (LHTESS). The identi-
fied techniques include employment of fins, insertion of metal structures, addition of
high conductivity micro/nanoparticles, micro-encapsulation, macro-encapsulation
and cascaded PCMs arrangement. However, these conventional techniques tend to
reduce the storage capacity as they generally add additional components/materials
into the storage medium. On the other hand, if techniques such as direct contact
heat exchange, ultrasonic vibration, electrohydrodynamics and movable PCM are
employed, the storage volume would remain unaffected. Hence, the said techniques
seem to have gained importance in PCM research in recent times. Although several
review papers elaborating conventional techniques are available, none can be found
on the aforementioned alternative class. Driven by the current scenario, this review
paper intends to summarize past research on alternative heat transfer enhancement
techniques employed for LHTESS. The critical analysis of the potential of each
technique in enhancing the phase change heat transfer rate and their practical appli-
cability are presented. Further, the present review evaluates relative merits/demerits
and challenges/issues/limitations of these techniques to provide guidelines for future
research.
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LHTESS Latent heat thermal energy storage system
PCM Phase change material

SHX Screw heat exchanger

SSHX Scraped surface heat exchanger

1 Introduction

Substantial utilization of renewable energy sources like solar thermal energy and
the development of waste heat recovery systems are given much attention to nul-
lify the impact on the environment [1]. However, large-scale and effective utilization
of solar thermal energy demands an energy storage system that is also required for
waste heat recovery [2]. The widely employed class of storage system is the one
which is known as latent heat thermal energy storage system (LHTESS). This class
of storage system stores the thermal energy as latent heat through the phase change
material (PCM). Although LHTESS is known for multiple advantages, including
higher energy density and heat transfer nearly at constant temperature [3, 4], the
practical application is still questionable. Unfortunately, the PCMs which are gener-
ally employed in LHTESS (except metals and metal alloys which are used for high-
temperature applications like power generation in satellites) do not offer a higher
heat transfer rate as the thermal conductivity of PCMs falls within the range of
0.1-2 W-mK~! [5]. Hence, the attention of researchers has been towards heat trans-
fer enhancement techniques over the past few decades [6-8], and literature reveals
that the following techniques remain at the top in PCM research.

(1) Finned heat exchangers [9—12]
(2) Augmentation of thermal conductivity through

(1) Metal structures (balls, rings) [13, 14]

(ii)) Metal/non-metal porous structures [5, 15-17]
(iii) Expanded graphite/Graphene/Carbon materials of various forms [18-20]
(iv) Nano forms of metals/metal oxides/non-metals [21-25]

(3) Micro-encapsulation of PCM [26-28]
(4) Macro-encapsulation of PCM [29-34]
(5) Cascaded PCMs [35-37]

A comprehensive review of the above conventional techniques can be found in
Refs. [38—42]. Although the conventional techniques are successfully employed and
encouraging outcomes are reported, it can be understood that each of the above tech-
niques suffers from some serious drawbacks.

When fins are used, there is a reduction in storage capacity as the addition of fins
effectively reduces the quantity of PCM in the system. Hence, the system compact-
ness is under threat. Secondly, the overall weight and cost would be on the higher
side. The above problems are also applicable if high conductivity stable struc-
tures are employed for promoting the thermal conductivity of PCMs. Further, such
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structures, including fins in the PCM, could well have an adverse effect on natural
convection in the PCM [43]. It should be noted that the natural convection in the
PCM is the major governing factor of the melting process [38].

Micro-encapsulation of PCMs seems to be a difficult and time-consuming pro-
cess. Moreover, the large-scale production of PCM micro-capsules by existing meth-
ods is not yet realized. In recent years, nanotechnology has been showing very good
progress, and the use of high conductivity nanomaterials as thermal conductivity
promoters for PCMs has drawn a lot of attention. However, the preparation of nano-
PCM composites requires special care, which consumes a lot of energy and time.
Again, the large-scale production of such composites is a challenge. Though nano-
materials improve the PCMs’ thermal conductivity considerably, the effect on other
thermo-physical properties may not be desirable, and thus, effective enhancement in
heat transfer rate could be affected. More importantly, nanocomposites are unstable
due to the settlement of nano additives and are very expensive.

Unlike micro-encapsulation, the PCM is encapsulated in a container with a
greater than 5 mm dimension in macro-encapsulation [31]. In fact, macro-encapsu-
lated PCMs can be prepared using simple and low-cost processes which is not possi-
ble for micro-encapsulation [32]. A variety of container shapes are proposed, includ-
ing rectangular, cylindrical, spherical, pouches, etc. [29]. Although the container
can be either plastic or metal, a high heat transfer rate requirement demands only
metals. In any case, the compatibility between PCM and container material is criti-
cal for ensuring stability of PCM and its high thermal performance even after a sub-
stantial number of thermal cycles [31]. Nevertheless, in the case of metal containers,
corrosion poses a serious challenge unless proper lacquer coating is employed [29].
Further, welding or soldering methods are not found suitable for sealing the capsules
as the corrosion protection coatings are severely affected by the thermal impact of
such methods. Hence, only mechanical methods are suitable, which are expensive.
In general, macro-encapsulated PCMs tend to melt and solidify at the edges and
hence, the storage and retrieval processes become slower.

The cascaded technique would be effective only if the selected combination of
PCMs yields homogeneous phase change. The compatibility between different
PCMs is also an issue. Further, the cascaded arrangement is found to be more effec-
tive in a finned system [36]. Once fins are integrated, it is obvious that PCM volume
tends to reduce.

Hence, alternative techniques which should enhance the heat transfer rate in
PCMs without suffering from the drawbacks associated with conventional tech-
niques could be more viable. Accordingly, a relatively new class of techniques are
identified and are gaining attention. Quite a number of such techniques are proposed
in the literature, and the results are encouraging. However, the volume of research
focusing on the above techniques appears to be less than those on conventional tech-
niques proposed for PCMs. Furthermore, a good number of review papers elaborat-
ing conventional techniques are available, whereas none can be found on alternative
techniques (except the one by Tay et al. [44], which summarizes the past works on
few dynamic techniques).

In this perspective, this review aims to summarise the proposed alternative
techniques for LHTESS by various researchers. A critical analysis of the practical
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applicability of the techniques is presented. Further, the relative merits and demerits
of each technique are evaluated to provide future research direction.

2 Alternative Heat Transfer Enhancement Techniques for PCMs

The following techniques are considered alternative techniques for enhancing the
thermal performance of LHTESS as they do not demand additional materials or
components in the storage medium.

(1) Direct contact heat exchange

(2) Ultrasonic vibration

(3) Electrohydrodynamics

(4) Movable PCM
(i) Screw heat exchanger (SHX)
(ii) Recirculation of PCM

(iii) PCMflux

(iv) Scraping of solidified layer

The succeeding sections deliberate on all the above techniques along with the
related research and their outcomes.

3 Thermal Energy Storage by Direct Contact Heat Transfer

Direct contact heat exchangers are proved to be the most effective and inexpensive
among all types of heat exchangers [45]. However, the practical applications are
generally limited as the two fluids exchanging heat should be immiscible if they are
liquids. Direct contact heat exchange between HTF and PCM in LHTESS results in
higher charging and discharging rates. Further, the energy density is higher due to
the absence of heat transfer pipes in the storage space [46]. In the case of LHTESS,
it is possible to choose the appropriate PCM among the wide range of PCMs avail-
able depending on the type of heat transfer fluid (HTF). If water is HTF, as in the
case of solar water heater, then PCMs like paraffin wax can be employed, whereas
salt hydrates and erythritol are suitable for thermal oils found in industrial waste
heat recovery systems [47—49]. Nevertheless, any class of PCM with a suitable melt-
ing point may not have a compatibility problem if the air is HTF (for example, solar
air drier) [50, 51].

3.1 Direct Contact Fluid Mediums

Once the heat exchange between the two fluids is over, they must be separated.
Unlike other heat transfer devices, the PCMs in LHTESS generally remain station-
ary, and the HTF flows in and out. Hence, the separation of fluids after the heat
exchange is purely by the density difference between the two materials. If the density
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of HTF is higher than that of PCM, the HTF is supplied from the top of the storage
unit so that it can move down and flow out of the system from the bottom. On the
other hand, HTF is to be supplied from the bottom, should PCM possess a higher
density than HTF. Figure 1 shows the HTF flow direction with respect to the relative
densities of HTF and PCM.

In the pioneering work by Etherington [52], a salt hydrate-mineral oil combi-
nation was used as PCM-HTF. In this case, the oil with a lower density than salt
hydrate was supplied from the bottom. With the arrangement, the issues of subcool-
ing and phase segregation could be significantly reduced. Further, enhanced thermal
performance was observed during both charging and discharging processes.

After two decades, Edie et al. [53] and Edie et al. [54] employed salt hydrate
(PCM) and a hydrocarbon fluid, namely Varsol (HTF). This combination also per-
mits only upward distribution of HTF, and hence, it should be removed from the
top. It is reported that the PCM was carried over by the HTF, which resulted in the
deposit of solidified PCM in the HTF lines. In the later work by Costello et al. [55],
three salt hydrates were tested with Varsol as HTF. The carry over of PCM was
observed in this work also. However, it is further reported that an increase in HTF
flow rate could minimize the carry over.

He and Setterwall [56] used paraffin wax as PCM and water as HTF. This is an
appropriate combination for direct contact heat exchange because they are not only
immiscible but also offer considerable density differences. Since the density of
water is higher than that of paraffin wax, it was sprayed from the top of the 250 ml
capacity tube, which served as a storage unit. It should be mentioned that the HTF
is always allowed from the top, no matter whether it is the charging or discharging
process.

During charging, the cold water (at a temperature below the melting point of
PCM), which is sprayed continuously from the top, would go down through liquid
due to its higher density. This results in an exchange of heat between PCM and HTF,

Fig. 1 Direction of HTF flow in
a direct contact heat exchanger

PCM

Purr> Ppem Purr< Ppem
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and thus solidification takes place. Similarly, if water at a higher temperature than
the melting point of PCM is sprayed into solid PCM, the top layer would get melted.
This allows the water droplets to sink through, and further melting is established.
Although it is mentioned that the direct contact system provides more effective heat
transfer than conventional types, no heat transfer analysis is presented. However, the
initial cost and operating cost were much lower as compared to conventional storage
systems.

The extension work by Martin et al. [57] on a similar system provides much
more insights into the thermal performance of direct contact storage. With optimum
design variables (flow rate of HTF, temperature difference between HTF and PCM,
and droplet size of HTF), high storage capacity and cooling power are possible to
achieve. However, quite some practical issues are also highlighted. As the droplets
of HTF sink through the PCM, solidification occurs around each droplet. In an ideal
scenario, the out-flow rate of HTF should match with the in-flow rate. To accom-
plish this, all droplets covered by frozen PCM should collapse as they come down
and allow the HTF to leave the system. In a practical scenario, this does not happen
to all the particles, although some droplets may undergo the process towards the
end. This obviously decreases the out-flow of the HTF during the majority of the
period. Consequently, the HTF-PCM frozen bed keeps expanding downwards and
may come out of the system if not prevented. The expansion is found to be higher
at higher flow rates. Even at low flow rates, the problem of expansion still poses a
problem. The authors have suggested employing a barrier kind of arrangement to
force the droplets to collapse. However, the effectiveness of such an arrangement is
not yet reported, which can be focused on in future studies.

During solidification, some quantity of liquid PCM gets trapped within the HTF/
frozen PCM, which is porous. The trapped liquid PCM cannot get solidified as it is
covered by solid PCM, which possesses very low thermal conductivity. This prob-
lem is observed at a higher temperature difference between HTF and PCM. This
demands a trade-off between a high heat transfer rate and storage capacity.

3.2 Supply and Distribution of HTF

The key issue in direct contact LHTESS is the supply of HTF, which includes mode
of admission and distribution. He and Setterwall [56] have mentioned that the HTF
was sprayed from the top without reporting information on spraying device/distribu-
tion particles. However, the employment of multiple nozzles for better distribution
of HTF sprayed from the top can be seen in literature [58]. On the other hand, Mar-
tin et al. [57] used distribution plates to ensure that the droplets are distributed all
over. In any case, the spraying/distributing device does not come in contact with the
PCM, and thus there will not be any issue of clogging by PCM crystals, whereas the
device used to spray/distribute the lower density HTF from the bottom is subjected
to plugging as it is generally surrounded by PCM.

Introducing and distributing HTF vertically upward from the bottom is the sim-
plest way as the unit used does not need to run through the entire height of the stor-
age container. Kiatsiriroat et al. [59] adopted a direct contact heat exchanger for the
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evaporator to form ice. The refrigerant (HTF) was injected upward into water (PCM)
stored in the container through an expansion device. Mulyono [60] also admitted
HTF (kerosene) upward into salt hydrates using a distributor having holes of diam-
eter 1/3/5 mm. Both Horibe et al. [61] and Naing et al. [62] used a nozzle plate
located at the bottom to introduce oil in the upward direction. The nozzle plate is
comprised of multiple holes to ensure better distribution of HTF. Similarly, Belusko
et al. [63] distributed air through a perforated plate with 48 holes (each 1 mm diam-
eter) to store cold energy in water. None of these works including the pioneer works
given in Refs [53-55], has provided information on the clogging issue. However,
Fouda et al. [64] experienced the said problem, which is quite apparent. Hence,
it is important to address the clogging issue and to design a suitable distribution
system for supplying HTF from bottom. On the other hand, quite some works have
employed a distribution system that faces downward, although the designs vary from
case to case [65-77].

As a simple technique, Fouda et al. [65] admitted HTF (Varsol) through a vertical
pipe running from the top of the storage unit. The authors claim that the distribu-
tion and the heat transfer between HTF and PCM were satisfactory despite larger
size HTF particles resulting from relatively larger diameter pipe. However, the HTF
should be introduced in the form of fine particles of diameter as small as possi-
ble for better distribution and higher heat transfer rate. It is further recommended
to position three pipes at different heights to pave alternate ways for HTF in case
of a longer period shut down, resulting in clogging of the main pipe. Nevertheless,
the problem associated with larger diameter pipes would remain, although the two
additional pipes exist. In addition, this arrangement has the disadvantage of reduced
PCM volume due to the space occupied by multiple pipes.

The more effective way of admitting HTF for better distribution and heat trans-
fer rate could be using a multi-hole injection system. One such arrangement was
employed by Kiatsiriroat et al. [66] to inject heat transfer oil into sodium thiosul-
phate pentahydrate. As far as the injection system is concerned, no details (num-
ber of injection holes, diameter) are revealed. Farid and Yacoub [70] and Farid and
Khalaf [71] have provided the design details of the injection unit, which was basi-
cally a diffuser comprised of radially fitted eight glass tubes. The diameter of the
tubes varied from 3 mm to 5 mm to get variable size HTF bubbles. Because of the
radially arranged multiple holes, the distribution could have been better.

In the earlier work, Nomura et al. [72] used 9 holes of a 3 mm diameter injector
(ring-shaped). From the results, the authors have identified that further smaller size
holes and higher number of holes are worthwhile in augmenting heat transfer rate. In
the subsequent work wherein a similar injection system was used, Nomura et al. [73]
observed a drop in heat transfer rate at higher HTF flow rates. Of course, the heat
transfer rate during melting and solidification in a direct contact system increases
with an increase in-flow rate [60, 67, 74—77]. The diameter of the bubbles would be
smaller when the flow rate is higher. The smaller diameter bubbles result in a higher
heat transfer rate. Although the results of Nomura et al. [73] followed the trend men-
tioned above, it was only up to a specific value of flow rate. The drop in heat transfer
rate at flow rates beyond a certain value was attributed to the non-uniform distribu-
tion of HTF.
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In order to overcome the challenge mentioned above, an injection system with
an increased number of holes having reduced diameter (18 holes, 2.5 mm diame-
ter), was tested in the subsequent works [68, 69]. This proved effective as the sys-
tem exhibited significant improvement in heat transfer rate even at higher flow rates
which otherwise caused lower heat transfer rates. Hence, it is demonstrated that
higher number and smaller diameter injection nozzles result in uniform distribution
of HTF and thus no adverse effect on phase change processes at higher flow rates.
The various designs of distribution systems employed are presented in Fig. 2.

3.3 Flow Channels for HTF

The introduction of HTF from the bottom faces another challenge no matter whether
the injection system is positioned upward or downward. The HTF admitted can

(@ (b) (c)

Fig.2 Various designs of distribution systems employed in direct contact LHTESS (a) spray nozzle; (b)
distributing plates; (c) multiple spraying nozzles; (d) expansion valve; (e) distributor plate with 3 holes
of different diameters; (f) perforated plate; (g) diffuser comprises of radially fitted tubes; (h) multi-head
injector; (i) three feed pipes located at different heights; (j) nozzle plate having 24 holes
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easily pass through the liquid PCM during discharging, whereas during charging, the
solid PCM obviously would block the HTF-free flow until a considerable amount of
PCM gets melted. In other words, HTF can start flowing freely only after some time
during which passages (channels) for HTF flow are formed [75]. According to Wang
[78], the charging process was accelerated only after 90 min. This problem can be
alleviated by establishing flow channels before HTF starts flowing, as suggested by
Guo et al. [74]. The results from the simulation of melting in a cylindrical container
have revealed that the flow channels in the solid PCM prior to HTF flow reduces the
charging time by about 30 %.

In a physical system, Guo et al. [79] employed cuboid tubes (three in numbers)
with three holes in each pipe. Cylindrical electrical heaters were stationed verti-
cally in each hole in such a way that there is a small hole between each side of the
heater and inlet pipe wall. These gaps act as nozzles for admitting HTF vertically
(Fig. 3a). During charging, the heaters heat nearby PCM so that the melted quantity
provides flow channels right from the beginning. The authors have reported that the
formation of channels took only 90 s, and the initial and middle phases of charg-
ing were much faster compared to the heater-less system. With a similar arrange-
ment, Gao et al. [80] have proved that the total melting time of erythritol-expanded
graphite composite PCM could be reduced by 10 %. However, the amount of energy
needed to operate such heaters should be taken into account. Although Guo et al.
[79] observed only about 5 % of the stored energy as energy consumption in the
tested system and have predicted that it would be even less in the case of real-time
systems, further validation is required on this. In addition, the space occupied by
electric heaters would reduce the effective storage volume.

Without electric heaters, the flow channels can still be established, as demon-
strated by Wang et al. [81]. In this arrangement, the tubes with annular fins which
carry the HTF were used to heat the PCM around the tubes (Fig. 3b). However,
such arrangement demands a downward flow of HTF, and hence, the tubes have to
run through from top to bottom. Although no energy is required in the absence of

(b)

WARVARY)
= — HTF out

HTF

HTF
«——  Electric heater

PCM Finned tubes

«———  Flow channels «— PCM

!. : ’ - . <+————— Flow channels
E r HTF in
vV

Fig. 3 Arrangements for the establishment of flow channels in direct contact heat exchanger (a) electric
heaters [79]; (b) finned tubes [81]
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electric heaters, the volume occupied by tubes, that too with fins, could be higher
compared to the case employing electric heaters.

Although quite a number of investigations have focused on employing direct
contact heat exchangers for LHTESS (The summary of those works is presented in
Table 1), the full-scale practical application has not yet been witnessed as the tech-
nology is still under research [42].

3.4 Limitations

As mentioned earlier, effective direct contact heat exchange requires flow chan-
nels that demand power and space-consuming electric heaters or space-consuming
finned tubes. Also, the distribution system may result in additional weight and cost.
In addition, direct contact heat exchangers suffer from the following disadvantages:

Direct contact heat exchange can take place only if the interacting fluids are at
the same pressure. Secondly, the insufficient density difference between the fluids
would lead to the entrainment of one in the other, resulting in poor heat exchange.
Similarly, if the degree of immiscibility is low, the system would experience mass
transfer and chemical interaction issues, especially at high temperatures.

4 Ultrasonic Vibration

Vibration-based techniques can considerably increase heat transfer rate, and sur-
face vibration technique has been tested on various heat transfer devices [82-87]. In
surface vibration, the selected surface of the heat transfer device is made vibrating
at low/high frequency to agitate the fluid. This results in bulk fluid mixing, which
promotes convective heat transfer. The employment of surface vibration can also be
seen in few works dealing with LHTESS [88-91]. Since it is difficult to make the
surfaces of real-time systems vibrate, causing the fluid disturbance without both-
ering the device would be a viable alternate option practically. In this perspective,
ultrasonic waves are found to be very effective.

Raben [92] demonstrated that heat transfer enhancement due to ultrasonic vibra-
tions was considerable only when Reynolds number is low (absence of forced con-
vection). Since natural convection is dominant during melting, ultrasonic waves
would significantly impact the melting rate. Although conduction dominates the
solidification process, ultrasonic effects can still be realized as long as a consider-
able amount of liquid PCM exists.

When ultrasonic waves (frequency above 20 kHz) propagate through a fluid,
they cause intense agitation in the fluid. Besides agitating the fluid, the propagating
waves result in a couple of critical effects, namely cavitation and acoustic streaming
[93]. Acoustic cavitation is nothing but the formation of bubbles at low pressure
and the collapse of bubbles at high pressure. The low and high-pressure cycles are
caused by the propagation of ultrasonic waves in the liquid [94]. Acoustic stream-
ing refers to a steady flow of bulk fluid due to the effect of energy absorption by the
fluid from the ultrasonic wave [95]. Legay et al. [93] have also mentioned two other
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effects; the heating of fluid medium progressively by acoustic energy and the acous-
tic fountain caused by high-frequency waves. All these ultrasonic effects are illus-
trated in Fig. 4. The resultant of these effects and the agitation caused by ultrasonic
waves is responsible for enhancing the heat transfer rate.

4.1 Phase Change Heat Transfer under Ultrasonic Vibration

Some authors report the application of ultrasonic waves for improving phase change
heat transfer rate. Although the report by Fairbanks [96] may be considered a pio-
neer study, it is not comprehensive. However, the role of ultrasonic waves in melting
rate enhancement was well demonstrated in this work. In the comprehensive study
by Choi and Hong [97], it is reported that ultrasonic waves could not impact the
onset of natural convection. Further, the system without ultrasonic vibration exhib-
ited a higher heat transfer coefficient during the initial phase, which is conduction
dominated. Nevertheless, the overall melting rate is proved to be significantly higher,
and ultrasonic waves also influence solid PCM as agitation of solid PCM results in

(a) (b)
O O
o o5 o °©
o o e} o
o @« @ o
° o o °

(c) (d)

———
sz S

b e

Fig.4 Effects of ultrasonic sound propagation in liquid (a) acoustic cavitation; (b) acoustic heating; (c)
acoustic streaming; (d) acoustic fountain
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weakening of bonding forces, especially at solid—liquid interface. According to Oh
et al. [98], ultrasonic waves can enhance the melting rate by 2.5 times compared to
the case without ultrasonic vibration. However, a similar influence on the solidifica-
tion rate cannot be outrightly stated as the solidification process is predominantly
governed by conduction.

Vadasz et al. [99] have reported that the solidification rate could be enhanced
throughout the process using vibration (frequency ranging from 10 Hz to 300 Hz).
However, the enhancement rate decreases as the solidification progresses due to lack
of liquid quantity as time goes. Although the authors applied only mechanical vibra-
tions, it can be stated that vibrations (mechanical/ultrasonic) can influence the solid-
ification process for a substantial period, if not throughout.

The ultrasonic waves are found to be very effective in enhancing the two major
phases of solidification; nucleation rate (nuclei formation) and crystallization rate
(nuclei’s growth into a crystal) [100]. In fact, the effectiveness of ultrasonic waves
in enhancing food freezing rate is extensively reported in the literature [101, 102].
When it comes to PCMs of LHTESS, no work could be found except the one by Wei
and Ohsasa [103], in which only the influence of ultrasonic waves on nucleation rate
is reported. Similarly, Hu et al. [104] have reported the early onset of nucleation in
deionized water and sucrose solution when ultrasonic waves were used. It is clear
from the above discussion that ultrasonic waves have a greater influence in advanc-
ing nucleation, which considerably reduces the overall solidification time.

Although it is proved that the crystallization rate of food products is considerably
higher due to ultrasonic waves, no such conclusion can be drawn regarding PCMs
of LHTESS due to the lack of reported studies. This demands a higher volume of
research work to understand the role of ultrasonic waves in accelerating the solid-
ification rate. Specifically, the progress of the second phase (after the nucleation)
under the influence of ultrasonic waves should be of interest.

4.2 Optimization of Ultrasonic Power Consumption

To effect ultrasonic vibration, ultrasonic waves should be generated, and the waves
should be made propagating through the fluid. The various arrangements of execu-
tion of ultrasonic vibration for phase change heat transfer are shown in Fig. 5. Ultra-
sonic waves can be of either low intensity (<1 W) or high intensity (> 10 W) [105,
106]. Power ultrasonic waves are more suitable for heat transfer enhancement as
they can alter the behavior of the medium through which they propagate.

The reported studies focusing on PCMs’ heat transfer enhancement have
employed ultrasonic waves in the range of 60-300 W power. These investigations
are generally carried out on laboratory-scale setups with a small quantity of PCM.
In the case of practical applications, the size of the system and thus the quantity of
PCM would be obviously on the higher side. Accordingly, the number of ultrasonic
transducers should be increased, which would result in higher power consumption.
Hence, the ultrasonication processing should be optimized for a maximum enhance-
ment in phase change rate with the lowest possible power input.
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(@)
(b)
<—— Airborne ultrasound
transducer
Contact ultrasound
/. \ 4

transducer

Frozen material Frozen material
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PCM Solid paraffin
<«— Insulation x
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Ultrasonic e —
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Fig.5 Arrangements of execution of ultrasonic vibration in LHTESS (a) non-contact air borne trans-
ducer [97]; (b) device away from material [97]; (c) transducers attached to the container [98]; (d) vibra-
tors and container wall separated by water [106]

Varying power input is relatively easier to handle as compared to frequency vari-
ation, which is evident from many papers [98, 107-109]. Although high power ultra-
sonic waves result in a higher melting rate, they may not always be executable due
to high electricity costs. In this perspective, only the paper published by Zhang and
Du [110] provides useful insights. The authors attempted to optimize the ultrasonic
effect by investigating the roles of ultrasonic power, activation time, and activation
duration in heat transfer enhancement. It is observed that the enhancement is sig-
nificant and consistent with an increase in power. Similarly, the longer the activa-
tion duration higher is the melting rate. As already mentioned, ultrasonic waves do
not have a similar impact all the time during melting. In line with this, the authors
have found that activating ultrasonic waves after few minutes of melting leads to
faster melting. Similarly, keeping the ultrasonication in the middle stage causes bet-
ter melting than the one observed towards the end. Hence, the intermittent operation
of ultrasonication seems to be a better mode to achieve the highest possible melting
rate with the lowest possible power consumption. However, the exact time at which
the ultrasonic waves should be activated and the activation period may vary from
case to case. This may depend on the type and thermo-physical properties of PCM,
its quantity, ultrasonic power input, and so on. Hence, studies may be carried out on
the proposed storage system before employing the system for practical applications.
Nevertheless, the reported works on ultrasound-assisted phase change processes
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have demonstrated the potential of ultrasonic waves in enhancing the rate of phase
change processes. Table 2 presents the list of investigations that have reported ultra-
sonic vibration’s influence on phase-change processes.

4.3 Limitations

Although ultrasonic vibration seems to be an attractive alternative heat trans-
fer enhancement technique for LHTESS, a couple of disadvantages are inevitable.
Firstly, ultrasonic waves can be generated only by electricity. In particular, power
ultrasonic waves, which are required for LHTESS, consume a high amount of elec-
tricity. This would make the system uneconomical. In addition, the storage module
should be provided with additional devices such as ultrasonic transducers, facilities
to attach transducers and electric power components.

5 Electrohydrodynamics Technique

Besides ultrasonic waves, an electric field can also be utilized to enhance the per-
formance of thermal fluids. By applying an electric field, electrohydrodynamically
induced fluid motion can be obtained. The electrohydrodynamically induced fluid
motion is the result of various electro body forces on the fluid. These include Cou-
lomb force, dielectrophoretic force and electrostrictive force. The details of the elec-
tro body forces can be found in Ref. [111]. Unlike the ultrasonic vibration technique,
the electrohydrodynamics (EHD) technique requires less energy input. Further, this
technique offers attractive advantages like fast response, absence of moving parts
and quietness [112]. The EHD technique is a proven technique for enhancing the
heat transfer performance of systems using single-phase fluids [113, 114]. Besides
single-phase systems, it is also found to be effective for multiphase systems involv-
ing liquid—gas phase change [115-117].

5.1 EHD for LHTESS

In recent years, the EHD technique has gained considerable attention in PCM
research. The enhancement of the melting rate is of particular interest. As already
mentioned, the heat transfer enhancement by the EHD technique is due to the electro
body forces. Hence, it is important to understand the role of these body forces along
with the buoyancy forces that exist within the liquid PCM.

In the pioneer study, Dellorusso [118] observed that the tested geometry of the
storage module could not enhance the natural convection and hence, not much
enhancement in melting rate under the application of EHD. This outcome indicates
that if natural convection due to the buoyancy force is not enhanced, then the impact
of EHD would be insignificant. Hence, Nakhla et al. [111] employed a geometry
wherein the melting heat transfer was governed mainly by conduction. The aim was
to investigate the role of EHD in enhancing the melting rate in the absence of natural
convection. Accordingly, a rectangular module of 126 X 36 x 50.8 mm was fabricated
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to store paraffin wax. The PCM was heated from the top, and the high voltage elec-
tric field (—8 kV DC) was applied using horizontally arranged 9 electrodes. A sig-
nificant enhancement in melting rate is reported as the melting time was reduced
by 40.5 % compared to the case without EHD. In order to observe the enhancement
mechanism, digital images were captured using a high-speed camera. The images
have revealed an interesting phenomenon, termed solid extraction, which refers to
the extraction of solid dendrites due to the EHD body forces from the mushy zone
towards the melted region. This could induce convection in the liquid PCM, and
thus high melting rate was achieved. Hence, it is concluded that EHD body forces
are applied on the interface of solid and liquid and molten PCM. The role of each
force is further investigated in the subsequent work [119].

The test unit was similar to that of the previous work, but two heat exchangers
were used at the top and bottom of the storage unit. The top one carried hot water,
whereas cold water was allowed to flow through the bottom heat exchanger. This
was to make sure that no natural convection existed. The electric field was applied
through 23 electrodes arranged in three rows. It is reported that only Coulomb forces
have a greater influence on solid dendrites as they force the charged dendrites to
move towards the mushy region. The impact of dielectrophoretic forces is found to
be minimum. Hence, Coulomb forces are the major reasons for the electro-convec-
tion in the liquid PCM. It is clear from the above-discussed works that the EHD
technique enhances the conduction dominated melting process. However, in practi-
cal systems, natural convection in the liquid PCM generally dominates the melting.
Hence, it is important to explore the impact of EHD on the natural convection domi-
nated melting process.

In view of this, Nakhla et al. [120] employed a vertical configuration in which
the PCM was heated from the side. Even with electrodes (30 Nos), the existence
of natural convection in this module is demonstrated as the heat transfer coefficient
was found to be higher at the bottom of the unit than that at the top portion. When
the electric field was applied, a different form of convection cells could be observed.
Due to EHD, the larger natural convection cells that existed initially were divided
into multiple cells in the gap between the electrode rows. The multiple cells are
nothing but the combination of electro and natural convection cells. This indicates
that electro-induced convection could interact with the natural convection, and the
net convection effect becomes stronger.

It is obvious that natural convection exists even in the horizontal oriented sys-
tem if the PCM is heated from the bottom. To study the effect of EHD in such an
arrangement, Selvakumar et al. [121] considered a rectangular cavity in which the
PCM was heated from the bottom plate. The bottom plate also acted as electrodes.
The numerical results have shown different stages of convection dominated melt-
ing. Although Coulomb forces existed throughout the melting process, the onset of
electro-convection was observed only after the presence of a certain quantity of lig-
uid PCM. Nevertheless, significant enhancement due to EHD is reported. In fact, the
viscous effect in the liquid PCM could be overcome by the Coulomb force shortly
after the onset of electro-convection. Similar results are also presented by Luo et al.
[122]. Hence, it can be stated that the EHD technique has a positive impact on natu-
ral convection dominated melting also.
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5.2 Generation of Electric Field

To induce EHD forces, a strong electric field is critical, which can be generated by
applying high voltage. As mentioned already, wire electrodes were employed in the
works reported in the Refs. [111, 119, 120]. Although these electrodes are of smaller
diameter (around 3 mm), significant numbers were employed. Moreover, they ran
through the system across (Fig. 6a). Hence, there would be a reduction in PCM
volume.

In the recent work, Sun et al. [123] have proposed using walls of the heat
exchanger as electrodes. Two heat exchangers, one for carrying hot HTF and another
for cold fluid, were positioned on either side of the vertically oriented rectangular
storage unit. In the experiments, either hot or cold heat exchanger was applied with
an electric field, and the other was grounded (Fig. 6b). The relative performance
of hot and cold electrodes will be discussed later. In any case, the electrodes were
a part of the storage unit, and hence, the PCM volume was not affected due to the
absence of electrodes in the PCM.

Although the tested unit by Sun et al. [123] was a laboratory-scale model, the
concept of utilizing heat exchanger surface as electrodes can be extended to real-
time systems. For example, in shell and tube configuration, which is widely used
in solar thermal and heat recovery applications, the HTF flows through the central
tube and PCM is loaded in the shell around the tube. During melting, the tube wall
remains hot, whereas the cold one is nothing but the wall of the shell. Hence, with-
out adding additional structure in the PCM, the wall of the tube or shell can be used
as an electrode (Fig. 6¢).

While applying an electric field, the polarity of the electric voltage may be one
of the concerns. In fact, both positive and negative voltages are tried and found to
enhance the melting performance [111, 119, 120]. However, the relative strength

@) (b)

Liauid PCM

Liquid PCM
Electrodes

High voltage
generator

Cold side heat
exchanger

) Hot side
Cold side heat heat exchanger
exchanger

Hot side
heat exchanger

Solid PCM Solid PCM

(o)

HTF out

Fig. 6 Electrodes in EHD technique (a) wire electrodes [111, 119, 120]; (b) cold heat exchanger as elec-
trode [123]; (c) wall of shell as electrode
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is not discussed in these works. Sun et al. [123] applied both positive and nega-
tive voltages on the same test facility and reported negligible differences. Hence,
the voltage can be either positive or negative as applicable. However, Sun et al.
[123] have significant differences between hot and cold electrodes irrespective of
the polarity of the applied voltage. In the case of a hot electrode, the EHD technique
could not enhance the melting; rather, it has a negative effect. This is due to the
attraction of liquid PCM towards hot electrodes, which effectively prevents the flow
of liquid along the interface. Therefore, natural convection is hampered. Further, the
increase in voltage on the hot electrode resulted in a reduced liquid fraction. On
the other hand, cold wall as an electrode is proven to be effective as enhancement
in melting rate was observed, and enhancement was consistent with an increase in
applied voltage.

Besides polarity, the role of applied voltage form, i.e., AC or DC, is also explored
in the literature. Among the reported works, Nakhla et al. [119] provides better
information on the distinction between AC and DC power. The system with AC
power could not yield any enhancement, whereas the DC power system exhibited
significant enhancement in melting rate. Between the two phases of DC power,
there is a difference in electric permittivity. The dielectrophoretic force is caused by
electric permittivity. As already discussed, the dielectrophoretic force is insignifi-
cant in enhancing the melting rate. Hence, AC power could not make any impact on
melting.

5.3 Limitations

Although the EHD technique seems to be the simplest, at least in comparison with
the ultrasonic vibration technique, a couple of disadvantages pose challenges as far
as practical application is concerned. Considering the past research, the technique
applies mainly to the melting process, and the effect on solidification is unknown.
Secondly, the EHD technique can be employed only if the PCM is dielectric like
paraffin wax. In the case of salt hydrates, which are electrically conductive, they get
affected by the strong electric field. Further, PCMS with high electric conductivity
will consume a high amount of energy. To the best of the authors’ knowledge, all the
reported works have employed only PCMs, which are dielectric.

6 Displacement of PCM

An exciting and promising technique for improving phase change heat transfer rate
is keeping the PCM moving during phase change with the help of some external
aid. Since PCM keeps moving, the heat transfer is majorly governed by forced con-
vection, and thus the thermal resistance is considerably reduced [124]. Further, the
phase segregation problem which generally exists with the conventional system can
be alleviated with moving PCM. Literature reveals a few approaches in connection
with the continuous movement of PCM.
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(1) SHX

(2) Recirculation of liquid PCM
(3) PCMflux concept

(4) Scraping of solidified layer

(i) Moving scrapers
(i1)) Fixed scrapers or rotating drum

Although only limited investigators employ the listed techniques, adequate infor-
mation can still be explored.

6.1 SHX as LHTESS

The SHX finds its application in many industrial processes wherein transportation
and heating/cooling take place simultaneously [125-131]. Invariably, those pro-
cesses involve solid materials, and only sensible heat transfer takes place. On the
other hand, SHX is also involved in phase change heat transfer as they are well-
known in polymer melting (extrusion) [132-135]. In the case of LHTESS, the
employment of SHX is proposed by the research group at Fraunhofer ISE, Germany
[136]. The proof of concept, the performance, benefits, and challenges/issues are
extensively discussed through a series of papers [136—139]. The studies focusing on
the application of SHX for various purposes are summarized in Table 3.

6.1.1 The System Components and Issues

An SHX should have one or more rotating shafts with screw threads on the periph-
ery. The material to be transported is fed on the surface of the screws so that it can
move forward as the shafts rotate. For processing, for instance, polymer extrusion,
the inner surface of the casing does have heating elements. In LHTESS, there is an
HTF that demands flow paths. As the PCM moves along the periphery of the shafts,
the HTF can be made flowing through the shafts which are hollow. Accordingly, the
SHX developed at Fraunhofer ISE uses not only the hollow shafts but also the hol-
low structured screw flights and the troughs for HTF circulation [139]. The cross-
section of the typical double screw heat exchanger employed for LHTESS is shown
in Fig. 7.

To facilitate PCM transport during charging and discharging, the system is pro-
vided with an additional conveyor (to transport solid PCM) and pump (to trans-
port liquid PCM). Additionally, a crusher is used to maintain the size of the solid
PCM granules uniform, which comes out of the SHX after discharging. Figure 8
illustrates the general arrangement for PCM transport. Uniform sized granules are
critical in maintaining the uniform mass flow rate of PCM at the inlet. Overall, the
screw shafts, along with additional components mentioned above, seem to increase
the system complication. Moreover, the increase in the number of power consump-
tion devices might counter the benefit of enhanced heat transfer. Zipf et al. [136]
have reported that the power consumption could be less than 3 % of the total energy
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Fig.7 Sectional view of a typical double screw heat exchanger for LHTESS [138]

stored/retrieved. However, extensive experiments with a real scale model are to be
carried out to draw a firm conclusion on the storage efficiency of the SHX, taking
into account the power consumption by additional devices.

6.1.2 Storage and Transport of PCM

Unlike conventional storage systems, SHXs do not offer any storage space within.
Hence, separate storage tanks need to be accommodated in the loop. Although two
separate tanks, one each for solid and liquid PCMs are sufficient, Zipf et al. [137]
have recommended an additional tank for superheated PCM in solar thermal power
plants to achieve high-temperature steam discharged to the turbine. Otherwise, the
system temperature would have been less due to the indifferent thermo-physical
properties of HTF (steam) and PCM (NaNQO;). In any case, a higher HTF tempera-
ture at the outlet during discharging is beneficial. At the same time, there must be
a trade-off between system complication/initial cost and storage efficiency, which
needs further study with different combinations of PCM/ HTF.

Zipf et al. [136] implemented two different mechanisms for solid PCM tank
and liquid PCM tank to accomplish the PCM transport between the tanks and heat
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Fig.8 Arrangements of PCM transport to and from SHX [137] (a) charging; (b) discharging

exchangers during cyclic operation. For solid PCM, three conveyors were employed,
and the operation of those depends on whether the storage supplies or receives
PCM. As mentioned earlier, a crusher also comes into operation during discharging
to control the size of the PCM granules stored in the tank. On the other hand, the
liquid PCM tank was provided with a crane mechanism that can change the location
of the tank between the inlet and the outlet of the SHX. It should be mentioned that
the set-up requires an automated operation to a certain extent.

Besides the transport of PCM between tank and SHX, it is important to address
the issues connected to PCM'’s transport within SHX. In principle, once the PCM
is supplied through an inlet, the rotation of the screw shafts would carry it up to the
outlet through which the PCM in the changed phase can be delivered to the corre-
sponding tank. The PCM should be distributed uniformly for maximum utilization
of the available heat transfer area. The SHX developed at Fraunhofer ISE consists
of two co-rotating screw shafts. The two shafts are made rotating at different speeds
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by providing a single thread on one shaft and two threads on the other. This arrange-
ment seems to have a positive impact on self-cleaning. The rotation of the screw
shafts causes the PCM, which is supplied in the middle, to move in a radial direction
in addition to axial direction transport. This leads to forming a thin layer of solid
PCM on the right wall throughout, which results in the underutilization of the heat
transfer area. To overcome this, it is proposed to supply the solid PCM along the left
side of the screw shaft. Even with such an arrangement, Zipf et al. [136] could not
achieve uniform distribution of solid PCM. Further, the melting of solid PCM was
not complete at higher speeds. On the other hand, lowering the speed affected the
PCM flow rate. A dam kind of arrangement is recommended to overcome the above
issues. However, the effectiveness of such an arrangement is yet to be investigated.

For the distribution of liquid PCM, Zipf et al. [136] employed five control valves
that could cover only 30 % of the total available heat transfer area. Hence, it was
redesigned, which used a wall to distribute liquid PCM [139]. To avoid solidification
while distributing through smaller holes, a trace heating arrangement was employed.
With this, the system could achieve around 70 % coverage of the heat transfer area.
In one of the subsequent works, Zipf et al. [138] have recommended spraying liquid
PCM on the shafts to enhance the distribution. Although it is not yet experimentally
verified, it seems to be an effective and less complicated one.

6.1.3 Heat Transfer Performance

The existence of forced convection due to the flow of PCM in SHX makes it supe-
rior to conventional types as far as heat transfer performance is concerned. Unlike
natural convection, the forced convection can be maintained consistently by con-
trolling the operational parameters like shaft speed, flow rate, etc. Hence, the phase
change rate in SHX would be near-constant during melting and solidification. How-
ever, the solid PCM layer still poses a challenge as the heat transfer coefficient dur-
ing discharging was observed to be less in comparison with the charging process
[138]. In order to overcome this, the clearance between the connecting screw flights
and the flights and troughs should be as small as possible. The authors have reported
that the clearance and thus the thickness are determined by the geometry, material
and manufacturing process involved. However, the effects of these factors on the
thickness of the solid PCM layer are yet to be studied. In conventional storage sys-
tems, the entire area is available all the time during the phase change processes. As
discussed earlier, this is a bottleneck in SHXs, which may downgrade the benefits
expected due to forced convection.

6.1.4 Limitations

LHTESS, which employ the SHX technique, generally comprises multiple compo-
nents, including separate PCM tanks, conveyors to transport PCM between tanks
and SHX, and crusher. Hence, the system is highly complicated and bulky. Specifi-
cally, the employment of SHX technique for LHTESS results in the most compli-
cated system among the various alternative heat transfer enhancement techniques.
Further, additional pumping power is required for PCM transport.
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6.2 Recirculation of Liquid PCM

If the melted layer near the heat transfer surface is taken out, then a new solid layer
would come in close to the heat transfer surface, and further melting would occur.
If it continues, the melting process would be dynamic. The dynamic melting would
result in a higher melting rate compared to the conventional case wherein only static
melting is possible. It should be noted that the liquid layers taken out have to be
brought back to the system. This means that the liquid PCM is recirculated. This
technique of displacing PCM seems to be much simpler than the SHX concept.

6.2.1 Arrangement for Dynamic Melting

In the pioneer study by Tay et al. [140], Copper tubes inserted in the tank were used
to carry HTF. For dynamic melting to occur, an additional tube (U-shaped) was
employed with several small holes drilled (Fig. 9a). However, the U-tube did not
carry HTF; instead, it held a small tube that carried HTF. Since this smaller tube ran
through the U-tube, it had direct contact with PCM at the base of the U-tube through

Pre-melt tube

(a)

//'74

} \ (b)
/r\)\\\ \ //\%
- ;~//'  " Pre-melt tube
Rec’ifgging tube 7 Recirculating tube
bl | T
\ = / PCM

|
\( Flow path for
liquid PCM

/

Flow path for
liquid PCM

(c) HTF inlet

|
- Melted PCM

<—— Recirculating pipe

(direction

Pump  depending on

flow parallel or counter
flow of PCM)

Pre melted path

Solid PCM —

|
HTF outlet
Fig.9 Various arrangements employed for establishing pre-melt recirculation (a) U-tube with pre-melt

tube [143]; (b) two U-tubes and pre-melt tubes [143]; (c) tube attached to shell side of shell and tube
module [144]
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the smaller holes. Hence, the smaller holes provided the flow path for the melted
PCM. Since the U-tube was connected to a pump, the recirculation of liquid PCM
was ensured. Although this arrangement exhibited promising results in terms of heat
transfer enhancement, the investigators observed inconstancy in the results.

Intending to improve the effectiveness, the same authors [141] employed a dif-
ferent design in the subsequent work. The improved design used two smaller HTF
tubes; both form U-shape (Fig. 9b). The vertical sides of one of the tubes were cov-
ered by other bigger-sized tubes connected to the pump. The horizontal part, located
at the center of the tank, was in direct contact with PCM. Hence, the PCM around
the horizontal part and the uncovered portions of vertical sides would flow through
the vertical tubes connected to the circulating pump. The second U-tube was fully
exposed as none of the portions was covered. It was placed so that the horizontal
part was positioned at the lower portion of the tank, and the vertical sides were posi-
tioned close to the vertical sides of the first U-tube. This arrangement aimed to cre-
ate a flow path for the PCM at the lower portion of the tank. This design was found
to be producing better heat transfer enhancement as the melting time was shorter
than that of a conventional system.

Tay et al. [142] have numerically studied the effectiveness of dynamic melting
in shell and tube heat exchanger. The vertically oriented module allows the HTF to
flow downward through the central tube, and the annular space between the tube and
shell holds the PCM. Once a sufficient amount of liquid PCM is established around
the tube, the same can be taken out either from the top or the bottom using a pump
and supplied back to the system at the opposite end (Fig. 8c). Depending on the end
from where the liquid PCM is taken out, the flow is either parallel or counter with
the HTF flow. In parallel flow, the recirculation was realized by admitting the liquid
PCM at the top end. Since the HTF also entered from the same end, the tempera-
ture difference between HTF and PCM was higher at the top portion as compared
to remaining portions. This obviously resulted in a higher liquid fraction at the top
and a gradual increase in solid fraction downwards. This indicates that the paral-
lel flow recirculation tends to assist the portion of PCM where the melting rate is
already higher. However, the PCM at the lower portion melts at the same rate due
to the lack of dynamic melting. On the other hand, the counter flow arrangement
works in another way as it promotes dynamic melting and enhances the melting rate
where it is most needed. According to the results of Tay et al. [142], the counter flow
arrangement was more effective than parallel flow only when the PCM flow rate was
moderate. Moreover, Gasia et al. [124] have observed that the drop in liquid PCM
level during melting caused cavitation problems in the pump.

6.2.2 PCM Recirculation

Since the pump is designed for liquid PCM, it is important to ensure that no solid
PCM is admitted into the pump. Tay et al. [140] have observed that the solid PCM
entering into the pump caused choking. As a result, the speed of the pump started
decreasing. Hence, the pump should be operated only after the PCM close to the
heat transfer surface is fully melted. According to Tay et al. [141], the pump can
be switched on once the PCM temperature is sufficiently higher than the melting
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point. However, switching on the pump at a temperature much higher than the melt-
ing point, may nullify the effect of dynamic melting. Gasia et al. [124] have reported
that the threshold value for water (PCM) is 5+0.5 °C.

Besides the timing of pump operation, the flow rate of PCM should be appropri-
ate as it has a significant role in making dynamic melting effective. It is expected
that the enhancement in heat transfer rate would be consistent with the increase in
PCM flow rate. However, Tay et al. [142] have reported that the enhancement is sig-
nificant if the flow rate of PCM is higher than that of HTF. If there is no recircula-
tion, the melted PCM that remains inside throughout the process helps melt the solid
PCM. It is evident that the recirculation of PCM affects the presence of melted PCM
and the heat transfer area available for solid PCM. Hence, the mixing rate, which is
determined by the flow rate of PCM, should be sufficient enough so that the loss in
the heat transfer area is overcome.

The circulated PCM tends to gain additional heat associated with pumping. Sec-
ondly, it may absorb heat from outside while flowing through an external pipe. Since
the hotter PCM moves along the tube wall continuously, the outlet temperature of
HTF would be higher than that is observed in a conventional case. This reduces the
difference between inlet and outlet temperatures of HTF and thus the heat transfer
effectiveness. The results of Gasia et al. [124] have revealed that the reduction in
effectiveness is found only at PCM flow rates lower than the HTF flow rate. When
the flow rate of PCM is higher than that of HTF, the degree of mixing is sufficient
to overcome the impact of heat gain. Further, the results obtained from the pumping
power analysis have shown that it works the other way round. Hence, it is concluded
that the cost involved in connection with the pumping system is negligible.

6.2.3 Heat Transfer Enhancement

The extent to which heat transfer rate is enhanced by dynamic melting is revealed by
Tay et al. [140]. It is observed that the heat transfer rate could be increased two-fold
by dynamic melting. This is attributed to the fact that the effective thermal conduc-
tivity was doubled by dynamic melting. Because of the higher heat transfer rate,
the average effectiveness was found to be significantly high. Further, the melting
process took less time to complete. Hence, it can be stated that dynamic melting
improves the thermal performance of LHTESS in all aspects. Besides improving
the effectiveness, dynamic melting does not allow the local effectiveness to drop
throughout melting [142]. In a conventional system, the temperature difference
between HTF inlet and outlet decreases as melting progress, whereas the tempera-
ture difference between HTF inlet and the melting point of PCM remains constant.
Hence, the effectiveness, which is the ratio of the above two temperature differences,
tends to decrease during melting. However, the mixing of liquid PCM leads to a
drop in PCM temperature in dynamic melting. This results in a sudden drop of HTF
temperature and an increase in temperature difference between HTF inlet and outlet
[124]. Hence, improvement in the effectiveness of the system can be realized.

As mentioned earlier, the enhancement by dynamic melting is well pronounced
once the mass flow rate of PCM is higher than that of HTF. This is further dem-
onstrated in the recent study by Gasia et al. [143], in which higher PCM velocities
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resulted in a higher heat transfer rate. Consequently, the melting time was found to
be shorter as the PCM velocity increased. If the liquid PCM is pumped at a higher
velocity, the difference between the temperatures of the inlet and outlet of the circu-
lation line would be negligible. This allows the liquid PCM to enter into the system
at low temperature and the temperature difference between HTF and PCM remains
higher, which improves heat transfer rate. As already mentioned, Tay et al. [142]
have reported that PCM’s mass flow rate (or velocity) should be higher than that of
HTF. This sets a threshold value for PCM velocity below which heat transfer rate
enhancement could not be achieved. However, the results of Gasia et al. [143] have
revealed that the heat transfer rate is influenced purely by PCM velocity, and its rela-
tive value with HTF velocity has no influence.

6.2.4 Limitations

The foremost issue with dynamic melting is the commencement of recirculation.
Although Gasia et al. [124] have recommended some threshold values with refer-
ence to PCM temperature, the same may not apply to all PCMs/systems. Hence, it
is important to identify the temperature of PCM at which the pump can be started.
Further, starting and shutting off of the pump should be automated based on the
temperature of the PCM during melting. Even though the cost of the pump operation
may not be significant, the pump along with the recirculation line increases the com-
plexity of the system. Because of the recirculation line, there may be a PCM leakage
problem, which should be addressed while designing the system. Moreover, the heat
gain in the recirculation line demands adequate insulation.

Besides the above issues, there is a limitation that does not have a solution. As
the name implies, it can be employed to improve the thermal performance only dur-
ing melting. In most cases, performance enhancement is needed for both melting
and solidification. In fact, solidification should be given preference as it takes place
at a slower rate than melting. In such a scenario, an additional technique should be
executed for solidification along with dynamic melting.

Despite the issues mentioned above, the results of the reported research seem to
be promising. However, considering the limited quantity of reported research so far,
further research is suggested. Table 4 presents the outcomes of studies on the PCM
recirculation technique.

6.2.5 PCMflux Concept

Moving PCM techniques also help in avoiding the drop in heat flux during the phase
change process. Especially during the discharging (solidification) process, the grow-
ing solidified PCM layer on the heat transfer surface results in a consistent drop in
heat flux. If the PCM is continuously moved during the process, the above issue can
be overcome and hence, a nearly constant heat flux can be maintained. With this in
mind, another technique is developed with movable PCM called the PCMflux con-
cept [144].
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6.2.6 Basic System

In the PCMflux concept, the PCM is made moving over the heat exchanger pipe at a
controlled rate. Unlike the SHX system, the PCMflux system does not allow direct
contact between PCM and heat transfer surface. Instead, the PCM is carried in con-
tainers (encapsulation). The direct contact may arise material damage issues as a
result of corrosion and thermo-mechanical stress (developed due to indifferent den-
sities of liquid and solid PCMs) [145]. Since direct transport of PCM is avoided, the
mechanism for PCM displacement becomes simple, less expensive and requires less
maintenance. However, as the PCM is separated from the heat transfer surface, there
is a dry contact with surface irregularities, which is undesirable from a friction point
of view. More importantly, dry contact results in high thermal resistance due to the
presence of air between the contact surfaces and hence, it is important to maintain a
fluid layer between the PCM wall and heat transfer surface. The presence of a fluid
layer is expected to make effective thermal contact.

6.2.7 System Details and Variants

In the pioneering work, in which the proof of concept is presented, Pointner and
Steinmann [144] employed multiple thin wall containers made of Aluminium foils.
The containers were connected with each other through wires, and the entire con-
tainer link was moved by pulling the wires with the help of an electric motor. The
containers were moved in one direction for charging and in the opposite direction for
discharging.

The heat transfer zone is nothing but a bowl-shaped heat exchanger, and the pipe
was arranged so that the HTF could flow in the direction perpendicular to the direc-
tion of movement of PCM containers. The fluid layer used for avoiding dry contact
filled the bowl. Because of the bowl-shaped arrangement, the containers moving
over the ramp could slide inside the bowl, making thermal contact with the heat
exchanger pipe. Once the phase change process is over, the containers leave the heat
transfer zone by rising over the bowl. The bowl-shaped heat exchanger configuration
helps contain the fluid layer in the heat transfer zone and avoids the requirement of
a large volume of fluid to cover the entire system. Unlike the bigger container, the
smaller containers need not have stiffer walls. Besides the above, the entire bowl
would act as a fin for the heat transfer pipe.

The system detailed, shown in Fig. 10, is nothing but a horizontal arrangement as
the containers travel in a horizontal direction. On the other hand, a vertical arrange-
ment is also found in the literature [146—148]. In the vertical arrangement, the PCM
containers arranged as parallel layers move vertically over the finned heat transfer
pipes surrounded by the fluid layer. Because of the vertical configuration, the con-
tainers can move on both sides of each pipe. This allows doubling the PCM vol-
ume for the same heat transfer rate compared to the horizontal configuration [145].
However, this arrangement has a couple of issues from a practical point of view. As
multiple heat transfer zones exist, it is important to keep the distance between con-
tainer and heat transfer zones as minimum as possible. With small gaps, the danger
of PCM blockage increases [145]. Secondly, if the shape of the containers changes,
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Wire

PCM
PCM container

Insulation

Heat exchanger

Heat exchanger
pipe

Directing system

Fig. 10 Schematic of the horizontal PCMflux system [148]

they would be stuck and ultimately would result in system collapse. This demands
stiff container walls, which would be uneconomical [147].

Besides horizontal and vertical arrangements, a third variant is also proposed by
Steinmann [145] in which the container is a rotatable tube placed on the bowl. The
rotation of the tube allows the PCM to move, and once the phase change process is
over, the liquid PCM can be collected from the lower portion of the tube. Hence, the
supply/collection of liquid PCM takes place on its own. Although this design seems
interesting, no other details could be explored due to a lack of investigations. The
three variants for PCMflux concept implementation are illustrated in Fig. 11.

(a)

Fluid Layer

Heat exchanger pipe

Fig. 11 Variants for PCMflux concept implementation [147] (a) horizontal; (b) vertical; (c) circular
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The potential of the PCMflux concept is demonstrated only with a system hav-
ing one heat-transfer pipe (one heat transfer zone). The phase change length of the
PCM relies on the single heat transfer pipe, and the PCM has to move over the heat
transfer zone for a distance equal to its length in the direction of movement. In this
perspective, Steinmann [145] has reported the distributed module in which multiple
heat transfer pipes with individual bowls and fluid layers are available. With this
arrangement, the distance to be moved by the PCM is reduced by 1/n™ of the origi-
nal distance (where n is the number of heat transfer zones). This permits reducing
the feed rate, which is an attractive benefit. However, such a module needs further
physical validation.

6.2.8 Significance of Intermediate Fluid Layer

The presence of a fluid layer that provides the wet contact, enhances the heat transfer
by around 10 times compared to dry contact [147]. The employed fluid is expected
to satisfy a couple of requirements. Firstly, the fluid should have higher thermal con-
ductivity for better thermal contact. Secondly, the melting temperature of the fluid
should be less than the operating temperature of the system. This is to ensure the
liquid state of the fluid throughout the phase change processes so that the movement
of the containers is not restricted. Although liquid metals may be suitable candi-
dates, the cost involved works against them [145]. In the few experimental studies
reported, the eutectic mixture NaNO,-NaNO;—KNO; was employed as an interme-
diate fluid for the PCM (another eutectic mixture, KNO,;—NaNO;) [144, 147, 149].
Since the melting temperature of the eutectic mixture (fluid layer, 142 °C) is much
lower than that of PCM (222 °C), it seems to be an appropriate choice. However, the
poor thermal conductivity develops fluid thermal resistance, which depends on the
thickness of the fluid layer. Hence, it is important to keep the thickness of the fluid
layer as minimum as possible [147].

As mentioned earlier, stiff container walls may be required considering the poten-
tial collapse of the system due to buckling if lighter material is employed. However,
Pointner et al. [147] have reported that the presence of a fluid layer provides a damp-
ing action, and thus, buckling would not be a concern.

6.2.9 Heat Transfer Performance

Unlike other techniques, the PCMflux technique is not investigated from a heat
transfer enhancement point of view by the limited number of works reported so far.
On the other hand, the PCMflux concept is developed to achieve constant heat flux,
especially during the solidification process. To verify the above-mentioned charac-
teristic of the PCMflux concept, a representative module (horizontal version) was
tested by Pointner and Steinmann [149], and the results of timewise variation of heat
flux are presented in comparison with the stationary case (Fig. 12). In the case of the
stationary module, the heat flux was decreasing almost throughout the solidification
process. Although a sharp decrease in the heat flux was observed at the beginning
and towards the end, the heat flux remained constant during the remaining period
in the moving PCM module. In the beginning, the liquid PCM is generally in a
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Fig. 12 Timewise variation of heat flux during solidification in moving PCM system and in stationary
PCM system [148]

superheated state, and hence, there would be a decrease in heat flux till the sensible
heat transfer phase is completed. Further, the sensible cooling process is relatively
faster, which causes a sharp decrease in heat flux. As far as the end phase is con-
cerned, the PCM containers have already moved past the heat transfer zone, result-
ing in a drop in heat flux.

Pointner and Steinmann [149] have further reported a strong relation between the
velocity of the containers and the heat flux. The simulation trials have revealed a
linear relation between velocity and heat flux up to a particular velocity value, which
is called nominal velocity. If a higher than the nominal velocity is used, the PCM
moves very fast, reducing the contact time between PCM and HTF. This ultimately
results in incomplete phase change. Hence, the system has to be operated at a veloc-
ity equal to or below the nominal velocity. It is further mentioned that any value of
velocity within the linear variation can exhibit constant heat flux. However, veloci-
ties below nominal velocity would result in a quasi-phase change interface even
before the container reaches the end of the heat transfer zone. Hence, the heat trans-
fer area is not fully utilized, which means lower values yet constant heat flux would
be maintained.

Although minimal experimental and theoretical investigations have been carried
out on the PCMflux concept to date, the proof of concept is well demonstrated. In
order to make the concept a practically implementable one, future research should
focus on the following aspects.

(1) Heat transfer enhancement during melting needs to be investigated.

(2) The extent of heat loss during the travel of containers is not yet reported by any
study.
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(3) An extensive comparison between a conventional system and a PCMflux system
in terms of heat transfer rate, decrease in melting/solidification time, storage/
discharge efficiency and energy stored may be carried out.

(4) Considering the questionable durability of aluminum foil, alternative high dura-
ble materials may be tested without compromising on cost and thermal conduc-
tivity.

(5) Cost analysis should be performed to verify the economic viability of the con-
cept.

6.2.10 Limitations

Similar to other movable PCM systems, systems involving the PCMflux concept
also require additional power to operate conveyors. Further, the system seems com-
plex due to the conveyor mechanism, PCM containers and the presence of an inter-
mediate fluid layer.

6.3 Scraping of Solidified Layer

The growing solidified layer of PCM on the heat transfer surface can also be
removed with scrapers. Because of the scraping of solid PCM, the heat transfer sur-
face is continuously exposed to liquid PCM, and hence, a nearly constant heat flux
condition is achievable. The mechanical scraping of the product of interest is gen-
erally required if the heat exchanger handles products that are viscous or sticky or
solid-liquid PCMs or possessing solid matter [150]. Hence, this technique is quite
popular in industries like chemical, pharmaceutical and food processing. In general,
the heat exchangers employing scrapers are known as scraped-surface heat exchang-
ers (SSHX). The SSHXs provide not only high heat transfer rate and nearly constant
heat flux but also agitation and mixing of the medium.

6.3.1 Solidification in SSHX

The successful employment of SSHX for enhancing the solidification process is
reported in the literature [150-156]. The proposed designs are of two types with
respect to the operation of the scrapers. They are.

e Moving scraper
¢ Fixed scraper or rotating drum

6.3.2 Moving Scraper

In fact, the moving scraper arrangement is widespread in the applications wherein
SSHX is employed [150]. In particular, this type is found to be effective in the food
industry for the preparation of ice creams, soup, sauce, jam, chocolates, caramels,
etc. [157]. A typical movable blade SSHX consists of a centrally located rotating
shaft which is provided with two or four pivoted blades. The blades are kept at either
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90° or 180° apart, depending on their quantity. The rotating shaft (rotor) with blades
is surrounded by a hollow stationary tube that provides space for the product. The
product can enter into this space and leave during the processing. The rotor and
outer stationary tube are enclosed in another tube so that an annular gap is provided.
The HTF is permitted to flow through the annular gap. The construction details of a
typical SSHX are presented in Fig. 13.

As the cold HTF flows through the annular gap, the liquid medium in the inner
tube starts solidifying on the heat transfer surface. The solidified layer is then
removed by the scraper blades, and hence, the liquid medium comes in contact
with the heat transfer surface. The blades are generally spring-loaded, and hence,
periodical scraping, if required, can be ensured. Using the arrangement explained
above, Lakhdar et al. [152] observed enhanced heat transfer characteristics during
freezing of water—ethanol mixture. While removing the ice layer formed adjacent to
the heat transfer surface, the rotary blades also bring new water solutions available
far from the heat transfer surface. This actually reduces the internal thermal resist-
ance contributed by the ice layer formed. Besides removing the ice layer, the rotary
blades allow it to mix radially with the rest of the solution. This effect was found
to be effective in increasing the freezing rate. By increasing the rotational speed of
the blades, the time gap between successive scraping could be reduced. Hence, the
reduction in thermal resistance depends on the rotation speed. However, this effect
was more pronounced only up to a speed of 500 rpm.

The effect of rotational speed is also addressed by Singh and Kachhwaha [150].
The authors have designed and fabricated a similar configuration for ice slurry
production. However, the central tube in which the rotor was placed was wounded
by copper coils instead of another single tube enclosure. The copper coils car-
ried the refrigerant, and this acted as an evaporator to produce the cooling effect
required for freezing water on the inner heat transfer surface. It is reported that the
speed of 24 rpm resulted in the lowest internal thermal resistance of the ice layer.
Although Lee et al. [158] have observed the effect of rotational speed on the perfor-
mance of SSHX, the optimum speed is not reported and rather, the minimum speed
of 350 rpm is recommended. Further, the influence of rotational speed was more

Outer tube

Heat transfer tube

HTF
PCM

Shaft \
Scrapper blad/
Insulation

Fig. 13 Schematic of SSHX [157]

HTF out
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pronounced when the flow rate was low. Hence, it is important to optimize the rota-
tional speed of the blades for the lowest possible thermal resistance.

Apart from speed, a couple of parameters pertaining to blades are critical in
determining the thermal performance of SSHX. The first parameter in the design is
the clearance between the heat transfer surface and the tip of the blades. In fact, if
the tip is very close to the surface, the surface would experience mechanical dam-
age. On the other hand, a wide gap between tip and surface is not preferable as it
may affect the removal of the solidified layer. Hence, an optimum gap should be
identified. According to Lakhdar et al. [152], 1 mm clearance provided effective
removal of ice layer without scraping the surface. However, proper coating of the
surface is still recommended to avoid potential mechanical damage.

The influence of the shape of the scraper is reported by Baccar and Abid [151].
The authors tested two different shapes. The first one was designed in such a way
that the surface of the scraper is perpendicular to the heat transfer surface, whereas
it was curved in the case of the second one. As far as heat transfer performance is
concerned, the curved one is found to be more effective, although there was a reduc-
tion in local heat transfer behind the blades. The authors also investigated the effect
of the number of blades. It is obvious that the frequency of removal of the solidified
layer increases with an increase in the number of blades. However, the increase in
the number of blades also resulted in the expansion of stagnation zones. Further,
the heat transfer coefficient enhancement was almost negligible when the number
of blades was increased beyond four. It should be noted that the increase in num-
ber would increase power consumption. As far as power consumption is concerned,
Qin et al. [159] have reported an interesting result. In general, once solidification is
initiated, the blades start removing the solidified layer. Hence, it may be expected
that the power consumption would increase suddenly as soon as scraping action
begins. However, Qin et al. [159] observed that the increase in power consumption
was consistent with the increase in a solidified layer rather than a sharp increase at
the beginning. As the solid fraction increases, the fluid viscosity tends to increase,
which opposes the blades’ rotation. Hence power consumption increases with an
increase in the solidified layer.

In order to minimize the adverse effect of increased viscous force on blade rota-
tion, Nepustil et al. [153] have proposed linearly moving scrapers. In this design,
sliding scrapers were positioned on both the sides of heat exchanger surface. The
linear movement of scrapers from one end to the other was done to remove the solid-
ified layer. However, this design did not come out well as the growing layer of solid
at the sides reduced the path length of the scrapers. Further, a solid layer reaching
the bottom edge of the scraper arrested the scraper movement. Hence, the authors
employed a redesigned scraper with a telescopic mechanism and a curved profile
at the bottom edge. This design could force the solid layer at the bottom edge to
move upward. Hence, the sliding action of the scraper remained unaffected, and ulti-
mately, a higher discharge rate could be achieved. Nevertheless, the design seems to
be mechanically complex due to the telescopic mechanism and increased number of
supports, frames and bearings.
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6.3.3 Fixed scrapers or rotating drum

As the name implies, this design uses fixed scrapers, and the scraping action is
achieved by rotating the inner tube which carries the HTF. The use of fixed blades is
found to be more effective than moving blades, as the moving blades tend to become
ineffective once the solidified layer is formed around the blades [154].

The concept of rotating drum is illustrated in Fig. 14. The HTF flows through
the centrally located tube, which is made rotating. The central tube is enclosed by a
fixed cylinder which serves as a PCM container. The blades are attached to the inner
surface of the PCM container at one edge, and the other edge remains close to the
heat transfer surface. The solidified PCM formed on the outer heat transfer surface
of the HTF tube is, therefore, removed by the scrapers, which can be easily forced
towards the outer end of the PCM container. This ensures the exposure of the heat
transfer surface continuously to the liquid PCM. As discussed earlier, the moving
scrapers technique has been under research for quite some time now. On the other
hand, the rotating drum concept seems to be relatively new, and only few works
have reported the outcomes.

Although the pioneering work by Nogami et al. [160] did not consider solid-lig-
uid PCM, the role of rotating drum in increasing the performance during single-
phase heat transfer (liquid—liquid) and two-phase heat transfer (liquid—gas) is well
demonstrated. The authors have reported a seven-fold increase in overall heat trans-
fer coefficient due to inner tube rotation compared to the conventional double pipe
exchanger. Although no scraping of physical material occurred due to a single-phase
or liquid—gas medium, the rotation of blades scraped the thermal boundary layer.
It is well-known that the thermal boundary layer contributes to the thermal resist-
ance and scraping the boundary layer leads to a reduction in the thermal resistance
and hence, enhancement in heat transfer rate. In fact, the authors have recommended
employing another set of fixed scrapers inside the rotating tube in order to scrap
the inner thermal boundary layer. Double scraping is proved to be more effective
than single scraping in enhancing the overall heat transfer coefficient. To the best
of authors’ knowledge, the one reported by Maruoka et al. [154] is the first attempt
employing the rotary drum heat exchanger to enhance the solidification rate of
PCM. The authors fabricated a heat exchanger with scrapers on both sides of the

Rotating heat transfer
tube

HTF

Fixed blade
Scraped solid PCM

Solid PCM
Liquid PCM

Fig. 14 Schematic of rotating drum heat exchanger [154]
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heat transfer surface similar to that proposed by Nogami et al. [160]. The results
have revealed a higher heat transfer coefficient due to the rotation of the heat trans-
fer tube. In fact, the overall heat transfer coefficient was found to increase with an
increase in rotational speed and the increase was almost 138 times at 500 rpm com-
pared with no rotation case. Besides enhancing the heat transfer rate, the rotation of
the tube could enhance the retrieval of energy. Even with low speed (100 rpm), the
system could retrieve more than 80 % of latent heat from the PCM in a short period
of time (1000 s). On the other hand, even after 4 h, the conventional system could
retrieve only 50 % of total latent heat. The amount of energy retrieved increases with
an increase in rotational speed.

Following Maruoka et al. [154], Tombrink et al. [155] have proposed a new
technique of rotating drum system, and the reported work provides more insights
into the heat transfer behavior of PCM under scrapping. In the new design, a rotat-
ing drum that carries HTF is immersed in the PCM tank partially. As the drum
rotates, the solidified layer formed around the immersed portion of the drum is car-
ried along the container, which reaches the fixed blade located on one side from
where it can be removed from the drum. Hence, the scrapping action takes place at
each revolution of the drum. Experimentations were performed for three different
cases. Besides solidified layer, the rotating drum also carries some quantity of liquid
PCM along, and this liquid PCM layer is expected to solidify once the surface of
the drum comes out of the container. In the first case, this was investigated, whereas
in the second case, the liquid PCM layer carried by the drum was removed using a
rubber lip as soon as the drum surface left the liquid PCM. In the first and second
cases, the solidified layer reaches the blade only after travelling for some angle of
rotation out of the container. However, the scraping of solidified layer shortly after
the drum surface came out of the PCM container was considered in the third case.
The comparison of the three cases has revealed that an average of 30 % increase
in heat transfer is possible in the second case compared to the third one irrespec-
tive of the rotational speed. As the drum leaves the liquid PCM, the solidified layer
can be further cooled by transferring sensible heat to the surroundings. This would
result in additional heat transfer. On the other hand, the first case is found to be more
effective as the heat transfer was increased by an average of 45 %. The liquid PCM
layer comes out along with the solidified layer tends to solidify prior to reaching the
blade. This expands the surface of the active solidified layer, and hence, additional
heat transfer is possible. The increase in additional heat transfer was found to be
increasing with an increase in rotational speed. Compared to the design proposed
by Maruoka et al. [154], the one of Tombrink et al. [155] brings in an additional
advantage. The scarped solid PCM can be transferred to a separate storage tank. As
discussed already, the separation of heat exchanger and storage tank offers flexibility
in heat exchanger design.

The subsequent work by Tombrink et al. [156] has proved that the proposed
design is effective for even high-temperature applications. The simulation work
on rotating drum heat exchanger having the same geometrical properties as the
one employed in Ref. [155], considered a high-temperature PCM (Sodium Nitrate-
having a melting temperature of 306 °C). It is shown that the heat transfer coeffi-
cient was as high as 6000 W-m~2K at 50 rpm, although there was a decrease in the
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difference between HTF temperature and the melting point of PCM. Nevertheless,
the heat transfer coefficient value was higher than 3000 W-m~K even when the tem-
perature difference was on the higher side. This value is more than what is generally
found in typical evaporators. Hence, the rotating drum heat exchanger seems to have
good potential for steam generation in power plants.

6.3.4 Limitations

Basically, SSHX is developed to scrap the thermal boundary layer which exists adja-
cent to the heat transfer surface. In the systems involving single-phase medium and
liquid—gas two-phase medium, it is possible to employ SSHX for both heating and
cooling processes. However, for solid-liquid phase change, SHX is proven to be
effective only for solidification as the rotating blade or drum may not function effec-
tively in the presence of solid PCM during melting.

As mentioned already, the scraping action may cause mechanical damage to the
heat transfer surface. This demands expensive surface coating. In addition to the
above disadvantages, the mechanism for moving/rotating the blade/drum adds to the
system complexity and cost.

7 Conclusions

The present review focuses on alternative techniques for enhancing phase change
heat transfer rate in LHTESS. Although the identified techniques show promising
potential in enhancing phase change heat transfer rate without compromising stor-
age capacity, they are not a straightforward solution due to various practical issues.
In this perspective, this work evaluates the reported researches on such techniques
applicable to LHTESS. The outcomes of this review are summarized as follows.

(1) Direct contact heat exchanger offers a simple configuration as compared to the
conventional heat exchanger. However, the clogging of the distribution system
by solid PCM crystals and the creation of effective flow channels are the two
major issues to be sorted out.

(2) Ultrasonic vibration should not be implemented continuously during the phase
change processes; rather, an intermittent operation is recommended.

(3) EHD technique seems to be much simpler than ultrasonic vibration for enhancing
the phase change rate.

(4) Although SHX is proved to be effective, the complexity of the system and the
cost involved do not work in favor of this technique.

(5) Inthe PCM recirculation technique, the recirculation lines should be taken care
of as they are the major source of heat loss/gain.

(6) The roles of the intermediate fluid layer and the velocity of the PCM container
are critical in determining the effectiveness of the PCMflux concept.

(7) For scraping the solidified layer, the rotary drum concept seems better suited
than the rotating blade concept.
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