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Abstract: Renewable energy resources require energy storage techniques to curb problems with
intermittency. One potential solution is the use of phase change materials (PCMs) in latent heat
thermal energy storage (LHTES) systems. Despite the high energy storage density of PCMs, their
thermal response rate is restricted by low thermal conductivity. The topic of heat transfer enhancement
techniques for increasing thermal performance of LHTES systems has mainly focused on passive
heat transfer enhancement techniques with less attention towards active methods. Active heat
transfer enhancement techniques require external power supplied to the system. In this paper,
recent advances in active heat transfer enhancement techniques within LHTES systems are reviewed,
including mechanical aids, vibration, jet impingement, injection, and external fields. The pertinent
findings related to the field are summarized in relation to the charging and discharging processes of
PCMs. Suggestions for future research are proposed, and the importance of additional energy input
for storage is discussed.
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1. Introduction

Renewable energy resources require no fossil fuels to produce electricity, allowing
them to reduce carbon pollution and combat climate change. Due to the rapid demand to
decarbonize the energy sector, solar energy has been the fastest growing energy resource
in the United States in recent years [1]. Despite the benefits of solar, wind, and other
renewable energy sources, they are constrained by unpredictable weather patterns. To
counter the issue of intermittency, energy storage techniques can be implemented to store
and release energy on demand. Recently, research attention has focused on thermal energy
storage for renewable energy applications.

The three thermal energy storage techniques include thermochemical, sensible, and
latent heat thermal energy storage. Thermochemical energy storage takes advantage
of reversible chemical reactions to store and release energy [2]. The chemical reactions
in thermochemical systems are more complex than the physical reactions undergone in
sensible and latent systems. Sensible heat storage is characterized by an increase or decrease
in the temperature of a liquid or solid to store and release thermal energy [3]. Latent heat
thermal energy storage (LHTES) utilizes a phase change material (PCM) that melts and
solidifies to store and release thermal energy. PCMs allow LHTES systems to store more
energy per unit volume than sensible systems due to an isothermal energy storage process
during phase change. The amount of energy stored during phase change is known as the
latent heat of fusion. Typically, a heat transfer fluid (HTF) is used to transfer heat from
a source/sink to/from the PCM. Applications for LHTES systems include concentrated
solar power [4], food drying [5], domestic heating [6] and cooling [7], hot water [8,9],
biomedical [10], waste heat recovery [11,12], and electronic thermal management [13,14].
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Although PCMs have a high energy storage density, their thermal performance is
hindered by low thermal conductivity. The low thermal conductivity of PCMs requires
the implementation of heat transfer enhancement techniques to increase the rate at which
energy is stored and released. The use of passive heat transfer enhancement techniques
employed within LHTES systems has been heavily researched. These include nanoparticle
dispersion [15], heat pipes [16], porous matrices/conductive foams [17], and extended
surfaces and fins [18] within PCM. The heat transfer within PCM can be further improved
through a combination of techniques, which are reviewed by Khademi et al. [19].

Active heat transfer enhancement techniques have also been researched within LHTES
systems. Active techniques require external power, which makes them more complex and
less popular than passive systems. Active heat transfer enhancement techniques employed
with LHTES systems include mechanical aids, vibration, jet impingement, injection, and
external fields. There have been great reviews on alternative techniques [20], heat transfer
physics [21], and passive/active techniques [22]. The passive/active review mainly focuses
on passive techniques and only covers active enhancement with external fields and vibra-
tion. To the best of the authors” knowledge, there have been no comprehensive reviews
solely focused on active heat transfer enhancement techniques in LHTES systems. The
purpose of the current study is to compile and review recent advancements (2020 to 2023)
made in active heat transfer enhancement within LHTES systems.

2. Mechanical Aids

The enhancement of heat transfer with mechanical aids includes rotating the LHTES
system or stirring the PCM. Classically, rotation is used in heat transfer enhancement of
heat exchangers for industrial applications [23]; however, it has recently been applied to
LHTES systems. A subset of rotation is scraped surface enhancement, where a surface
scraper removes solidified PCM from the outer wall of the storage unit. Scraped surface
heat exchangers are applied in the food [24] and chemical [25] processing industries, which
can be studied to improve LHTES systems.

2.1. System Rotation

Rotation of the LHTES system works on the principle of forced convection heat transfer,
which has been adapted into new techniques for heat transfer enhancement within PCMs.
One of the major heat transfer mechanisms during the melting process of PCM is natural
convection [26]. Without rotation, natural convection is not significant in the solidification
process [27]; however, the addition of rotation may have a major impact. Huang et al. [28]
numerically studied the solidification of n-eicosane and RT-82 PCM in a horizontal triplex-
tube LHTES system, as shown in Figure 1. The system was enhanced using four fins with
optimized lengths, widths, and angles along with constant system rotational speed at 0.05,
0.1,0.2,0.5, and 0.1 rpm. It was found that as rotational speed increases, the solidification
time decreases and the heat transfer rate increases. The results showed that rotation at
0.05 and 1 rpm reduced solidification time by 45.99% and 83.85%, respectively, compared
to no rotation. Natural convection has little impact on the solidification of PCM, but the
solidification rate with rotation is higher than that of PCM with only natural convection.
Although the study optimized the design of the fins, there was no comparison to the system
with no fins.

Soltani et al. [29] numerically studied both the charging and discharging processes
in a horizontal shell-and-tube LHTES system with n-eicosane PCM. Four cases of copper
radial fins were employed with 0, 4, 8, and 16 fins at rotational speeds of 0.1, 0.5, and
1 rpm. The greatest reduction in charging and discharging time was achieved by the
case with four fins at a speed of 1 rpm, with a 73.13% and 83.21% reduction, respectively.
Increasing the rotational speed decreased the charging times, but increasing the number
of fins decreased the effect of natural convection and the rotational speed. In a following
numerical study, Soltani et al. [30] analyzed the enhancement of fins, nanoparticles, and
rotation on a horizontal shell-and-tube LHTES system with n-eicosane PCM. Cases were
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analyzed with four, six, and eight copper fins; copper nanoparticles volumetric fractions of
0.02 and 0.05; and rotational speeds of 0.1, 0.3, and 0.5 rpm. The case with eight fins, 0.5 rpm,
and 0.05 volume fraction of nanoparticles had the fastest charging and discharging times,
with 78.49% and 76.88% reduction in time compared to the unenhanced case; however,
it decreased energy storage and release capacity by 5.1% and 6.5%, respectively. An
optimized case was found with six fins, 0.02 nanoparticle volume fraction, and charging and
discharging rotational speeds of 0.42 and 0.4 rpm. The optimal case decreased charging and
discharging times by 73.67% and 69.73%, respectively, compared to the unenhanced system,
with only 2.5% and 4.1% reduction in energy storage and release capacity, respectively. It
was found that the enhancements with lower charging and discharging times had lower
amounts of energy stored and released.
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Figure 1. Physical model of rotational finned LHTES system by Huang et al. (Copyright 2022
Elsevier) [28]. (a) Schematic diagram of triplex-tube LHTES 3-D model; (b) 2-D section diagram;
(c) computational domain.

Based on the previous studies analyzed, the use of constant rotation has a signifi-
cant impact on the charging and discharging process of LHTES systems. Other studies
have analyzed alternative methods to constant rotation to reduce the additional energy
consumption. Yu et al. [31] numerically studied the melting time of D-mannitol PCM in
a rotating horizontal shell-and-tube LHTES system. Constant rotation speed at 0.01667,
0.08333, 0.16667, 0.5, and 1 rpm was compared to a case with no rotation. The authors
also proposed a “single rotation” method where the system was rotated 180° at specific
liquid fractions to enhance heat transfer equivalent to constant rotation. It was shown
that increasing the rotational speed results in a higher melting speed, but continuing to
increase the speed will result in insignificant reductions in melting time. “Single rotation”
was found to have similar effect as the highest rotation speed at 0.5 liquid fraction, which
decreased melting time by 811% compared to the unenhanced system. The “single rotation”
was also found to reduce melting time by 116% compared to a static case with three radial
fins. During charging, the PCM in the upper half of the system is dominated by natural
convection, which melts faster than the lower half, which is dominated by conduction. By
flipping the container at a specified liquid fraction, the cooler PCM at the bottom of the
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container can move to the top, where greater heat transfer takes place. A similar process
was analyzed by Khoroshahi and Hossainpour [32], who numerically studied “step by
step” rotation in a horizontal shell-and-tube LHTES system with RT-82 PCM. Eight cases
of constant rotation were investigated between 0 and 0.0036 rpm. A novel “step by step”
rotation included one scenario with counterclockwise turns with different numbers of stops
and another scenario where the system is rotated once counterclockwise and then turned
clockwise back to the initial position. The study determined that constant rotation does not
have a significant impact on melting time because of the lack of natural convection vortex
formation. An optimized “step by step” case was found, where the container was not
rotated for a duration of 190 min and then was rotated 180°. This process was then repeated
two more times, which resulted in a 15.5% reduction in melting time compared to the fixed
case. This study may have concluded that there was no significant increase in melting time
from constant rotation because the rotational speeds chosen were slow compared to other
studies. The same authors, Khoroshahi and Hossainpour [33], further analyzed the “step
by step” rotation method in the same system enhanced with two, three, and four aluminum
fins compared to a no-fin case. The fins designed in the study fully section off the PCM
in the container, which decreased the melting time by not allowing hot PCM to exchange
energy with colder regions during rotation. An optimal case with four fins at 90° and two
vertical stops at an angle difference of 180° was determined. The optimal case decreased
melting time by 72% and increased the energy stored after 167.67 min by 115% compared to
the fixed and no-fin storage. The previous study by the authors used constant rotation, but
constant rotation was not used with full-scale fins. The effect of full-scale fins with constant
rotation should be further investigated. Zheng et al. [34] numerically analyzed the melting
of paraffin PCM in a rotating horizontal shell-and-tube LHTES system. A static case was
compared to rotational cases of 1, 2, 4, §, and 16 rpm. Rotation was started only after the
PCM around the fins reached melting temperature to prevent the fins from hitting the
solid PCM. As determined with other studies, increasing the rotational speed increases the
melting rate. At 16 rpm, a 46.96% reduction in melting time and 79.02% increase in thermal
energy storage rate was achieved compared to the static case. The study recommends
that 2 rpm should be the lowest rotational speed used. A complimentary experimental
validation showed 1.5 W was required for rotation of the system.

There are many computational studies on rotation in LHTES systems; however, due to
the complexity of the systems, there is little attention towards experimental work. Fathi
and Mussa [35] experimentally analyzed the rotation of a horizontal shell-and-tube LHTES
system with paraffin wax PCM. Rotational speeds of 3, 6, and 9 rpm both clockwise and
counterclockwise were studied. No significant difference in the melting time was found
when comparing the still case to the rotating cases. After 10.75 h the 9-rpm case had an 8%
increased liquid fraction compared to the fixed case. The authors, however, did not fully
analyze the melting time and did not fully charge the system. Another experimental study
conducted by Yang et al. [36] analyzed rotation in a horizontal shell-and-tube LHTES system
with paraffin PCM. Three cases were studied including static, one flip 180° after 120 min,
and 0.13 rpm. The flipping time was then optimized using dimensionless flipping times of
0.25, 0.375, 0.625, and 0.750. The constant rotation case decreased melting time by 19.35%
compared to the static case. Flipping the system at an optimal point of 0.375 decreased
melting time by 37.50% compared to the static case. A further energy analysis showed
that flipping the system takes an additional 5 | of energy, whereas the constant rotation
is an additional 1500 J. The energy required in both cases was considered negligible by
the authors. The experimental methods and apparatus, shown in Figure 2, provide a
thorough explanation of the components used to build the system, which can be used for
future research.
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Figure 2. Experimental rotational apparatus from Yang et al. (Copyright 2022 Elsevier) [36].

Essa et al. [37] experimentally studied the enhancement of a tubular solar still with
a rotating drum and paraffin wax PCM. The solar still was analyzed with copper oxide
nanoparticle paint and rotation speed between 0.05 and 0.7 rpm. Without PCM and
nanoparticle paint, the production of water from the solar still was increased by 121% at
0.1 rpm compared to the conventional system. When the system was enhanced with PCM,
nanoparticle coating, and 0.3 rpm rotation, the productivity was increased by 218%.

The flipping method shows promising results when compared to constant rotation in
both thermal performance and energy consumption. The flipping of a horizontal PCM con-
tainer can be further improved by using eccentric HTF tubes. Modi et al. [38] numerically
investigated eccentric tube locations within a horizontal shell-and-tube LHTES system with
RT-50 PCM. The study found that eccentric position of the tube moving towards gravity
improves melting performance but does not significantly improve after a dimensionless
position of 0.75. Moving the tube away from gravity improves solidification but, as with
melting, reaches an optimized position at —0.30. The opposite behavior of melting and
solidification led to a novel 180-degree rotation method where the eccentric tube could
be located at the bottom of the container during charging and flipped to the top during
discharging. The concept for the eccentric tube rotational LHTES system is shown in
Figure 3. An optimized case for rotation was found to be 0.30, which had a total melting
and solidification time of 12.46 h compared to the concentric configuration, which had a
combined time of 16 h.
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Figure 3. Rotating eccentric tube LHTES system concept from Modi et al. (Copyright 2022 Elsevier) [38].



Energies 2023, 16, 4165

6 of 27

A similar study by Soltani et al. [39] numerically analyzed eccentric tube locations in a
rotational horizontal shell-and-tube LHTES system with n-eicosane PCM. In addition to
eccentric tube locations, various diameter ratios of the container were compared, as well
as constant rotation. Using the eccentric tube location while flipping the system between
charging and discharging processes, the thermal performance of the system was increased
compared to the central and constant rotational cases. The optimal case of 0.05 eccentricity
with 180° rotation between charging and discharging achieved the fastest combined melting
and solidification time for all the cases.

The studies focusing on rotational enhancement of LHTES systems are summarized
in Table 1. The following are suggestions for future enhancements of rotational LHTES
systems. To the authors” knowledge, there has only been combined passive techniques
and rotation using fins. Future studies should combine porous material and nanoparticle
dispersion with rotational enhancement. In addition, rotation should be more thoroughly
compared to passive techniques to see if the energy expenditure is cost effective. Additional
experimental analysis on single rotation or flipping should be carried out. All of the studies
reviewed used horizontal shell-and-tube LHTES systems. Rotation in vertical LHTES
systems or other geometries/orientations should be examined.

Table 1. Summary of studies on rotational enhancement of LHTES systems.

Phase Change

Reference Study Type Enhancement PCM Result
Process
Constant rotation n-eicosane and As rotation increases, the
Huang et al. [28] Numerical with optimized RT-82 Solidification solidification time decreases
fin dimensions and heat transfer rate increases.
Increasing the rotational speed
Constant rotation . .decreages charging time, b_ut
. . . . . Melting and increasing the number of fins
Soltani et al. [29] Numerical with variable number n-eicosane O
. solidification decreases the effect of natural
of fins .
convection and the
rotational speed.
Constant rotation, . . Increésmg charg'mg and
. . . . Melting and discharging rates will decrease
Soltani et al. [30] Numerical fins and n-eicosane U
. solidification the energy storage and
nanoparticles :
release capacity.
Single rotation at 0.5 liquid
Yu et al. [31] Numerical Cons'tant rotatlf)n D-mannitol Melting fractl(.)n has a similar eff.ect on
and single rotation charging compared to highest
rotational speed tested.
Optimized step-by-step rotation
Khoroshahi and with two turns at 180° and
. Numerical Step-by-step rotation RT-82 Melting 190 min stop duration resulted
Hossainpour [32] . o .. .
in a 15.5% reduction in melting
time compared to the fixed case.
Optimal case was found with
Step-by-step rotation four fins at 90° and two vertical
Khor(?shah1 and Numerical with variable number RT-82 Melting Stof satan angle chfference‘ of
Hossainpour [33] of fins 180°, which decreased melting
time by 72% compared to fixed
and unfinned case.
Constant rotation 16 pm r.esulteq n 4.6'96 o
after PCM around reduction in melting time and
Zheng et al. [34] Numerical fins reaches Paraffin Melting 79.02% increase in thermal
. energy storage rate compared
melting temperature .
to static case.
No significant difference in the
Fathi and Mussa [35] Experimental Constant rotation Paraffin wax Melting melting time was found when

comparing the still case to the
rotating cases.
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Table 1. Cont.

Phase Change

Reference Study Type Enhancement PCM Result
Process
Flipping the system at an
optimal point decreased
. Constant rotation ) . melting time by 37.50%
Yang etal. [30] Experimental and single rotation Paraffin Melting compared to the static case,
where constant rotation only
increased by 19.35%.
With PCM, nanoparticle
Essa et al. [37] Experimental Constant rotation of Paraffin Mt.zlt.lr'lg a.nd coating, and 0.3 rpm the
solar still solidification production of water was
increased by 218%.
Optimized dimensionless
Single rotation eccentric tube location of 0.30,
. . between charging Melting and which had a total melting and
Modi etal. [35] Numerical and discharging with RT=50 solidification solidification time of 12.46 h
eccentric tube compared to 16 h with
concentric tube.
Single rotation Optimal case of
. . between charging . Melting and 0.05 dimensionless eccentricity
Soltani et al. [3] Numerical n-elcosane solidification achieved the fastest combined

and discharging with
eccentric tube

melting and solidification time.

2.2. Rotating Cylinder within PCM

Another rotational technique applied to LHTES systems is the use of a rotating cylin-
der located directly within the PCM. Selimefendigil and Oztop [40] numerically studied
the fluid flow and heat transfer characteristics of RT-25 in a rectangular enclosure LHTES
system with the addition of a rotating cylinder. The system, which is similar to those
in the following studies, is shown in Figure 4. The system was analyzed in the melt-
ing process with angular rotational speeds of —7.5 to 7.5 rad/s, vertical locations of the
cylinder from 0.25H to 0.75H, and two different sizes of cylinders, 0.05H and 0.1H. The
study determined that the average Nusselt number increases by 22.50% for an angular
rotational speed of 7.5 rad /s compared to the no-rotation case. In addition, spatial average
heat transfer is 19.8% higher for the stationary cylinder and increases 10% for clockwise
rotation of the larger cylinder. The study did not include an analysis of the rotating

cylinder on discharging.
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Figure 4. Schematic of LHTES system with rotating cylinder by Selimefendigil and Oztop (Copyright
2019 Elsevier) [40].
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A similar study was conducted by Farahani et al. [41] on a rectangular enclosure
LHTES system with lauric acid PCM enhanced with rotating and oscillating cylinders. The
system was analyzed with zero to four cylinders in different arrangements in the system
with rotational speeds from —10 to 10 rad/s and oscillating frequencies of 0.1, 0.5, 1, 5, and
50 Hz. It was found that rotation of the cylinders decreased melting time most effectively
at —3 and 10 rad/s compared to the stationary case. Increasing the cylinder oscillation
range increased melting time, and increasing frequency decreased melting time. The most
effective case was two cylinders horizontally placed in the system. In a numerical analysis
by Qasem et al. [42], the effect of a rotating cylinder and wavy-walled rectangular enclosure
LHTES system was analyzed on nano-PCM. Rotational speeds of —5 (clockwise) to 5 rad/s
as well as number of undulations in the wall from one to four were studied. It was
determined that the cylinder should rotate in the same flow direction as natural convection
(clockwise). At —5 rad/s, the melting speed increases by 88% compared to no rotation. The
undulation number was also found to be most efficient at 1. Al-Kouz et al. [43] numerically
studied a rectangular enclosure LHTES system enhanced with a rotating cylinder and
external magnetic field. The cylinder was rotated at speeds of —10, 5, and 10 rad/s at
vertical locations of 0.025, 0.05, and 0.075 within the enclosure. An external magnetic field
was applied with Hartmann numbers of 0, 5, and 10. The rotation of the cylinder was
found to increase the heat transfer rate up to 21.2% compared to a static case; however, the
external magnetic field was found to decrease heat transfer. The authors determined that
vertical placement of the cylinder can be used to optimize heat transfer.

A similar heat transfer enhancement technique has been applied to the HTF in PCM-
packed bed systems. This can be seen by introducing rotating cylinders [44,45], surfaces [46,47],
and disks [48] to the HTF flow before reaching the PCM. Another study analyzed the mixed
convection of water and nano-encapsulated PCM with a rotating cylinder [49].

Table 2 summarizes the studies on PCM with rotating cylinders. To the authors’
knowledge, there have been no experimental studies on this enhancement technique, which
suggests that the findings should be verified through experimental testing.

Table 2. Summary of studies on PCM enhanced with rotating cylinders.

Reference Study Type Enhancement PCM Phase Change Result
Process
Average Nusselt number
. .. . . Cylinder rotation, . increases by 22.50% for angular
Selimefendigil and Oztop [40] Numerical location, and size RT-25 Melting rotation of 7.5 rad /s compared
to the no-rotation case.
Increasing cylinder oscillation
Farahani et al. [41] Numerical Cylinder Jotation Lauric acid Melting range Increases melting time,
and oscillation and increasing frequency
decreases melting time.
Cylinder should rotate in the
Cvlinder rotation in a Not same flow direction as natural
Qasem et al. [42] Numerical y o Melting convection. The most efficient
wavy-walled enclosure Specified

number of undulations in the
heated wall is 1.

Al-Kouz et al. [43]

Rotation of the cylinder can
increase heat transfer up to
21.2% compared to a static case;
however, the external magnetic
field decreases heat transfer.

Cylinder rotation,
Numerical location, and external ~ Not specified Melting
magnetic field

2.3. Scraped Surface

The concept of rotation can be applied to scraped surface heat exchangers for LHTES
systems. During the solidification process, PCM begins to solidify on the heat transfer
surface. The low thermal conductivity of the PCM in its solid state acts as insulation
between the molten PCM and the heat transfer surface. By actively scraping the solidified
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PCM from the heat transfer wall, the thermal resistance between the HTF and molten PCM
is decreased, which increases the discharging rate. This technique has been applied in the
following studies. Maruoka et al. [50] experimentally studied the solidification of sodium
acetate tri-hydrate PCM in a vertical shell-and-tube LHTES system with a rotating HTF
tube and fixed blade. During the discharging process, the HTF tube was rotated at 100,
300, and 500 rpm, which allowed for the solidified PCM to be scraped off the HTF tube.
The proposed schematic of the system is shown in Figure 5. The study showed that as
rotation rate increases, the overall heat transfer coefficient increases, reaching more than
2000 W/m?K at 500 rpm. The heat transfer rate decreased at a heat release ratio of more
than 80-90% due to the PCM around the HTF tube solidifying.

Rotating Heat

transfer Tube Heating
‘medium

écraped
solid PCM

Solidified

PCM layer

PCM (Liquid)

Figure 5. Proposed schematic of scraped LHTES system by Maruoka et al. (Copyright 2020 Elsevier) [50].

A similar study with a unique LHTES system was conducted by Egea et al. [51].
The authors experimentally analyzed the heat release rate of RT-44HC PCM in a vertical
cylindrical LHTES system with the HTF surrounding the PCM container. Three sets of
rotating blades were connected to a pipe, which rotated to scrape PCM off the outer wall
of the container. The schematic of the system is shown in Figure 6. Rotating speeds
of 3, 5, and 7.5 rpm were utilized and compared to a non-scraping mode at 0 rpm. It
was determined that the heat release rate is not significantly impacted by an increase
in rotational speed. The scraping mode resulted in a 2-3 times higher heat release rate
regardless of rotational speed.

(PCM bulk temperature)

1000 mm Lt THype

- S , Themmocouples
) + (Wall temperature)

@400 mm

@/ '\:& Blades

@300 mm

Figure 6. Schematic of three-blade scraping LHTES system by Egea et al. (Copyright 2022 Elsevier) [51].

Another application of the scraped surface technique is a rotating drum heat exchanger,
which is proposed by Tombrink et al. [52]. The proposed design is a horizontal rotating



Energies 2023, 16, 4165

10 of 27

drum partially submerged in a liquid PCM bath. An HTF is passed through a cavity within
the rotating drum to extract thermal energy, which solidifies the PCM on the outer surface
of the drum. The PCM is scraped off the outer surface of the drum before rotating back into
the PCM bath. Tombrink et al. [52] experimentally analyzed this concept using decanoic
acid PCM. Three different operational modes between 0.25 and 25 rpm were studied, which
are shown in Figure 7. It was determined that minimizing the thickness of the solid PCM
layer on the surface of the drum increases the heat transfer rate. In addition, the heat
transfer rate is 142% higher for constant temperature difference between the PCM and HTF
and constant rotational speed when compared to pure forced convection of PCM without
solidification. By changing the rotational speed, the thermal output is able to be controlled,
but the increase of heat transfer flattens out at higher rotational speeds.

laser measurement

< X""(_( device

L solidPeM

undefined heat

/ exchanging surface

—+— liquid PCM
@

® ® ® ® | lectrical heaters
0000000000006 00

(b)

laser measurement

Q*"”"# device

L ——— solid PCM

—— rubber lipp

__ defined heat
exchanging surface

——4— liquid PCM
__ewowoeo| ™

® @ ® @ | cpctrical heaters
0000000 0CO®O®OEOQ OGO

_—— solid PCM

_ defined heat
" exchanging surface

——+— liquid PCM

|- electrical heaters

©0 00000000000 &0

Figure 7. Schematic of system and modes of operation by Tombrink et al. (Copyright 2020 Else-
vier) [52]. (a) Scraping off the solidified layer and adhering layer shortly before re-immerge into
liquid PCM; (b) scraping off the solidified layer shortly before re-immerge, but removing the adhering
liquid layer by a rubber lip shortly after the surface emerged the liquid PCM; (c) scraping off the
solidified layer shortly after the surface has emerged from the liquid PCM.

Tombrink and Bauer [53] numerically confirmed the results of the previous experi-
mental study. The results show only an 8% deviation in the heat transfer rate from the
experiments for the transient numerical simulations above 4 rpm. Additionally, the authors
analyzed high-temperature sodium nitrate PCM for steam generation at 0 to 300 rpm.
When simulated with 300 rpm and a 150 K temperature difference between the HTF and the
melting point of the PCM, results show that a surface-specific heat flux of up to 500 kW /m?
is achieved. This shows that the system is acceptable for steam generation. Utilizing
the information from the experimental and numerical studies, Tombrink and Bauer [54]
numerically optimized the horizontal rotating drum heat exchanger for use in steam gen-
eration and co-generation of electricity and heat using renewable energy. Utilizing the
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high-temperature PCM, water within the rotating drum can be converted to steam. The
authors determined that the design parameters of the system are freely scalable for usage
in industrial applications.

The studies focusing on scraped surface enhancement of LHTES systems are summa-
rized in Table 3. The following are suggestions for future enhancements of scraped surface
LHTES systems. The scraped surface technique has only been applied to the discharging
process of PCM; however, the charging process needs to be enhanced as well to store
thermal energy. A future study could perhaps employ scrapers that act as fins during
charging. The optimization of energy input for rotation should be further investigated.

Table 3. Summary of studies on scraped surface enhancement of LHTES systems.

Phase Change

Reference Study Type Enhancement PCM Result
Process
. . Overall heat transfer
Maruoka et al. [50] Experimental Ijvoi’;;tlfrilxgestTi;ule)re Sogilﬁn ;:;tt:te Solidification coefficient reaches more than
P y 2000 W /mZ2K at 500 rpm.
Three sets of olating iher hontreease ot than
Egea et al. [51] Experimental blades on heat RT-44HC Solidification & .
non-scraping regardless of
transfer surface .
rotational speed.
. . Minimizing the thickness of
Horizontal rotating the solid PCM layer on the
Tombrink et al. [52] Experimental ~ drum scraped surface Decanoic acid Solidification el
surface of the drum increases
heat exchanger
heat transfer.
A 150 K difference between
Horizontal rotating Decanoic acid and the HTF and the melting
Tombrink and Bauer [53] Numerical drum scraped surface . . Solidification point of the PCM resulted in a
sodium nitrate i
heat exchanger surface-specific heat flux of
up to 500 kW/m? at 300 rpm.
Horizontal rotating Sei?étcltrlré I;tiii:ler:r;fi The design parameters of the
Tombrink and Bauer [54] Numerical drum scraped surface Solidification system are freely scalable for

heat exchanger

sodium nitrate and
potassium nitrate

usage in industrial applications.

3. Vibration

Vibration can be used to improve the thermal response of PCMs in LHTES system:s.
This technique has been used to enhance heat transfer in single-phase fluids within heat
exchangers. The impact of heat transfer in fluids is interesting mainly in the melting
process of PCMs, where the process is driven by convection of molten PCM. To the authors’
knowledge, vibration has only been applied to the melting process of PCMs recently, and
little focus has been on solidification. The inherent vibration associated with mechanical
systems can be used to the advantage of thermal energy storage and thermal management.

Wau et al. [55] numerically analyzed the melting process of paraffin wax in a cubic heat
sink enhanced with mechanical vibration. Vibration frequencies were tested between 0 and
1000 Hz, and the axis of vibration was oriented from 0 to 7w away from gravity. The study
determined that increasing the vibration frequency increases the melting speed of the PCM;
however, low to moderate frequencies are optimal because acceleration of the melting
process slows down after 400 Hz. This can be seen in the reported results from Figure 8.
Additionally, charging speed was the fastest when the axis of vibration was parallel to
gravity (0 and 7). Fundamentally, the vibration increased the mixing of the molten PCM
and the time-averaged convective heat transfer rate.
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Figure 8. Results showing total melting time versus frequency from Wu et al. (Copyright 2021 Elsevier) [55].

A subsequent numerical study conducted by Zhou et al. [56] analyzed the effects of
vibration on the melting of paraffin in a horizontal shell-and-tube LHTES system. Vibration
frequencies ranged from 10 to 1000 Hz with vibrational amplitudes from 1.5 to 10 mm. The
axis of vibration was tilted away from gravity between 0 and 90°. The study determined
that low-frequency vibrations were more effective than high vibrations at decreasing the
melting process duration (Figure 9). The static case, 10 Hz, and 1000 Hz melted in 134.3,
35.1, and 56.2 min, respectively. Increasing the amplitude was found to decrease the melting
time. The testing conditions of 10 mm amplitude and 10 Hz decreased melting time by
84.7% compared to the static case. Furthermore, the most effective tilt of the vibrational
axis was found to be 30° from gravity. The difference in findings between Wu et al. [55]
and Zhou et al. [56] shows that the effect of vibration frequency may be dependent on the
geometry of the system.
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Figure 9. Liquid fraction versus melting time at various vibrational frequencies by Zhou et al.
(Copyright 2022 Elsevier) [56].

The passive fin technique was combined with vibration in a numerical study by Yu
and Chen [57]. The authors combined a single steel 302 fin with mechanical vibration
frequencies from 0 to 1000 Hz and amplitudes with Grashof numbers from 103 to 107
on paraffin wax PCM in a cubic enclosure. Similar results to Wu et al. [55] were found,
where increasing the vibration frequency increased the melting rate; however, the effect
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of increasing frequency above 400 Hz became weak. The authors suggested that the most
effective frequencies fall between 0 and 200 Hz. The increase of vibrational amplitude
was also found to increase melting rate, although the authors noted safety concerns with
increased amplitude if experimentally conducted. Furthermore, it was determined that
an optimal fin length existed between 1/3 and 2/3 of the wall length of the enclosure. A
numerical study by Wu et al. [58] analyzed the effect of vibration enhancement on the
melting of paraffin PCM in a horizontal shell-and-tube LHTES system with six copper
longitudinal fins. The authors cited Zhou et al. [56] for the use of low frequencies from 1 to
4 Hz and amplitudes from 10 to 40 mm. The study determined that increasing amplitude
is more effective than increasing frequency. Increasing from 10 to 40 mm decreased the
total melting time by 75% compared to the no-vibration system while increasing from 1
to 4 Hz decreased melting time by 68.7%. There was no comparison made between the
enhancement of fins and vibration. Al Omari et al. [59] experimentally studied the effect
of vibration on the cooling of hot water using gallium PCM in a cylindrical direct contact
heat exchanger. Vertical sinusoidal vibration was applied at 20 and 50 Hz with amplitudes
of 0.3, 0.5, and 0.7 mm. The 50 Hz and 0.7 mm amplitude case decreased time to reduce
water temperature by 35 °C by 90% compared to the no-vibration case. Under the same
conditions, 99% of heat loss by the water was absorbed by gallium compared to 60% when
static. The remaining heat was lost to the surroundings.

Vibration has recently been studied in battery thermal management systems for electric
vehicles. The goal is to reduce the surface temperature of the battery while taking advantage
of the vibration caused by the road. Du and Chen [60] numerically analyzed the effect
of vibration on a n-octadecane PCM-based thermal management system for lithium ion
batteries in electric vehicles. PCM thickness (3-12 mm), vibration frequency (0 to 200 Hz),
and vibration amplitude (0 to 120 mm) were studied along with two battery discharge rates.
The PCM thickness was found to greatly reduce battery surface temperature at 7 and 9 mm
by 45% and 49%, respectively, compared to the case with no PCM. The authors suggest
using 7 mm due to weight constraints. It was found that increasing vibration frequency and
amplitude decreases battery surface temperature. A frequency of 50 Hz decreased surface
temperature by 30% compared to no vibration. After 80 mm amplitude was reached,
increasing the amplitude further became insignificant. Joshy et al. [61] experimentally
studied vibration on a square passive battery thermal management system using RT-35HC
PCM. Vibration at frequencies of 20, 35, and 50 Hz and amplitudes of 30, 40, and 50 mm/s
at various discharge rates for the battery pack were tested. Frequency was determined to
play a greater role in increasing temperature in lower battery discharging rates, whereas in
higher rates, frequency and amplitude are both significant. In contrast to the previous study,
the authors found that increasing vibration amplitude and frequency increases battery
surface temperature. Zhang et al. [62] experimentally studied the effect of vibration on a
battery thermal management system with paraffin composite PCM with expanded graphite
or graphene nanoparticles. Tests were conducted for vibration amplitudes of 2 to 4 mm,
frequencies of 10 to 30 Hz, and discharge rates of 3C and 5C. The paraffin composite PCM
was tested with 10 wt% expanded graphite, 10 wt% graphene, and 20 wt% expanded
graphite. An optimal case with 20 Hz and 20% expanded graphite was found to be most
effective at cooling the surface of the battery. The vibration was found to enhance the
dispersion and collision of the nanoparticles throughout the PCM. In addition, smaller
vibration amplitudes are better for lower battery temperature.

The studies investigating vibration-enhanced LHTES systems are summarized in
Table 4. Based on the review of recent literature focused on vibration enhancement of
LHTES systems, future suggestions are as follows. The role of vibration in the discharging
process should be studied. A greater comparison between active vibration and passive
techniques should be made to determine the efficacy of vibration. Few studies have
shown energy input for vibration, so future studies should factor in the energy utilized for
vibration. More studies should combine the use of active vibration and passive techniques.
Furthermore, the effect of vibration on different geometries of LHTES systems needs to be



Energies 2023, 16, 4165

14 of 27

further investigated. The role of amplitude and frequency on battery surface temperature
when mediated by PCM needs to be verified because of conflicting results.

Table 4. Summary of studies on vibration enhancement of LHTES systems.

Phase Change

Reference Study Type Enhancement PCM Result
Process
Vibration with various Increasing the vibration frequency
Wu et al. [55] Numerical frequencies and Paraffin wax Melting increases the melting speed
orientation axes of PCM.
Vibration with various le‘liv g:?;leli?d;bﬁizﬁs;d
Zhou et al. [56] Numerical frequencies, amplitudes, Paraffin Melting ge amp .
. . effective at decreasing the
and orientation axes . R
melting time.
Optimal vibration frequency is
. X . . . X X . between 0 to 200 Hz, and optimal
Yu and Chen [57] Numerical Vibration with single fin Paraffin Melting fin length is 1/3 to 2/3 length of
the enclosure wall.
Increasing amplitude is more
. Vibration with X . effective in decreasing total
Wau et al. [58] Numerical 6 longitudinal fins Paraffin Melting melting time than
increasing frequency.
50 Hz and 0.7 mm amplitude
. . Vibration with various . . vibration decreased time to reduce
AlOmarietal. [59]  Experimental frequencies and amplitudes Gallium Melting water temperature by 35 °C by 90%
compared to static case.
Increasing vibration frequency
Vibration with various and amplitude decreases battery
. PCM thicknesses, . surface temperature. An
Du and Chen [60] Numerical frequencies, n-octadecane Melting optimized PCM thickness should
and amplitudes be chosen based on surface
temperature and weight.
Vibration with various Increasing vibration amplitude
Joshy et al. [61] Experimental £ . . RT-35HC Melting and frequency increases battery
requencies and amplitudes
surface temperature.
Paraffin with Vibration was found to enhance
. Vibration with various graphite or . the dispersion and collision of the
Zhang etal. [62] Experimental frequencies and amplitudes graphene Melting nanoparticles throughout
nanoparticles the PCM.

4. Jet Impingement

Jet impingement is an active heat transfer enhancement technique where a stream of a
gas or liquid is forced perpendicular or at an angle onto a surface. The fluid can be used to
transfer thermal energy to or from the surface. In recent studies, the PCM has either been
used as the impinging surface where the jet is focused or combined with the fluid stream
as a PCM slurry.

For PCM use as the impinging surface, the jet can be used for either melting or solidifi-
cation of the PCM. Bharanitharan et al. [63] numerically studied jet impingement of exhaust
gas with various PCMs for waste heat recovery applications. Karami et al. [64] numerically
analyzed the drying process of a moist porous material with micro-encapsulated PCM dis-
persed throughout with an impinging air jet for drying applications in industry (Figure 10).
Faghiri et al. [65] experimentally studied the drop impact dynamics for direct-contact
heat exchange between an impinging intermediate boiling fluid droplet and molten PCM
for LHTES. Selimefendigil and Oztop [66] numerically analyzed convective heat transfer
enhancement of nano-enhanced fluid with magnetic field and multi-jet impingement on a
micro-encapsulated PCM-packed bed system. Based on review of the literature, the use of
jet impingement has yet to be implemented on traditional LHTES systems.
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Figure 10. Diagram of impinging air jet on moist porous material with micro-encapsulated PCM by
Karami et al. (Copyright 2022 Elsevier) [64].

Micro-encapsulated PCM can also be combined with the fluid stream to create a slurry.
These are most commonly used in electronics cooling applications. Zhang et al. [67] exper-
imentally studied the heat transfer of micro-encapsulated PCM slurry as the impinging
fluid compared to water. It was shown that the latent heat of the PCM increased the heat
transfer compared to water. Mohammadpour et al. [68] numerically analyzed the heat
transfer of nano-encapsulated PCM slurry using dual-circular synthetic jets on a micro-
channel heat sink. Synthetic jets are comparable to impinging jets but require less power.
Abhijith and Venkatasubbaiah [69] numerically compared the heat transfer enhancement
of n-eicosane and n-octadecane micro-encapsulated PCM slurries in a confined slot jet. The
results showed that the n-eicosane slurry enhanced heat transfer by 72% compared to plain
water, which outperformed n-octadecane. Mohaghegh et al. [70] numerically compared
jet impingement of nanoparticle and nano-encapsulated PCM slurries, which resulted in
enhancement of thermal performance of 16% and 7%, respectively, compared to water.

5. Injection

Injection is another active heat transfer enhancement method typically used in single-
phase flow heat exchangers. This technique is widely demonstrated in recent works [71-73]
with application in solar collectors as well [74]. In LHTES systems, injection involves
pumping gas or air bubbles through the PCM to enhance natural convection heat transfer
during melting and solidification.

A comprehensive three-part study was conducted on the heat transfer enhancement of
an LHTES system using air bubble injection through PCM. In the first study, Choi et al. [75]
experimentally analyzed the effect of air bubble injection on heat penetration through
n-octadecane PCM (PARAFOR 18-97, Sasol) walls for building applications. Two cases
were conducted, one with no bubbles and one with air bubbles injected into the PCM from
the bottom of the container at 0.25 L/min starting 30 min after heat was applied. Due to
the lower density of the PCM, the bottom of the container was filled with water in the
bubble test to prevent solid PCM from blocking the air nozzles. The melting rate and latent
heat storage of the PCM was 28% and 11% higher in the case with bubbles compared to no
bubbles. The difference in the melting process is shown in Figure 11. An energy analysis
determined that the extra energy for providing bubbles was only 1% of the increased latent
heat storage.
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Figure 11. Comparison of PCM melting with and without air bubble injection by Choi et al. (Copy-
right 2020 Elsevier) [75]. (a) Phase change interface with time; (b) particle image velocimetry results.

In a subsequent study, Choi et al. [76] experimentally studied the charging process of
1-octadecanol PCM in a rectangular cell LHTES system. Air bubbles were injected into the
system at a constant flow rate of 0.1 L/min while HTF was passed through the system at
0.2,0.4, and 0.6 L/min. The experimental apparatus is shown in Figure 12. The air bubbles
had diameters of 2-3 mm. System charging time was decreased by 53%, 40%, and 37%,
respectively, for the 0.2, 0.4, and 0.6 L/min cases compared to no bubbles. The energy used
for bubble injection was less than 0.2 k]J for all cases.
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Figure 12. Rectangular LHTES system with bubble injection by Choi et al. (Copyright 2021 Else-
vier) [76]. (a) 3D modeling image of test cell; (b) photo image of constructed test cell.

The final study by Choi et al. [77] experimentally investigated the discharging process
of the same system from the previous study [76]. The air bubbles were injected into the
PCM at 0.00735 kg /s, while the HTF flow rate varied from 0.2 to 0.4 L/min at temperatures
of 30 °C and 40 °C. The bubbles were found to improve the convective heat transfer rate
during the discharging process, which increased the discharging rate by 6-12% compared
to the case with no bubbles. The energy used for bubble injection was only 1.42% of the
energy released from the PCM.

Active heat transfer enhancement techniques can also be employed to decrease the
effects of supercooling of PCM. Supercooling is where the temperature of liquid PCM
decreases below melting temperature without solidifying. Vibration and ultrasound as
well as bubble injection can be used to reduce supercooling effects. Yang et al. [78] experi-
mentally analyzed the reduction of supercooling of erythritol PCM by injection of nitrogen
gas bubbles in test tubes. With the melting temperature of erythritol being 118 °C, the test
tubes were placed in cooling bath temperatures ranging from 10 to 118 °C while nitrogen
gas bubbles were injected into the molten PCM at 0 to 100 mL/min with bubble sizes of
0.5, 1, and 3 mm. The nitrogen gas bubble injection reduced the degree of supercooling by
5 °C and increased the latent heat of crystallization from 218 kJ /kg to 322.3 k] /kg. Future
studies should focus on scaling this technique for industrial applications.

The studies investigating injection-enhanced LHTES systems are summarized in
Table 5. Injection has not been widely studied in LHTES systems and can be increasingly
used in combination with passive techniques. Future studies should focus on the use of
other gases besides air or liquid injection.
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Table 5. Summary of studies on injection enhancement of LHTES systems.

Reference

Study Type

Phase Change

PCM Process

Enhancement Result

Choi et al. [75]

Experimental

Melting rate of the PCM was 28%
higher in the case with bubbles
compared to no bubbles.

Air bubble injection n-octadecanol Melting

Choi et al. [76]

Experimental

System charging time was
decreased by 53% with an HTF
flow rate of 0.2 L/min compared
to no bubbles.

Air bubble injection 1-octadecanol Melting

Choi et al. [77]

Experimental

Bubble injection increased
discharge rate by 6-12%
compared to no bubbles.

Air bubble injection 1-octadecanol Solidification

Yang et al. [78]

Experimental

Degree of supercooling was

Solidification reduced by 5 °C.

Nitrogen gas bubble injection Erythritol

6. External Fields

External fields in the form of magnetic, electric, and ultrasonic fields can actively be
applied to LHTES systems to improve their thermal performance. An in-depth review on
external fields effects on PCMs can be cited from Wu et al. [79] to improve LHTES systems.
Recent studies utilizing magnetic, electric, and ultrasonic fields within LHTES systems are
introduced in this section.

6.1. Magnetic Fields

Magnetic fields can be used to control heat transfer through PCMs enhanced with
magnetic nanoparticles or powders. A series of numerical studies have been conducted on
external magnetic fields. Shi et al. [80] numerically analyzed the charging and discharging
of paraffin A16 PCM enhanced with Fe304 nanoparticles in a vertical-shell-and-multi-tube
LHTES system surrounded by quadrupole magnets (Figure 13). Charging was tested with
magnetic field intensities of 0, 30, 50, and 70 mT with HTF temperatures from 300 to 320 K,
while discharging was tested with intensities of 0, 50, and 70 mT with HTF temperatures
of 273.5 and 278 K. The analysis determined that increasing the magnetic field intensity
increases the charging rate by increasing natural convection of molten PCM. At magnetic
field intensities of 50 mT, the duration of the charging and discharging processes were
decreased by 81.4% and 53.19% compared to no magnetic field.

(b)

Figure 13. Schematic of vertical LHTES system with quadrupole magnets by Shi et al. (Copyright
2020 Elsevier) [80]. (a) 3D view; (b) top view.
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Ghalambaz et al. [81] numerically studied the melting process of electrically conductive
PCM in a square enclosure with heated wall and a non-uniform magnetic field. The strength
of the magnetic field was altered with Hartman numbers from 0 to 50, while the location of
the magnetic field along the wall was variable. The increase of the magnetic field strength
was found to suppress natural convection and decrease the liquid fraction. The melting
with the magnet was more uniform and can be controlled by the location of the magnetic
field source. Izadi et al. [82] numerically analyzed the melting process of paraffin enhanced
with Al,O3 nanoparticles in a trapezoidal enclosure with a magnetic field. The strength
of the magnetic field varied from Hartman numbers of 0 to 1000 at angles from —90°
to 90°. The volume fraction of the nanoparticles was studied between 0.01 and 0.1. As
shown in the previous study discussed, the increase of Hartman number decreased the
natural convection flow. The most effective angle of the magnetic field for melting speed
was —45° and 45°, but it only increased 3% compared to no tilt. In addition, increasing
the nanoparticle volume fraction increased the melting rate of the PCM due to increased
thermal conductivity.

Many novel experimental works have also been completed on external magnetic
fields in LHTES systems. Fan et al. [83] experimentally examined the melting process of
1-tetradecanol PCM enhanced with iron powders (0 to 1.5 wt%) in a vertical cylindrical
LHTES unit. The unit was placed on a heating surface, which was varied in temperature
while a permanent magnet attached to a telescopic rod periodically moved up and down
above the system from 0 to 0.250 Hz. The system is shown in Figure 14. Increasing the
alternating magnetic field and the iron powder mass fraction increased the enhancement
of the system. The alternating magnetic field pulled the powder from the bottom of the
container upward, which caused forced convection and decreased melting time by 15.8%
compared to the unenhanced system.
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(a) overall diagram
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Figure 14. Schematic of LHTES system with alternating magnetic field by Fan et al. (Copyright 2021
Elsevier) [83]. (a) Overall diagram; (b) detailed diagram.
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In a subsequent study by the same authors, Fan et al. [84] experimentally and nu-
merically analyzed the melting process of 1-dodecanol PCM enhanced with iron particles
(0 to 1 wt%) in a cylindrical LHTES system. A permanent magnet was rotated around
the system from 0 to 30 rpm. Increasing the rotational speed was found to increase the
convection and melting rate, with a 22.9% reduction in melting time with 20 rpm, 1.0 wt%
particles, and 35 °C HTF temperature. Increasing the particle wt% increased melting,
but after 1.0 wt%, the increase becomes insignificant. Xing et al. [85] experimentally and
theoretically examined the solidification and supercooling of water enhanced with carbon
nanotubes and an external magnetic field for ice thermal energy storage. Four multi-walled
carbon-nanotube-enhanced PCMs were used with mass ratios of 1:1, 2:1, 3:1, and 4:1 for
Fe:C ratios, while the magnetic field intensity ranged from 0 to 200 mT. The authors stated
that carbon nanotubes have a high thermal conductivity in the axial direction, where the
magnetic field correctly aligns the nanotubes. It was determined that magnetic field inten-
sity needs to be increased with Fe:C ratio to decrease solidification time. A 2:1 ratio was
found to decrease solidification the most, with a 19.6% decrease compared to pure water.

External magnetic fields have also been used to enhance heat transfer of nano-encapsulated
PCMs in water slurries. This technique was demonstrated by Alazzam et al. [86] and
Fereidooni et al. [87].

The studies investigating LHTES systems enhanced with an external magnetic field
are summarized in Table 6. The review of various studies shows different results from
pure numerical analysis. The use of external magnetic fields in PCMs, based on these
studies, is highly dependent on the geometry of the system, magnetic particle dispersion,
and application technique of the magnetic field. Further studies should compare different
types of external magnetic fields. The majority of studies focus on the melting of PCMs,
where more should look at the enhancement of solidification.

Table 6. Summary of studies on external magnetic field enhancement of LHTES systems.

Phase Change

Reference Study Type Enhancement PCM Result
Process
. Magnetic field intensity
. . Fe;O4 nanoparticles . Melting and shortens the charging process
Shi et al. [80] Numerical and quadrupole Paraffin A16 . . .
maemetic field solidification by increasing
gn natural convection.
. . Magnetic field suppresses
Ghalambaz et al. [81] Numerical Non—ur.ufo'rm Electljlcally Melting natural convection and
magnetic field conductive PCM . .
decreases liquid fraction.
AlLO; nanoparticles Increase in Hartman number
203 ;
Izadi et al. [82] Numerical with magnetic field at Paraffin Melting decrea}seq natural convection,
various angles while tilt angle had only
slight effects on melting.
Tron powder with Increasing alternating
Fan et al. [83] Experimental alternating 1-tetradecanol Melting magnetic field frequen.cy and
maenetic field particle mass fraction
n increases enhancement.
Experimental and Iron particles and Increasing rotational speed
Fan et al. [84] pnumerical rotating 1-dodecanol Melting increases natural convection
magnetic field and melting rate.
Experimental and Multi-walled carbon A solidification time decrease
ing et al. [85 nanotubes an ater olidification of 19.6% was found compare
Xing et al. [85] P b d Wi Solidificati f 19.6% found pared

theoretical

magnetic field

to pure water.

6.2. Electric Fields

Electric fields are used to enhance heat transfer in dielectric PCMs. Dielectric PCMs are
insulators to electric conduction but become polarized from electric fields. Selvakumar et al. [88]
numerically studied the melting process of a dielectric PCM enhanced with an external
electric field in a rectangular cavity LHTES system. The authors stated that dielectric
PCMs include paraffins, n-alkanes, fatty acids, fatty acid esters, and so on. The electric
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Rayleigh number and Stefan number were studied from 0 to 3000 and 0.01 to 1, respectively,
with electric charge injection from the bottom wall flowing to the grounded top wall. It
was determined that increasing the Stefan and electric Rayleigh number increases the
melting rate; however, enhancement is more significant at lower Stefan values. The highest
reduction in melting time was found with electric Rayleigh number of 3000 with a Stefan
value of 0.01 and was reduced 56.10% compared to the case with no electric field. A
subsequent study by the same authors, Selvakumar and Vengadesan [89], numerically
analyzed the melting of n-octadecane PCM enhanced with an electric field in a square
cavity from the left to right walls. The electric Rayleigh number ranged from 0 to 50,000 and
Rayleigh numbers of 1 x 10,1 x 10%,and 1 x 10° were implemented. As shown by the
previous study, increasing the electric Rayleigh number increases the charging speed with
an 83% reduction in melting time compared to the no-electric-field case when enhanced
with an electric Rayleigh number of 50,000 at a Rayleigh number of 1 x 10°.

A series of three experimental studies were conducted by the same authors on the
effect of external fields on LHTES systems. Sun et al. [90] experimentally studied the
melting process of n-octadecane in a cuboid enclosure, comparing the effect of hot and
cold electrode with —20 to 20 kV. The study found that changing the polarity did not have
an effect on the melting process, but the electric field did impact the convection stage of
melting. When voltage was applied to the hot wall, the molten PCM was attracted, which
had a negative effect on melting with a 30% decrease in liquid fraction at 20 kV compared
to the case with no electric field. The opposite effect was demonstrated when voltage
was applied to the cold wall, where the liquid fraction was enhanced by 44% at 20 kV
when compared to the case with no electric field. The following experimental study by
Sun et al. [91] determined the effect of an electrically charged copper HTF tube on the
melting process of n-octadecane PCM in a cubic enclosure. Cases were analyzed with a
grounded bottom wall with —25 to 25 kV and with four grounded sidewalls with —15
and —25 kV. It was found that Coulomb force is dominant in melting heat transfer in the
electric field cases, but the applied field must be greater than 7.5 kV for enhancement
to be present. The best-case scenario was four grounded sidewalls with —25 kV, which
reduced the melting time by 68.0% compared to no electric field, with only 3.03 x 1073 W
consumed. Another study by Sun et al. [92] experimentally analyzed the combination of
nano-enhanced octadecane PCM and electric field in a cubic enclosure. The PCM was
enhanced with 0, 0.5, 1, and 2 wt% nanographene sheets with an electric field from —10
to 10 kV. Applying the nanographene sheets at 2 wt% increased the thermal conductivity
of the PCM with an enhancement of 33.6% absorbed energy compared to the pure PCM
after melting. When the nano-enhanced PCM was combined with an electric field, the
maximum absorbed thermal energy was found to be 124.8% at —10 kV compared to the
unenhanced case. A positive voltage resulted in lower absorbed thermal energy because
the negative charge of the nano-graphene was attracted to the bottom wall of the container.
Nakhla and Cotton [93] experimentally studied the effect of electrohydrodynamic forces
on the melting process of octadecane PCM in a vertical rectangular container. The system
was enhanced with 30 brass cylinders connected to a high-voltage amplifier and ground
to produce an electric field at +3 and +6 kV. The main method of enhancement was the
splitting of the main gravity convection current into multiple convection cells between
the electrodes driven by the electric field. The 6 kV case charging time was reduced by
1.7 times compared to the case with no electric field.

Electric fields have also been implemented to control the supercooling of PCMs [94] as
well as heat transfer enhancement with nano-encapsulated PCM slurries [95]. The studies
investigating LHTES systems enhanced with an external electric field are summarized in
Table 7. As with external magnetic fields, the effect of the electric field on heat transfer in
PCMs is highly dependent on the technique of application and geometry of the system. A
majority of the studies analyzed the melting process when enhanced with electric fields,
which shows that the discharging process should be studied in greater detail. Almost all
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of the reviewed studies used octadecane PCM; therefore, future studies should focus on a
broader range of PCMs.

Table 7. Summary of studies on external electric field enhancement of LHTES systems.

Reference

Study Type Enhancement PCM

Phase Change

Process Result

Bottom to top wall Increasing Stefan and electric

Selvakumar et al. [88] Numerical D e Dielectric PCM Melting Rayleigh number increases
electric field ;
melting rate.
Selvakumar and . Left to right wall ) . Increasing electric Rayleigh
Vengadesan [89] Numerical electric field n-octadecane Melting number increases melting rate.
Electric field applied on The effect of the electric field is
Sun et al. [90] Experimental pp n-octadecane Melting dependent on the temperature of
hot and cold electrodes. :
the applied electrode.
- . The Coulomb forces play a
Sun et al. [91] Experimental Electric field applied on n-octadecane Melting dominant role in melting
a HTF tube
heat transfer.
Nano eraphene sheets Effect of electric field is
Sun et al. [92] Experimental graphene. Octadecane Melting dependent on the charge of the
and electric field
added nano-enhancement.
Main enhancement resulted from
Nakhla and . Electric field applied . splitting of main convection
Cotton [93] Experimental from brass cylinders Octadecane Melting current into multiple convection

cells between electrodes.

6.3. Ultrasonic Fields

External ultrasonic fields are similar to vibrational enhancement of LHTES systems; how-
ever, ultrasonic waves are characterized by a frequency greater than 20 kHz. Xu et al. [96]
experimentally compared the effect of copper foam and ultrasonic vibration enhancement
on the melting process of gallium as a PCM in a rectangular enclosure. The gallium em-
bedded with 20 pores per inch (PPI) and 80% porosity copper foam decreased the melting
time by 10% compared to pure gallium. The ultrasonic vibration applied with 50 kHz and
30 W power decreased melting time by 17% compared to unenhanced gallium. Although it
is beneficial for the authors to compare the passive heat transfer enhancement of copper
foam to active ultrasonic vibration, further analysis should have been conducted on com-
bined copper foam and ultrasonic vibration enhancement. Cui et al. [97] experimentally
analyzed the melting process of paraffin PCM in a rectangular enclosure with combina-
tion enhancement of nanoparticles, copper foam, and ultrasonic field. The system was
enhanced with TiO; nanoparticles at 0 to 5 wt%, 20 PPI, and 80% porosity copper foam,
and an ultrasonic field with power outputs of 0, 50, and 100 W. In addition, the operation
time of the ultrasonic field was optimized to reduce energy consumption. It was found
that increasing nanoparticle concentration and power input increases the thermal energy
storage rate. The case with 5 wt% nanoparticles and 100 W achieved 46.50% time reduction
in melting compared to the base case. Furthermore, to reduce energy consumption, the
ultrasonic field should be introduced during the latent stage of the melting process.

Ultrasonic fields have also been used to improve solidification and supercooling.
Daghoogi-Mobarakeh et al. [98] experimentally analyzed improved freezing of water and
supercooling in a rectangular container using ultrasound. Ultrasound was applied during
the freezing process at continuous, cyclic, and pulse rates. It was determined that optimized
cyclic ultrasound with 3.52 W and 8.25 W at 5 s pulses every 2 min can start nucleation and
help stop supercooling. The 3.52 W and 8.25 W tests resulted in energy savings of 12.4%
and 10.8% compared to cases with no ultrasound.

The studies investigating LHTES systems enhanced with an external ultrasonic field
are summarized in Table 8. There has been minimal investigation on LHTES systems with
ultrasound, and research should be broadened in the future.
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Table 8. Summary of studies on external ultrasonic field enhancement of LHTES systems.

Phase Change

Reference Study Type Enhancement PCM Result
Process
Total melting time compared to
Ultrasonic vibration pure PCM was reduced by 10% and
Xu et al. [96] Experimental compared to Gallium Melting 17% for the copper foam and
copper foam ultrasound enhanced
system, respectively.
. Ultrasonic field should be
Nanoparticles, implemented during the latent
Cuietal. [97] Experimental copper foam, and Paraffin Melting P . &
. stage of the melting process to save
ultrasonic field :
energy consumption.
Ultrasound applied at pulse rates
Daghoogi-Mobarakeh Experimental Ultrasound at Water Solidification can mitigate supercooling and

et al. [98]

different rates decrease energy consumption
for freezing.

7. Conclusions

Recent studies focusing on active heat transfer enhancement techniques for increasing
the thermal performance of latent heat thermal energy storage systems were reviewed. The
main methods of active enhancement include mechanical aids, vibration, jet impingement,
injection, and external fields. It is clear that active methods can be used to increase the
charging and discharging rates of PCMs as well as aid in other aspects such as supercooling
and temperature uniformity. A majority of studies focus on mechanical aids, while there is
a lack of analysis on LHTES systems enhanced with jet impingement and ultrasonic fields.
Additionally, most studies used organic PCMs with little attention on inorganic PCMs.
The direction of research should be broadened to include more types of PCMs with active
techniques. The conclusions for each technique are summarized as follows:

e  Mechanical Aids: Includes system rotation, rotating cylinder, and scraped surface
enhancement to facilitate forced convection heat transfer. Rotation within LHTES
systems requires complex designs to manufacture and maintain. Moving parts with
molten PCM may pose safety risks. Rotation should be extensively compared to
passive techniques to see if the additional energy input is cost effective.

e  Vibration: Increases the mixing of molten PCM. Requires complex designs and poses
safety risks at high amplitudes and frequencies. Vibration inherent in machinery
should be utilized to enhance heat transfer. The role of vibration in discharging needs
to be analyzed.

e Jet Impingement: Has the ability to produce high heat transfer coefficients. Little
attention has been given to traditional LHTES systems with jet impingement, which
should be the focus of future studies. The use of micro-encapsulated PCM slurries
shows promise in electronics cooling applications.

e Injection: Enhancement with injection provides improvement to natural convection
heat transfer. Systems rely on the density difference of gas and PCM to prevent
blockages in the injection nozzles. The enhancement of LHTES systems with injection
should be analyzed on different gases other than air. Further analysis should be
completed to compare passive techniques with injection to justify the complexity of
the system.

e  External Fields: Includes electric, magnetic, and ultrasonic fields. Can be used to pro-
mote convection heat transfer but is highly dependent on system geometry. The effect
of system geometry needs to be further studied with magnetic fields. External fields
could conflict with other components of the system or electronics in the surroundings.
Studies focusing on the effect of electric fields on discharging need to be completed
and general research on ultrasound enhancement is lacking and should be broadened.

Few studies have made the comparison between active and passive techniques. The
use of active techniques needs to be further compared with passive to determine if the
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increased thermal performance justifies the additional energy input. The LHTES systems
reviewed are complex and costly compared to traditional passive techniques. Many studies
mentioned their energy input and optimized the technique to decrease energy consumption.
This is a feature that should be consistent in future analyses. The combination of active
and passive techniques is also of interest. The active heat transfer enhancement field of
LHTES systems is relatively new and should be expanded to other methods that are used
in single-phase heat exchangers.
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