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ABSTRACT

Thermal energy storage (TES) using solar energy is one of the most prominent techniques to store the energy and reduce to gap between energy demand
and supply. There are many useful applications that can be fuelled by TES. Phase change materials (PCM) as TES materials are of great importance as far
as the energy storage applications are concerned. However, there are various bottleneck problems with pure PCM like liquid phase leakage, low thermal
conductivity, supercooling etc. To overcome this deficit, highly porous foam is used to improve the leakage problem of PCMs during phase transition.
Additionally, nanoparticles and nucleating agent are the most commonly employed in-practice approaches to get rid of the issue of low thermal conductivity
and supercooling, respectively. In addition, even after being subjected to multiple heat cycles, foam-stabilized PCM composites showed remarkable stability
without being degraded. This paper discusses the major foams that has been incorporated with different PCMs along with their critical outcomes. This
paper also discusses the significant uses of foam stable PCMs reported by several researchers. As a result of its high latent heat, good thermal conductivity,
balanced chemical compatibility, and high thermal stability, the foam-stable PCM composite is a viable choice for thermal-energy management systems.
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Introduction Buildings
Nowadays the whole world is witnessing the technical advancement
at an exponential rate, with such a huge jump in the demand of

energy especially from the last decade and growing greenhouse Solar

concern has prompted the scientist to look for some alternate Collector

sources of energy [1]. The other prominent reason to look for the P sl
alternate energy resources is the fast depletion of conventional Dltf_nt_'a _
energy sources such as natural gas, oil, coal, or nuclear [2]. Among :fepa's"'gtf'ggg
the available alternate energy resources, the renewable resources

of energy are the most promising ones since it is capable enough Cold

to meet global energy demand as well as a perfect answer to attain Storage

a low-carbon future [3]. Solar energy holds a dominating position
as far as thermal energy storage is concerned compared to other
sources of renewable energy like biomass and wind. In current
era, TES is the need of the hour for the continuous energy supply
in a vast number of applications like buildings, power generation
[4]. Figure 1 shows the potential application areas where TES
is being used. Figure 1: Major Applications of TES
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Phase change materials (PCM) are extensively used in TES, latent
heat from melting and freezing can be stored in a quantity far
greater than that of sensible thermal storage alone [5]. Since
pristine PCMs witness several types of problems such as the
leakage of liquid phase, low thermal conductivity, supercooling
etc therefore it is recommended to enhance the property of PCM
prior to its use [6]. There are various methods to resolve these
issues with the PCM e.g., addition of nano particles and nucleating
agents to improve its heat transfer rate and avoid supercooling
respectively, encapsulation to protect the PCM from external
environment pure PCMs, use of FSPCM to improve the thermal
conductivity of PCM [7]. This article will summarize the recent
advancements and challenges of foam stable phase change
materials (FSPCM).

Overview of FSPCM

In order to overcome the problem of low thermal conductivity
in PCM, porous materials and metallic foams are used [8]. The
liquid PCMs are poured over or embedded into the foams and
allowed to solidify, thereby the surface area gets increased as a
result of which the heat transfer rate will also get enhanced. The
rate at which heat transfers through foam depends on its PPl i.e.,
the number of pores per linear inch, fibre length, porosity (the ratio
between total volume vs actual volume occupied by the foam),
relative density, fibre thickness, surface area per unit of volume
and pore density [9]. Figure 2 shows the various types of foams
that are commonly used by researchers.
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Figure 2: Various Types of Foams/Porous Material

Recent Progress and Challenges in FSPCM

Impregnation of PCM into a foam/ metal foam (MF) is a
commonly adapted technique for preparing the FSPCM. It might
not be convenient to immerse the MF into the liquid PCM directly
without impregnation due to the presence of trapped air molecules
in the porous structure, thus it would lead to creation of voids
hence the strength of FOCM might get reduced. Finally, these air
bubble trapped inside the micro-pores of a composite PCM will
lead poor heat transfer and a lower PCM loading ratio. To avoid
the formation of air bubbles the process of vacuum impregnation
is carried out. The air bubble in the PCM is be removed with the
use of a vacuum [10]. Figure 3 depicts method of making FSPCM
with the use of a vacuum, metal foam, and paraffin.
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Figure 3: Vacuum Impregnation for the Preparation of FPCM [8].

In the course of making shape stabilized PCM composite Warzoha
et al. compared vacuum impregnation to direct submersion
infiltration by measuring the impregnation ratio (mass of
impregnated PCM to mass of the perfectly impregnated case)
[11]. The results showed that vacuum impregnation was far more
effective than simple submersion, resulting in an almost 100%
impregnation ratio for composite PCMs of paraffin and carbon
foam. It has also been shown to be particularly successful in
creating FSPCM [8-11].

Due to the porous structure, Cu foams have a large surface area
relative to their volume. Among metals, copper has high thermal
conductivity stands out as a top option for use in heat transmission.
For the best heat conduction, PCMs are being combined with
copper foam of varied pore sizes and densities [12]. In order to
increase heat transfer, employed paraffin wax RTS8 as PCM, which
contains metal foams imbedded within it [13]. Bottom surfaces of
the test samples have been heated at a constant flux of heat. The
authors discovered that by incorporating metal foam, the overall
heat transfer rate can be increased by a factor of three to ten [14].
The thermal characteristics of a copper foam/paraffin composite
were examined experimentally by the authors. It was shown that
PCM temperatures could be lowered by using copper foam/paraffin
composites as they considerably improved the heat transfer rate.
Figure 4 shows the aluminum foam that was prepared by and
copper foam prepared by along with the geometrical dimensions
of both foam and their respective plates [15, 16]. He came out
with the results that copper foam, while similar in morphology to
aluminium foam, has superior thermal performance.

Figure 4: Prepared Samples of (a) Al-foam and (b) Cu-foam

Using numerical methods, compared two PCM-based cold thermal
energy storage systems. Comparing two units, one with a bio-PCM
and while the other with aluminium foam, concluded that the one
with Al foam shows minimal free convection in both the cooling
charging and discharging processes [17].

Despite of low thermal conductivity (89 W/m-K) of Nickel, its
relatively higher melting point (1455 °C) makes nickel foam a
good candidate to be employed to acquire heat transmission rate.
A significant improvement by almost three times higher than pure
paraffin in the heat transfer of the paraffin/nickel foam composite
was observed. Deviations in the peak melting temperatures by
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0.55 °C and 0.40 °C of Paraffin/nickel foam composite and paraffin/copper foam composite respectively with a pore size of 25PPI
were also recorded as compared to pure paraffin due to the presence of the porous metal foam [8]. In order to enhance the properties
of the nickel foam (NF) skeletons, employed reduced graphene oxide (rGO) nanosheets adorned with Ni nanoparticles (Ni@rGO)
impregnated with acidic graphene oxide solution and then thermally reduced. NF/Ni@rGO supported CPCMs are superior to their
bare Ni-Foam supported counterparts in terms of form stability, heat storage density, and recycling potential [18].

Expanded graphite is among the most popular carbon - containing foam for heat transfer because of its lower density. Relatively
minimal density and exceptionally conductive expanded graphite is used to improve the thermal conductivity and heat transfer of phase
change materials (PCMs). Expanded graphite (EG) has a low density because it is extremely porous (porosity >99%) [19]. Chriaa et
al. (20) used Hexadecane as PCM, and expanded graphite (EG) was added to analyze the performance of expanded graphite on the
phase change materials composites [20]. This composite consists of 75% PCM, and 15% expanded graphene rest were the supporting
materials. He claimed that EG has a positive impact on the thermal conductivity (TC) of PCM composite thereby increasing the TC
1.24 W/m. Some of the important studies related to FSPCM are summarized in Table 1.

Table 1: Some Crucial Findings on Different Foam Stable PCM

Ref No. | Foam used Method Application Findings
Focused
[8] Ni, Cu Vacuum impregnation Thermal charecterization | Thermal Conductivity (TC) of the FSPCM
were enhanced
[21] | PW/HGF composite PCM | chemical vapor deposition | Solar/thermal energy TC of PW/HGEF is 87% higher than PW/GF
(CVD) conversion and 744% higher than pure PW
[22] | Salts binaly/EGF solution impregnation (SI) | --- TC was enhanced by 4.9-6.9 time
method
[23] | Bi-Sn-In alloy/Ag/copper | --- Thermal management FSPCM demonstrated excellent endothermic
foam electronic device and exothermic properties
[24] | GNF/PCM - transient thermal base temperature of GNF/PCM enhanced 1.6
response of PCM times

As a result of the improved thermal conductivity of PCM, the
rate of heat transfer is improved. However, in most cases the
specific heat of FSPCM gets lower thus it might not suitable for
applications that need heat storage. When FSPCMs are employed
for electronic cooling, they lower the base temperature, this limits
FSPCM potential usefulness over longer cycles by decreasing its
latent heat.

The rate of charging and discharging of thermal energy gets
enhanced in FPCMs, the larger surface area aids in the passage
of heat by conduction. Within PCM, temperature distributions
become more even, because liquid PCM mobility is impeded,
hence free convection heat transmission is reduced [25-30].

Conclusions
The current article reviewed the recent progress in foam stable
phase change materials. Commonly used metallic (Al, Cu and Ni)
and carbon based (C, Gr and Ex. Gr) foams were summarized to
show their effect on the overall characteristics of PCM including
the thermophysical properties. The following conclusions could
be drawn based on the current study:

e The most important use of foam-stable PCMs is to enhance
the thermal conductivity and heat transfer rate (k).

* In terms of thermal distribution, composite PCMs showed
the most consistency.

e The time required to store and retrieve energy was reduced
by a significant ratio due to the increment in the thermal
charging and discharging speeds.

*  FSPCMs are used to reduce the interface temperatures of
electronic devices and Li-ion batteries therefore they are
preferred to use in electronic devices.
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