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ARTICLE INFO ABSTRACT

Keywords: Numerical investigations of the melting/solidification in a metal foam saturated with phase change material
Latent }}eat storage (PCM) were performed for simultaneous and consecutive operational modes. The composite is embedded in a
Domestic space heating rectangular compound cooled by passing air in a middle channel which is then employed to heat the room as a

Phase change materials

Simultaneous and consecutive phase change
Mode of operation

Storage-air heater

space heater. The composite is heated by two-rod heating elements to store thermal energy for peak-shaving
purposes. The study covered the evaluation of the system in different operational modes for charging and dis-
charging rate, the impacts of the metal foam and the influence of coolant flow rate on the solidification per-
formance. The presence of PCM on one hand due to having almost constant temperature during the phase change
process and the use of metal foam on the other hand due to proving high heat transfer rate from the PCM to the
coolant, help in providing a uniform output temperature from the system which is a key factor for highly efficient
space heaters. Moreover, evaluation of the operational modes can help to understand the behavior of the system
in real scenarios when there is a need to charge the storage system and heat the room (discharging) simulta-
neously. The results show that the melting process is fully achieved due to the faster-charging process rate in
modes I (8-hour charging and 8-hour discharging separately) and III (2-hour charging and 14-hour simultaneous
charging-discharging), compared with mode II (2-hour charging and 2-hour discharging separately, repeated for
16 h). The temperature distribution in Mode III was more constant, which produced uniform heat exchanged
between the PCM and the cooling fluid. The porosity is inversely proportional to the liquid development rate.
The PCM melts entirely within 6.5 h for 90% porosity while 78% of the PCM melts in 8 h for the 95% porosity
case. The final mean PCM temperature changed from 69.9 °C to 66.4 °C, when the air flow rate increases from
0.01 kg/s to 0.03 kg/s.

for, energy [2]. The challenge is to store and release the energy so that it
can be converted efficiently into required forms [3]. Phase change ma-
terial (PCM) offers high energy storage capacity and constant phase
change temperature suitable for heating/cooling applications. Latent
heat released by PCM (based on the heat release when the phase change
process of the PCM occurs) presents greater volumetric storage capacity
(5-14 times) than the sensible heat units [4]. In 1975, the first latent

1. Introduction

Interest in thermos-physical applications based on thermal energy
storage (TES) is increasing since it contributes to the reduction of
pollution and undesirable greenhouse gas emission [1]. TES systems are
frequently used due to intermittency of the source of, and the demand

* Corresponding author.
E-mail addresses: pouyan.talebizadehsardari@brunel.ac.uk, ptsardari@gmail.com (P. Talebizadehsardari), mohammad.ghalambaz@tdtu.edu.vn (M. Ghalambaz).

https://doi.org/10.1016/j.applthermaleng.2021.117408

Received 23 November 2020; Received in revised form 27 July 2021; Accepted 29 July 2021
Available online 2 August 2021

1359-4311/© 2021 Elsevier Ltd. All rights reserved.


mailto:pouyan.talebizadehsardari@brunel.ac.uk
mailto:ptsardari@gmail.com
mailto:mohammad.ghalambaz@tdtu.edu.vn
www.sciencedirect.com/science/journal/13594311
https://www.elsevier.com/locate/apthermeng
https://doi.org/10.1016/j.applthermaleng.2021.117408
https://doi.org/10.1016/j.applthermaleng.2021.117408
https://doi.org/10.1016/j.applthermaleng.2021.117408
http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2021.117408&domain=pdf

J.M. Mahdi et al.

Applied Thermal Engineering 197 (2021) 117408

Nomenclature

Am The mushy zone constant (kg/m3s)
C Inertial coefficient

Cp PCM specific heat (J/kgK)

Cs Solid specific heat (J/kgK)

g Gravitational acceleration (m/s?)
ke Effective thermal conductivity (W/mK)
ks PCM thermal conductivity (W/mK)
ks Solid thermal conductivity (W/mK)
K Permeability (m?

L Latent heat of fusion (J/kg)

m PCM mass (kg)

p Pressure (Pa)

Q Heat storage/retrieval capacity (J)
Q Heat storage/retrieval rate (J)

tm Melting/solidification time (s)

T Temperature (K)

T; Initial PCM temperature (K)

Tiiquidqus ~ Liquidus temperature (K)

T, End temperature of simulation (K)
Tm Melting point temperature (K)

T Reference temperature (K)

Tsolidus Solidus temperature (K)

u; Velocity component (m/s)

v Velocity vector (m/s)

Greek symbols

B Thermal expansion coefficient (1/K)
€ Porosity

A Liquid fraction

u Dynamic viscosity (kg/ms)

p Density (kg/m®)

Pm Density at melting point (kg/m?)
Ps Density of solid (kg/m>)

AH Latent heat (J/kg)

Subscripts

ref Reference

heat storage (LHS) application was investigated by Telkes [5]. PCMs
have applications in different areas represented in a large number of
papers as collected in reviews of the area, such as energy-reduction
buildings [6]. solar still [7]. solar cooker [8]. waste heat recovery [9].
solar power plants [10]. solar air heater [11]. Trombe walls [12]. cold
storages [13]. thermal comfort in vehicles [14] and electronic cooling
[15,16].

The issue with the PCM is the weak thermal conductivity and
consequently low heat transfer [17,18]. The most frequent techniques
for improving the heat transfer include adding extended parts such as
fins and heat pipes or applying multiple-segment conductive foam /
PCMs (with various melting and solidification points) composites
[19-21]. Bayo6n et al. [22] used graphite fins to improve the heat
transfer in the prototype LHES system with a KNO3/NaNOj3 type of PCM.
They assumed a quasi-static mathematical technique to assess the
thermal efficiency of the graphite/PCM combination. Yang et al. [23]
stated that the performance of the energy system enhances by using fins
and the smallest fins cause a slower melting rate due to smaller heat
transfer surface area. Rathod et al. [24] experimentally studied the ef-
fect of fins on the efficiency of melting and solidification processes rates
in a shell-and-tube LHTES system. The findings suggest that with an inlet
temperature of 80 °C and 85 °C with the presence of fins, the melting
rate reduced by 12.5% and 24.52%, respectively, compared with the
system without fins. Sciacovelli and Verda [25] numerically studied the
effect of Y-shaped fins planted in a shell-and-tube LHTES system. They
found the efficiency of the unit enhances by 24%. They observe that a
wide angle between the branches of the fins enhances the phase change
rate and vice versa. Al-Abidi et al. [26] numerically studied the PCM
charging period in a triplex finned-tube heat exchanger. They found that
the thickness of the fins has insignificant influences on the phase change
rate unlike the size and the quantity of the fins, which have a great
impact on the process. Hosseinizadeh et al. [27] examined the influence
of the internal fins in a rectangular heat sink system. They found that the
quantity and the size of the fins considerably improved the efficiency of
the unit while change due to thickness was negligible. Li et al. [28]
numerically studied the efficiency of the TES system with a multi-PCM
with different volume ratio having different phase change tempera-
tures and water was used as the cooling fluid. They show that a TES
system using volumetric ratio of 1:2:3 accelerates the melting rate in

comparison with applying an alone PCM and the full charging capacity
of the multi-PCM TES system with a 1:2:3 vol ratio was 3.637 MJ and
raised by 32% as compared to the alone PCM. Sefidan et al. [29]
numerically evaluated the discharging process, phase change rate and
temperature distribution of multiple PCM volumes in a finned triplex
tube. Difference of liquid fraction values, minimum temperatures multi-
PCM are stated for improved insight into the heat transfer features of the
LHTES unit to allow uniform solidification designs and balance the so-
lidification rate within the whole annulus.

Combining a nanomaterial with PCMs [30-34], nanoencapsulation
of PCMs [35-38], use of high conductivity metal foams [39-42] and
modifying the geometry of the heat exchanger have also received
attention. Research, based on numerical simulation of the latent-heat
energy storage processes, has earned considerable interest as a means
of optimising storage and release [43]. Zivkovic and Fuji [44] theoret-
ically studied the charging rate of PCMs in horizontal axis rectangular
and cylindrical containers. They found that the PCM in the rectangular
shape melts faster than the cylindrical shape for the same volume and
heated surface area. A numerical study of evaluating the PCM melting
rate of three various enclosures (rectangular, cylindrical and shell and
tube was performed by Vyshak and Jilani [45]. They found that the
shell-and-tube geometry is fastest at responding to the melting processes
for the same energy supplied. A review of the latent heat thermal energy
storage systems (LHTESS) regarding the shape of the PCM containers by
Agyenim et al. [46]. They notice that the shell-and-tube energy storage
system is the most widely studied among those systems. The solidifica-
tion rate of the PCM in the shell and tube storage system is much faster
than the rectangular configuration storage as stated by the numerical
analyses by Mosaffa et al. [47,48]. Ho and Gao [49] experimentally
investigated the influence of nanoparticles on heat transfer during the
charging mechanism in a vertical container filled with alumina/n-
octadecane nano-PCM. They found that nanoparticle concentration
(determined locally by the intensity of melting) is inversely proportional
to the natural convection in the melting area [50]. Kumaresan et al. [51]
investigate the impacts of multi-wall carbon nanotube (MWCNT) in
liquid paraffin (as the PCM) on thermal performance. The thermal
conductivity of the composite is proportional to the MWCNT concen-
tration. Ghalambaz et al. [52] addressed the free convection process of
nanofluids/hybrid in a container. The results show that using hybrid
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nanofluids enhances the free convection heat exchange. However, using
such hybrid-nanofluids in porous spaces (metal foams) could reduce the
heat transfer by suppressing the natural convection flows [53]. Ebadi
et al. [54] studied the influence of nanoparticles on a bio-based nano
PCM in a cylindrical TES unit. They found that the early stage of the
charging process showed the same behaviour with or without nano-
particles, but during the phase change process, the nanoparticles made
the process faster than the pure PCM [55]. Pal Singh et al. [56] examined
the improvement in the viscosity of nano-PCM in a solar cooling TES
unit using a novel fin design. They found that the maximum drop of 43%
in the charging rate is detected for TES with the fin (at 5 vol% nano-
particles) and the reducing fin size provided the highest rate of heat
transfer. Mahdi and Nsofor [57] numerically examined the influences of
combining Al,O3 nanoparticles on the solidification (discharge) of a
PCM in a triplex-tube TES. They found that adding 3 and 8 vol% of
nanoparticles saves 8% and 20% of the total time, respectively. How-
ever, the nanoparticles did not display any effect at the initial stage of
the discharge process. In a separate study, Mahdi and Nsofor [58]
investigated the heat-transfer improvement in PCM in a shell-and-tube
TES system by arranging multiple segments of conductive foam in the
PCM to reflect the decay of intensity of heat transfer away from the heat
source. They found an enhancement in the energy storage and reduction
in the phase changing time by using multiple segments. Sardari et al.
[59] investigated numerically the influence of different variables on the
PCM charging process in a vertical heat storage system filled with a Cu
metal multi-segment foam. The Cu foam gives high performance for the
charging process by reducing the charging rate to 85% of the time of the
PCM only situation. They also showed that the multiple-segment porous
unit decreased the charging rate by 3.5% compared with the case of
uniform porosity.

Because of the high thermal efficiency of LHS systems, they are
widely used in building applications [60-62]. Zhou et al. [63] reviewed
the applications of combining the PCM with the building materials to
avoid energy losses. Souayfane et al. [64] investigated the impact of the
PCM on the building cooling process. The PCM, which recharge after
usage was added as the energy storage material in the building shield.
Zalba et al. [65] experimentally, studied the storing of the absorbed
energy in the daytime for the cooling process. The challenges of applying
PCM in buildings could be represented as the limited area, structure,
design, position, and climate [66]. Experimentally, different patterns of
PCM blocks applied as a TES in a cooling unit for ideal building was
analyzed by Yamabha et al. [67]. They stated that the room temperature
could be settled in the comfortable range for 3 h when a 5.4 kg PCM per
square meter was used. Waqas and Kumer [68] combined a PCM with a
solar system to warm a specific room. The system was affected by the
heat transfer fluid flow, PCM volume, and optimized to achieve the best
performance possible. Sardari et al [69] presented the application of
composite porous/PCM in energy storage air heaters in domestic
buildings showing the advantages of the metal for providing uniform
output air temperature. They employed a rectangular heating element
on the walls of the PCM shell to charge the system.

Although extensive research has been carried out on numerous types
of thermal storage systems for different applications, the idea of inves-
tigating different modes of operation regarding the simultaneous and
consecutive charging/discharging of latent TES applicable to domestic
air heaters has not yet been investigated. The simultaneous charging/
discharging can solve the problem of the large volume of the storage
heaters by reducing the amount of required PCM which can also be more
cost-effective. However, the output temperature of the heater as a key
parameter as well as the energy level of the TES should be investigated
for different modes of simultaneous charging/discharging to understand
the performance of the system properly. Thus, the effort in this work was
devoted to analysing how the outcome of an air heater in various
operational modes can be enhanced with the inclusion of conductive
foam-PCM composite to improve the thermal conductivity and thermal
diffusion inside the bulk PCM as well as heat transfer rate from the PCM

Applied Thermal Engineering 197 (2021) 117408

to the cooling fluid. To examine the effective role of applying porous
foam in the context of PCM melting/solidifying enhancement potential,
a 3D computational fluid dynamic model (CFD) based on a finite-volume
discretization approach was developed and validated. Transient
behaviour of the molten PCM due to the interstitial heat transfer
generated by the foam skeleton and temperature-dependent thermo-
physical properties of PCM were considered in the model developed.
Temporal behaviour of the PCM-foam composite under three different
modes of operation were considered to reliably check the effect of
operating mode on the phase-transition rate and temperature distribu-
tion as well as output temperature of the heater. The results from this
study are expected to contribute to more efficient and compact thermal
storage systems for domestic air-heating applications. The advantage of
this study is to evaluate the optimum operating state considering the
properties of the metal foam, and the flow condition of the heat transfer
fluid as well as investigating the bast pattern of the charging and the
discharging process which can help minimize the size of the heat
exchanger by introducing simultaneous charging/discharging
mechanism.

2. System description

The schematic of the proposed storage unit is illustrated in Fig. 1-a.
Since the proposed system is used as a storage heater for domestic space
heating, a rectangular shape is selected which is similar to the normal
radiators. Metal foam-PCM is placed in equal rectangular containers at
the side of an air channel wall but other walls are adiabatic. Two heating
rod elements (length of 25 cm and diameter of 1 cm) with a fixed
temperature of 95 °C are placed inside the metal foam-PCM. Note that
the implementation of the heating elements in the centre of the PCM
solves the shrinkage problems of PCM and causes a uniform distribution
of thermal energy in the domain. There is a copper shield (thickness of 1
mm) that separates the air channel from the PCM enclosure, which al-
lows the heat to flow from the PCM to the air. The size of the PCM
enclosure is 15 x 30 x 50 cm. Thus, the mass of PCM in the container is
almost 15.32 kg. The width of the air channel is 2 cm. Note that as shown
in Fig. 1, due to symmetrical conditions of the problem, only one-quarter
of the domain is modeled numerically. Aluminum foam is employed
with a fixed pore density of 30 PPI (pores per inch) and porosity of ¢ =
0.90 and 0.95. Porosity is the ratio of the pore volume where PCM is to
be embedded to the entire volume of pores and ligaments. The range of
porosity in this analysis was limited to 0.90/0.95 to avoid altering much
of the PCM volume usage which in turn impacts the unit capacity to the
storage/retrieval of thermal energy. Meanwhile, the whole unit is set
primarily at 21 °C. It is found that the charging mode (melting) is done
within 8 h, then the discharging is initiated to allow the flowing of heat
from the PCM to the air in the next 16 h. It should be noted that due to
the governing conditions of the problem, the computational domain is
considered symmetric in two planes in two vertical planes. The sym-
metrical boundary condition can be employed when the physical
domain (geometry) and the expected flow field pattern of the developed
solution are mirrored along that surface. The studied geometry is a
rectangular shell which symmetrical in two vertical planes. For the fluid
flow pattern, due to movement of the liquid PCM under natural con-
vection effect, the pattern of the fluid flow is also symmetrical about the
middle vertical planes which have been also reported in the literature
[69,70]. Thus, it is possible to consider just a quarter size of the domain
to reduce computational cost.

The working principle of the system can be described as: (1) During
the charging mode (Fig. 1-b), the air passages are blocked and insulated
from the top and bottom. (2) During discharging (Fig. 1-c), the air passes
through the air passages by an air blower to warm up and then heat the
room from the top of the system. Different air flow rates are evaluated
during the discharging process for the purpose of space heating. (3) For
the simultaneous charging/discharging (Fig. 1-d), both the heating el-
ements and air blower are on to charge the PCM by the heating elements
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Both heating elements and air blower
are on

(d

Fig. 1. The proposed metal foam-PCM with air heat exchanger: a) boundary conditions and b, ¢ and d) working principles in charging, discharging, simultaneous

charging/discharging, respectively.

and at the same time discharge the stored heat to the room through
passing the air from the middle of the storage unit.

To provide various operational modes, a control system should be
provided to turn on/off the supplying heating elements in the charging
mode as well as the air blower in the discharging mode to release the
stored heat to the building. This study focused on the LHTES to figure
out the performance of the system in the mode of simultaneous
charging/discharging of the unit. As mentioned, the reason is to provide
a more compact unit which can save the cost, mass and volume of the
storage unit ease them for more commercial usages.

The PCM material, which used in this work is proposed to be RT70HC

Table 1

Properties of RT70HC [73].
Property RT70HC
Solidus temperature 69 °C
Liquidus temperature 71°C
Heat of fusion 260000 J/kg
Specific heat 2000 J/kg K
Density 880 kg/m® (solid) — 770 kg/m® (liquid)
Thermal conductivity 0.2 W/mK
Viscosity 0.0056 Pa.s
Expansion coefficient 0.001 1/K

(RUBITHERM) [71]. Its nominal properties as provided by the manu-
facturer are shown in Table 1. This material is an organic PCM with an
unlimited lifetime and high energy storage density. It also has a melting
temperature range (T > 60 °C), which applies to air heating applications
[72]. Note that the inlet air temperature is 21 °C during the solidification
considering different mass flow rates of 0.01, 0.02 and 0.03 kg/s. Note
that the flow rate is considered 0.02 kg/s in the whole study except in
the study of the flow rate.

3. Numerical modeling

This study continues the investigation and method described in [74]
and [75]. For the phase transition, the enthalpy-porosity method is
applied while the thermal-equilibrium approach is utilized for modeling
the heat transfer in the porous structure [76]. The governing equations
for incompressible Newtonian fluid flow of PCM in a homogeneous and
isotropic porous medium are given here as previously presented in [74]
with more details:

—

2V =0 e))
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where A,, is the mushy-zone parameter which is estimated at
10°-10° by most preceding researchers [77]. It is found in the present
analysis that a value of A,, = 10° best matches the Zhao et al.’s experi-
mental results [78,79] that are used in the validation of the present
results. The Boussinesq approximation (last term in Eq. (2)) is added to
the momentum equation for the buoyancy effect where the reference
temperature is the melting point temperature, which is the median of
solidus and liquidus temperatures. k, is the thermal conductivity of the
composite (porous medium and PCM) and given as:

ke = (1 — &)k, + ek @
4 is defined by:
OifT < Tsoticus
AH LifT > Triguidus
L T — Tsolidus

Triguiaus — Tsolidus

(5)
ifTSolidus <T< TLiquidus

where AH is the fractional PCM latent heat.

For the airflow simulation, the impacts of metal foam and phase
change are eliminated from the governing equation results in the con-
ventional forms of Navier-Stokes equations for laminar fluid flow and
heat transfer in the channel [76].

Fig. 2. The generated mesh in the symmetrical condition.
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V- p (T —Ty) )

4. Numerical procedure and validation

ANSYS-FLUENT computational fluid dynamics (CFD) commercial
package is employed in this study to solve the governing equations using
the SIMPLE algorithm. The PRESTO and QUICK schemes, respectively,
are utilized for pressure correction and momentum and energy equa-
tions. The convergence criteria are set to 10™* for continuity and 10°® for
the momentum and energy equations. Fig. 2 shows the generated
meshes using two heating elements inside the domain. The model is
mirrored on two vertical planes using symmetry boundary conditions for
the vertical surfaces and thus only one quarter of the whole domain is
modeled numerically.

The number of cells for the computational domain is 195,000. A
denser mesh with 426,700 cells is also generated to reach the inde-
pendent results from the number of grids based on the melting rate and
average temperature of the PCM. The results show no considerable effect
and the differences between the liquid fraction and average temperature
of the PCM for the cases with 195,000 and 426,747 cells are less than
0.2% after 8 h for the case with 95% porosity are and therefore the grid
number of 195,000 is selected for further investigations. Note that a
denser mesh was generated near the wall region which is one of the
reasons for the negligible difference between the results of cases with
195,000 and 426,700 cells.

For the numerical code verification, the study of Zhao et al. [79,80]
is regenerated employed also in Liu et al. [78] for simulating a rectan-
gular LHS unit with a heated wall from the bottom using a copper porous
structure inside the PCM (RT-58). Since in this study, a similar geometry
is proposed using composite PCM/metal foam, the geometry used by
Zhao et al was chosen to verify the code. For the current geometry, heat
loss is also considered for the container walls except the bottom using
constant heat flux which provides more accurate data to prove the
validity of the model. The porosity and pore density of the metal foam
are 95% and 10 PPI, respectively. The dimensions of the considered
energy storage unit are 200 mm and 25 mm in x and y-directions,
respectively. Fig. 3 shows the variation of temperature at the location of
0.8 cm from the bottom in comparison with the results of Liu et al. [53]
using both thermal equilibrium and non-equilibrium models as well as
experimental data of Zhao et al. [52] illustrating an acceptable agree-
ment. It should be noted that a user-defined function (UDF) was devel-
oped to model the metal foam in non-equilibrium thermally condition

80

=N
=]

- = = Equilibrium - present results

Non-equilibrium - present study
Experiment-Tian

Temperature (°C)
B
(=3

S

Numerical - Tian

)
S

Equilibrium - liu et al.

X > X @

Non-equilibrium - Liu et al.

0 1000 2000 3000 4000 5000
Time (s)

Fig. 3. Validation results in comparison with the experimental and numerical
studies in the literature [78,79]
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Fig. 4. Validation results in comparison with Al-Abidi et al.’s results [81]

considering variable convection heat transfer coefficient inside the
liquid PCM in the pores of the foam which is defined as a function of
liquid PCM velocity [75]. The developed UDF provides more accurate
results as shown in Fig. 3 as well as the study of Liu et al.

To provide further trust of the present model’s predictions, the pre-
sent results were also validated via the results reported by Abidi et al. on
the solidification of paraffin RT82 in a triplex-tube heat exchanger. The
list of boundary conditions and physical properties of PCM used in the
reference study is applied, and the liquid-fraction profile predicted
based on the present model is compared with that from Abidi et al.[81].
A very good agreement is achieved between the two studies as shown in
Fig. 4.

The non-equilibrium model can predict the PCM liquid fraction more
accurately compared to the equilibrium model. However, due to the
high computational cost of the thermal non-equilibrium method for
modeling the liquid phase behavior in the porous medium especially in
3D simulations, the thermal equilibrium model was employed for
further studies. It was shown in the authors’ previous study that the
difference between the thermal equilibrium and non-equilibrium
models is small due to the primary domination of heat conduction
rather than the natural convection effect [75]. The average velocity of
PCM in the presence of metal foam is in the order of 10 showing the
lower effect of natural convection while it is in the order of 10 for the
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PCM only case. Therefore, in this study, the equilibrium model was used.

Worth noting that the main limitation of the numerical models is the
idealization presented in the system description and the exact calcula-
tion according to the equation and the assumption presented in the
mathematical model, which produces a cap (even inconsiderable) be-
tween the model and the experiment. As presented in the validation with
experimental data, the assumptions have a limited impact on the results
of the process. Increasing the number of assumptions (to simplify the
calculation processes) decreases the reliability and the accuracy of the
outcome which are not significant according to the presented validation.

5. Results and discussion

The operating conditions, materials and heat-exchanger size are the
essential parameters for the successful design of any typical energy
storage system. In this study, the essential storage load, heat-exchanger
dimensions, and air flow conditions are considered to design an effective
latent-heat storage unit. The heat storage load, specific heat and latent
heat of PCM are the main parameters that specify the efficacy of PCM for
use as a TES medium. The porous aluminum (Al) foam is used for
additional performance improvement in the TES system. The target is set
for the PCM melting part of the cycle to be ended within 8 h, followed by
a period of 16 h for solidification. The operating time for the charging
mode (melting) is between 12 PM and 8 AM. For the discharging mode
(solidification), the operating time is from 8 AM to 12 PM. The thermal
comfort temperature is expected to be 21 °C in the current study.

The liquid-fraction contours and temperature distributions for the
case of porosity of 90% and the air flow rate of 0.02 kg/s for melting
mode are shown in Figs. 5 and 6, respectively. It should be noted that
during the melting, the air passages are blocked and insulated from the
top and bottom. Similar trends are observed over longer solidification
periods for the non-porous case. The temperature of the domain starts to
rise as heat moves to the PCM. The melting started when the PCM
achieved the phase-change (critical) temperature (69 °C). The heat
distribution is enhanced by the high thermal conductivity of the
embedded porous medium (Al). Melting PCM (liquid phase) rises by
natural convection and produces an inverted cone profile. Within 2 h,
50% of the domain is liquid, however, the rest melts more slowly
because of the increasing distance from the source and the low thermal
convection heat transfer. The total domain melts within 8 h as shown in

(=]
D

L

0.25h

4444

Fig. 5. Development of the liquid fraction contours during 8 h of the charging mode (melting).
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Fig. 6. Development of the Temperature contours during 8 h of the charging mode (melting).
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Fig. 7. Development of the liquid fraction during 16 h (8 h-24 h) of the discharging mode (solidification).

Fig. 5. The higher temperature appears on the liquid phase and takes a
cone shape. After 2 h, the average temperature is 348 K with higher
values around the heat source, then after 8 h, the temperature becomes
365 K as shown in the last image in Fig. 6.

When the unit becomes fully charged (after 8 h), the heat supply is
cut off and the solidification (discharge) process commences. Fig. 7 il-
lustrates that the liquid fraction shrinks; the bottom part of the unit is
early solidified due to the transfer of conductive heat in the top part and
discharging (releasing) heat to the airflow by free convective heat
transfer, the rate of which decreases in the channel as the temperature
varying between air and PCM reduces with height. After 24 h, the data
show that 45% of the PCM is solid, and the rest remains liquid. This
means that 55% of the heat store in the domain is unchanged.

5.1. Charging mechanism dependence on porosity of composite PCM

Fig. 8 shows the time-dependent development of the PCM liquid-
fraction during melting for three different foam-PCM cases: no porous
material-PCM (e = 1), porous-PCM & = 0.90 and porous-PCM & = 0.95.
By adding a porous material into the PCM, due to higher rate of heat
transfer in the domain and also from the heating element to the PCM,
thermal energy is stored quicker in the PCM; thus, the cases with the
presence of metal foam show higher liquid fraction of the PCM in an
identical time compared with the no porous case. The liquid-fraction
curve for the case of lower porosity € = 0.90 rises much faster up than
the other cases of non-porous and &€ = 0.95. The liquid fraction in the 0.9
case reaches its maximum value of 1 indicating completely melted
within 7 h. However, in other cases, longer operating time is needed to
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Fig. 8. The time development of the PCM liquid fraction for different porosity
of the porous medium.
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Fig. 9. The time development of the mean PCM temperature for different
porosity of the porous medium.

melt the whole PCM. Foam-PCM with lower porosity produces a better
melting rate than the case of no porous foam because lower porosity of
the metal foam implies a higher ligament volume ratio compared to the
pore volume ratio in the overall foam structure. It should be noted that
the porosity is selected based on the design parameters. In general, by
using a higher porosity material, a higher amount of PCM can be
inserted in a constant volume of the storage system. However, the
designed system should provide the required output design parameters.
Therefore, according to Fig. 8, to store the highest heat capacity in less
than 8 h, the metal foam with a porosity of 0.9 should be employed.
However, as an example, to reach 78% of the heat capacity in 8 h, the
porosity of 95% is enough during the charging mechanism.

The mean PCM temperature profile for the three cases is illustrated in

0.8
=
g
5 0.6
«
= Y 2 DL L 0.01 kg/s
=
504 ——0.02 kg/s
s
- - -0.03 kg/s
0.2 £
Charging
0
0 4 8 12 16 20 \Q
Time (h)

Fig. 10. The development of the PCM liquid fraction through the melting and
solidification processes for different air mass flow rates.
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Fig. 9. The mean temperature of PCM increases with time in the case of
non-porous-PCM due to absorbing the potential heat. For porous-PCM
combinations, there is an early initial surge in the PCM mean temper-
ature that eventually comes to saturate at some point later. It is due to
the rate of heat absorption by phase change is low during the early stages
as the major part of PCM is still in the solid phase. As soon as the energy
distributed in the matrix of the porous foam produces sufficiently and
high mean temperature melting becomes widespread, the mean tem-
perature rising little. As shown, the porous case with lower porosity and
as a result higher metal shows higher temperature due to the higher rate
of heat transfer.

5.2. Discharging mechanism using different air mass flow rates

Fig. 10 compares the transient variation of liquid fraction for three
different cases of airflow rate of 0.01, 0.02 and 0.03 kg/s. The solidifi-
cation rate of PCM is proportional to the flow rate. Increasing airflow
causes a larger release of latent heat from the PCM accelerating
solidification.

The PCM temperature evolution histories for the three flow-rate
values of 0.01, 0.02 and 0.03 kg/s are displayed in Fig. 11. Through
the solidification process, there is no significant impact of the variation
of airflow rate on the PCM mean temperature during solidification.
Temperature decreases most rapidly initially for the flow rate of 0.03
kg/s, followed by the case of 0.02 kg/s, and 0.01 kg/s. For a faster
temperature response of PCM, a higher flow rate on the cooling fluid
side should be considered. The sharp drop at the time of 8 h is related to
the start of the discharging process when the PCM temperature is higher
than the melting temperature and thus the PCM places in the sensible
heat domain until reaching the phase change domain. For the higher
flow rate (0.03 kg/s), the HTF gains more heat from the wall causing the
higher drop in the wall temperature and higher temperature difference
between the wall and the PCM, consequently, more heat transfers from
the PCM to the wall causing the sharper drop in the PCM temperature.

The time histories of the output air temperature for the three flow-
rate values of 0.01, 0.02 and 0.03 kg/s are presented in Fig. 12.
Increasing the air flow rate significantly reduces the mean output tem-
perature, which is almost at a constant rate. There is an initial decline in
the air mean temperature during the early stage of solidification that
eventually comes to vanish at some specific point of the solidification
time at approximately t = 10.4, 9.6 and 9.1 h for the cases of the flow
rate of 0.01, 0.02 and 0.03 kg/s, respectively. Air output temperature is
almost constant after these points. The rate of heat recovery from phase
change is low during the early duration as most of the PCM remains
liquid. When solidification becomes significant, the PCM releases heat to
the cooling fluid at constant temperature causing the mean air tem-
perature to proceed without significant change.

Fig. 13 depicts the impact of the air flow on the heat transfer rate
inside the TES system, which noticeably increases with increasing the air

100 A
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s 20 ;
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0 4 8 12 16 2 24
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Fig. 11. The development of the mean PCM temperature through the melting
and solidification processes for different air mass flow rates.
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Fig. 13. The development of the heat transfer rate through the solidification
process for different air mass flow rates.

flow in the range from 0.01 to 0.03 kg/s. The heat transfer rate is
approximately 85, 115 and 130 W at the beginning of heat recovery
during PCM solidification for the cases of the flow rate of 0.01, 0.02 and
0.03 kg/s, respectively. Later, the heat transfer rate drops to constant
values of 60, 80 and 90 W within almost two hours of solidification
starting. The system can transfer heat to the air at a constant rate after
only two hours of solidification. Generally, the results from Fig. 13 infer
that increasing the flow rate of air in the TES system promotes a faster
heat transfer rate within the PCM domain over the whole discharging
mode.

Table 2 lists the starting and ending PCM temperature as well as the
air for different periods for 8 h of charging and 16 h of discharge. The
starting and ending temperatures in Table 2 are related to the temper-
atures at the time of starting and ending of the simulation. For example,
for the charging process, the simulation starts when the PCM tempera-
ture is 21 °C and after 8 h when the simulation is stopped, the mean PCM
temperature is 92.1 °C. For the discharging with the flow rate of 0.01 kg/
s, the mean PCM temperatures changes from 92.1 °C (equal to the
ending PCM temperature in the charging process) to 69.9 °C after 16 h.
The temperature of the air also varies from 37.96 °C to 22.62 °C during

Table 2
Characteristics of the system using different air flow rates.
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16 h of discharge. Data from the table show that the reduction in the
PCM temperature increases as the flow rate increases during the dis-
charging mode. Furthermore, higher output temperature of the air can
be better achieved when the air flow rate is reduced during the dis-
charging mode. For example, after 16 h, the mean PCM temperature
difference reduces by 22.2, 23.4, and 25.7 °C for airflow rates of 0.01,
0.02 and 0.03 kg/s, respectively. Furthermore, by increasing the rate of
airflow, the outlet air temperature increases by 4.3, 2.7, and 2.0 °C for
airflow rates of 0.01, 0.02 and 0.03 kg/s, respectively. This means that
there is almost a 24% to 28% rise in the mean PCM temperature due to
the increase of the air flow rate from 0.01 to 0.03 kg/s. Meanwhile, there
is an increase in the outlet air temperature between 13% and 7% when
the airflow rate varies between 0.01 and 0.03 kg/s. Therefore, the po-
tential of the porous-PCM to improve the thermal performance of the air
heater is largely affected by the heat transfer and the airflow rates in use
during the charging and discharging mode.

5.3. Changing the operation mode

A heating system for space heating usually works for 8 h during the
day when people are at spending their time at home. As a storage heater,
due to the lower cost of electricity during the night and also the peak-
shaving concept, it is preferable to charge the system during the night
for 8 h in separate charging/discharging mode. Therefore, 16 h is
selected as the total working time of the system in this study. Further-
more, by introducing simultaneous charging/discharging, it is possible
to reduce the size of the heater providing similar performance with
separate charging/discharging which is more suitable for peak-shaving.
This study introduced the concept of simultaneous charging/discharging
of the storage heaters to evaluate the behaviour of such a system for
domestic space heating. As a result, three different modes of operation
are considered in this study to assess how changing mode of operation
could affect the thermal efficiency of the HE-PCM unit. These modes are:
(I) 8-hour charging and 8-hour discharging separately, (II) 2-hour
charging and 2-hour discharging separately for 8 heating cycles, and
(III) 2-hour charging and 14-hour discharging simultaneously. In all
modes, the mass flow rate and the inlet temperature of the air are set to
0.02 kg/s and 21 °C, respectively. The time histories of the liquid-
fraction contours for the HE-PCM system corresponding to the three
modes of operation, i.e Mode I, Mode II, and Mode III are presented in
Figs. 5-7, Fig. 14, and Fig. 15, respectively. At the early stages (t < 4 h) of
operation, the solid-liquid interface is almost the same in each case. This
implies that the propagation speed of melting is still not effective enough
to cause a difference in the melting fraction of PCM between the modes
in consideration. Typically, heat transfer by conduction mainly domi-
nates this early stage as an effective role of natural convection has not
started yet.

As time proceeds to (t > 4 h), more and more thermal energy moves
into the PCM to promote a further dominating role for natural convec-
tion over conduction and assists a larger melting fraction during all three
modes to start arising. In all modes, the melting fraction persists to be
larger compared to earlier stages but different in size between the three
modes of operation. A noticeable difference can be detected in the
propagation speed of the solid-liquid phase interface by comparing

Mode Duration Heat transfer rate Starting PCM temperature Ending PCM temperature Starting Air temperature Ending Air temperature
(h) W) QY] (§Y)] ()] Y
Charging 8 258.8 21 92.1 - -
Discharging (0.01 16 —58.9 92.1 69.9 37.96 33.62
kg/s)
Discharging (0.02 16 -75.9 92.1 68.75 32.13 29.48
kg/s)
Discharging (0.03 16 —87.76 92.1 66.43 29.71 27.74

kg/s)
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16 h

contours for the HE-PCM system corresponding to Mode II (2-hour charging and 2-hour discharging separately for 16 h).

vooe
o999

Fig. 15. Liquid-fraction contours for the HE-PCM system corresponding to Mode III (2-hour charging and 14-hour charging/discharging simultaneously).

Mode I and Mode II. Although both undergo a separate charging-
discharging approach, the solid-liquid interface of Mode I spreads
much faster than that of Mode II. For example, at the time interval of t =
8 h, all PCM is melted for Mode I, while a significant proportion of PCM
is still in the solid phase for Mode II. This is attributed to the longer
charging period available to mode I compared to mode II in the first 8 h.
Meanwhile, a very different trend can be noticed for Mode III compared
to the other modes. The charging process is noticeably more dominant
than the discharging process during Mode III. This dominating trend of
charging over the discharging process lasts over the whole period of
operation. In the final stage of operation (t > 14 h), the melted layer of
PCM proceeds growing in size to invade the major part of the domain in
all modes. However, melting is fully terminated due to the faster
charging rate during Mode I and Mode III as compared to that during
Mode II. This can be noticed in Fig. 15 (t = 16 h) when the melting speed
seems to be a little delayed in the lower part of the domain.

The time-varying liquid-fraction profiles for the three operation
modes are shown in Fig. 16. The behaviour curves show a continuous
increase in liquid fraction during the charging part within the first 10 h
of the operation. Comparing the slope of the curves of the three modes of
operation, it can be generally recognized that the melting rate in Mode I
is the fastest during this period. The longer charging duration available

10

—— Mode II
Mode III

Fig. 16. Timewise variation of liquid fraction for the three modes of operation.

for Mode I supports a faster heat transfer rate from the heating element
towards the PCM. Regardless of the mode, the melting occurs at the
same rate during the early period operation (t < 3 h), which is because of
the nonappearance of free convection during this period of operation.
Continuing to the last period of operation (t > 8 h), contrary to the other
modes, the curve of Mode I shows a continuous decline of the slope until
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Fig. 17. Timewise variation of average PCM temperature for the three modes
of operation.

the end of operation as a sign of the discharging part of the process.

The effects of changing the mode of operation on the mean PCM
temperature profile are presented in Fig. 17. Due to the nature of the
operation, there is an expected increase in the slope of the temperature
curve for Mode I during charging for 8 h, followed by a decline in the
slope during discharging. A similar trend but occurring over a shorter
time interval is seen in Mode II. In this mode, there is always an increase
followed by a decrease in the slope of the temperature curve recurring
over every 2-h interval. A very different trend is seen for the simulta-
neous operation mode (Mode III). In Mode III, the slope of the temper-
ature curve no longer exists as the uniform temperature profile is almost
preserved over the whole operation. This stable/constant temperature
behavior of the PCM during the simultaneous operation mode is ex-
pected to deliver the uniform heat exchange between the PCM and the
working fluid (air), as can be detected in Fig. 17.

The timewise variations of the average outlet air temperature related
to the different operation modes are shown in Fig. 18. Under the sepa-
rate charging-discharging operation conditions of Mode I and Mode II,
the lines show a slight drop in the average air temperature through the
solidification process because of the temperature drop in the PCM as a
result of the thermal energy released to the air. Note that the outlet of
the air channel is blocked during the charging process in the separate
operation of the system (Modes I and II) and therefore the outlet air
temperature is not reported during charging. The air temperature drops
sharply at the starting of the solidification process when the PCM is in
the sensible heat state. During the solidification and phase change
process, a negligible drop is detected because of the presence of porous
medium and the constant temperature of PCM during the phase change
mechanism. Meanwhile, the behavior of the air temperature under the
simultaneous charging-discharging operation conditions of Mode III is
completely different. The air temperature for both the charging and
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Fig. 18. timewise variation of mean outlet air temperature for the three modes
of operation.
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discharging processes remains stable and uniform as a result of similar
PCM behavior. The steady actions of the passage air temperature indi-
cate that the contribution of natural convection to the overall heat ex-
change between the PCM and the air is very small. This indicates that the
dominance of free convection over thermal conduction is no longer
effective in the simultaneous mode of operation. Such behavior for the
outlet air temperature is very beneficial to the operation of domestic air
heaters. It confirms the possibility of obtaining a continuous and stable
temperature of the outlet air under the simultaneous charging-
discharging operation of PCM-based domestic air-heater applications.

6. Conclusion

A two-dimensional numerical investigation of the charging and dis-
charging processes performance in Aluminum metal foam composite
and organic phase change material type RT70HC (RUBITHERM) has
been investigated. The effects of different operational modes, porous
medium, and the air flow rate on the latent-heat storage system were
assessed. Results disclosed that the solid-liquid interface of Mode I
(charge 8 h, separate discharge 16 h) expands faster than that of Mode II
(charge 2 h, discharge 2 h repeated). The charging process is noticeably
more dominant than the discharging process during Mode III (charge 2
h, discharge 14 h while still charging). For all the modes, the melting
happens significantly during the early period operation (t < 3 h), due to
the presence of the porous medium. Mode III presented the most uniform
temperature profile, which caused a uniform heat exchange between the
PCM and the air. This stable behaviour of the outlet air temperature
implies that the impact of free convection in the wax on the overall heat
exchange between the PCM and the air is very small. Decreasing the
porosity accelerated the liquid development, after 6.5 h all the PCM
became liquid with a mean temperature of 92.1 °C in case of the porosity
equals 90%. However, at 95% of porosity, the liquid fraction was 0.78 at
the end of the charging period (8 h) with the mean PCM temperature of
78 °C. The PCM temperature reached 92.1 °C after the charging process.
With increasing the air flow rates from 0.01 kg/s to 0.03 kg/s, the
eventual mean PCM temperature changed from 69.9 °C to 66.43 °C,
respectively. This study provided guidelines to minimize the size of the
storage heaters by introducing a simultaneous charging/discharging
mechanism for domestic space heating applications. The studied pa-
rameters could be expanded in future work to enhance the performance
of the system including pore density, inlet temperature, nanoparticles
addition, even using different PCM layers.
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