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Abstract

This paper evaluates the discharging mechanism in a PCM (phase change material) to air heat
exchanger for the purpose of space heating using a composite of copper foam and PCM. The
composite system is modelled with both 2-D and 3-D computational fluid dynamics approach
for different inlet air temperatures to consider the effect of room temperature using the thermal
non-equilibrium model for the porous medium compared with the thermal equilibrium one.
The results show the significant advantages of composite heat exchanger compared with a PCM
only case. For the inlet air temperature of 22°C, the composite unit is solidified in 43% shorter
time with 73% higher heat retrieval rate compared with that for the PCM only. After 10 hours,
the temperature variation between the inlet and outlet of the air channels for latent heat storage
heat exchanger system with the composite system is 41°C and 34°C for the inlet air
temperatures of 0°C and 22°C, respectively, while it is 33°C and 29°C for the system with
PCM only. This study show the possible usage of PCMs in the energy storage heaters by

introducing metal foams which is not possible using PCM only alternatives.
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Nomenclature

A The mushy zone constant tm Melting/solidification time (s)
C Inertial coefficient T Temperature (K)
Cp PCM specific heat (J/kgK) T,,  Melting point temperature (K)
d, Ligament diameter (m) Trer Reference temperature (K)
gi Gravitational acceleration (m/s?) u; Velocity component (m/s)
hy Local heat transfer coefficient inside the pores ¥ Velocity vector (m/s)
(W/m?K)
k., Effective thermal conductivity (W/mK) .
w LHS rate density (W)
Kerr
ks PCM thermal conductivity (W/mK) Greek symbols
Porous medium thermal conductivity g Thermal expansion coefficient (1/K)
ks (W/mK)
K Permeability (m?) £ Porosity
L Latent heat of fusion (J/kg) A Liquid fraction
m PCM Mass (kg) U Dynamic viscosity (kg/ms)
P Pressure (Pa) p Density (kg/m?)
p Rate of heat retrieval (W) pm  Density at melting point (kg/md)
Q Heat retrieval capacity (J) AH  Latent heat (J/kg)
q Density of heat retrieval (J) Subscripts
Rey Local Reynolds number ref Reference
1. Introduction

Due to the higher consumption of energy in recent years and, as a result, higher production of

pollutants and CO. emissions, improving energy efficiency and applying new methods to

reduce energy consumption is essential. According to the UK energy consumption report, the

domestic sector were responsible for 29 % of the total final energy consumption in 2015 which

increased by 3.1% in 2016. Moreover, space and water heating account for 80% of the total
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energy consumption in buildings [1]. In 2016, the residential sector accounted for 18% of all
CO- emissions which is 4.5% higher than 2015 [2].

Thermal energy storage (TES) in domestic heating applications can help balance the mismatch
between energy supply and energy demand. TES employs to gain the excess energy that would
otherwise be lost and permits load-shaving by charging the stored heat in off-peak hours.
Among different kinds of TES systems including sensible, latent and chemical heat storage,
there is growing interest in the usage of latent heat systems recently for heat storage due to
having a high capacity of heat storage typically 5 to 14 times higher than sensible heat storage
systems [3]. Furthermore, the characteristic of constant temperature during phase change is
another feature of Latent heat systems which can also be employed to better control the output
temperature. Latent heat storage (LHS) works by employing phase change materials (PCMs)
and has been employed in various applications such as solar and geothermal systems, building
heat exchangers, air conditioning systems, power plants and waste heat recovery [4, 5].
However, the rates of thermal diffusion within the bulk of PCM and also the thermal
conductivity of PCMs are low which limit the use of LHS systems [6].

Different methods have been employed to overcome the limitation of PCM capability in the
literature [7-22]. Composite metal foam/PCM has been developed recently as a substitute for
PCM only due to heat transfer enhancement inside the PCM [23, 24]. Mesalhy et al. [25]
showed significant effects of the presence of porous matrix within the PCM which enhances
the rate of heat transfer and charging time. They recommended a foam with high porosity and
high thermal conductivity due to reducing the convection effect by the use of the porous
medium. Zhao et al. [26, 27] assessed the influences of porosity and pore density in a composite
copper metal foam/PCM experimentally and numerically and showed significant increase of
heat conduction rate by using a metal foam. The heat transfer increases 5-20 times in the PCM

solid phase zone and 3-10 times in the mushy zone with metal foam compared with the PCM
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only in charging and discharging process. Liu et al. [28] studied numerically the melting of a
composite metal foam/PCM shell and tube storage in 2-D and 3-D cases. They showed the
small effect of pore size on the melting time. Zhang et al. [29] studied the melting process of a
composite copper foam/paraffin LHS system in a 3-D rectangular enclosure heated from the
left surface by electric heater. They showed that, compared with the paraffin only case,
composite copper foam/paraffin has a higher heat transfer rate due to the presence of high
conductivity copper foam. They presented that the mean charging powers of the paraffin only
and composite PCM were estimated to be almost 4.19W and 4.28W at 3000s, respectively.

There are a few studies that work on the application of latent heat storage heat exchangers
(LHSHE) for room heating and ventilation in the literature. Wang et al. [30] performed an
experimental study on a high-temperature latent heat storage air heater in a room with the aim
of transferring the electricity usage from the peak hours to off-peak hours. They used electrical
elements to charge the PCM with a high latent heat and the melting point. The results show
that by charging the system in 8 hours, the system can provide the suitable heat for room heating
in the remaining 16 hours during the day. Dechesne et al. [31] studied an PCM air heat
exchanger using in the ventilation system. In the system, for the heating purpose, heat gained
from the PV modules is stored during the day and then is released to the room during the night.
For cooling, coolness is stored during the night and release to the room during the day. They
developed a semi-empirical equation for the outlet temperature of the air. The system can
provide more than 50 W of cooling and heating powers by the PCM heat exchanger over five
hours. Osterman et al. [32] prepared a PCM thermal energy storage suitable for both cooling
and heating purposes to save energy. During summer, the system stores cold from the outdoor
air at night to reduce the cooling load at the daytime and during winter, the system stores heat
from the air heated by solar collectors for room heating. They showed that 142 kWh can be

saved annually in the energy consumption of an office. Wang et al. [33] studied a PCM air heat
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exchanger with a zigzag plate geometry using different unequal mass PCMs with various
melting points for industrial application. They validated their model with the experimental data
using NaCl-MgCl; salt. The advantage of using different PCMs instead of only one PCM is
that there is a time period within which the outlet temperature is almost equal to the initial
temperature depending on the melting points of the employed PCMs and that there is improved
uniformity of the system’s output temperature using a proper design of PCM based heat storage
systems.

As discussed in the literature review, there have been some studies in the literature on the
application of latent heat storage heat exchangers using PCM only for domestic heating [30,
32, 34] and due to low thermal conductivity of PCMs, the number of publications has not
significantly grown. Therefore, in this paper, an air-cooled LHSHE with composite metal foam
and PCM is simulated numerically, and is compared with a PCM only system in the discharging
process to study the uniformity of the system’s output temperature and discharging time. The
enthalpy-porosity method is employed for modelling the phase change while the optional
thermal models of equilibrium and non-equilibrium are used for the porous medium. Effects of
inlet air temperature on the performance of the system are studied in 2-D and 3-D cases. The
effects of liquid fraction, temperature and velocity distributions, as well as the output
temperature of the air to the room are examined. Different inlet temperatures are studied for
the air as the input of the heater to simulate the real conditions inside the occupant place where
different heat loads are required which has been rarely considered in the literature. It is
noteworthy that for room heating, it is important to gain the desirable heat from the storage
system during a limited time which is investigated comprehensively in this paper by
introducing metal foams inside the PCM which cannot be achieved using PCM only alternative.
This paper investigates the domestic thermal storage unit with the focus on the discharging

time and output air temperature of the heat exchanger. The proposed system acts as a forced
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convention storage heater inside a room to provide the required heating load of the building

taking the advantage of uniform output temperature.

2. Problem description

The PCM-air heat exchanger is studied numerically in 2-D and 3-D cases. The schematic of
the 2-D domain is displayed in Fig. 1 for the PCM only (on the left) and the composite metal
foam/PCM (on the right). In the system, composite PCM or PCM only is embedded in equal
rectangular enclosures beside the air channel with adiabatic walls. There is a copper wall
between the air channel and PCM container with a thickness of 1 mm which permits the heat
to transfer from the PCM to the air. The dimensions of the system are displayed in the figure.
The mass flow rate of air is considered to be 0.01 kg/s. For the composite case, the porosity of
copper metal foam is 95% with a pore density of 50 PPl and pore size of almost 0.5 mm. It
should be noted that the volume of the system for both composite PCM and PCM only case are
equal.

Note that different points at the middle of PCM shell with the distance of 10 cm with each other
are considered in both composite PCM and PCM only cases to better compare the results of
temperature at different location. The points are displayed in Fig. 1 by green cross sign in the

PCM only case to better understanding their locations.
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Fig. 1. The schematic of the 2-D geometry for the PCM-air heat exchanger with a) a PCM only and b) a

composite metal foam/PCM

The schematic of the 3-D computational domain and the way of passing air inside the system
are shown in Figs. 2-a and 2-b, respectively. The difference between the 2-D and 3-D cases is
the insulated walls at the left and right sides of the system. It is noteworthy that regarding the
typical dimensions of radiator units, the length and height of the proposed system are chosen
as 1 mand 60 cm, respectively. Moreover, the width of the PCM container and air channel are

10 cm and 2 cm, respectively.
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Fig. 2. The schematic of the 3-D geometry for the PCM-air heat exchanger: a) dimensions of the system and

b) the way of air entrance and exit

3. PCM material

An organic PCM RT-82 (RUBITHERM) is used in the simulations, the thermophysical
properties of RT-82 as well as the thermophysical properties and specifications of copper foam
are listed in Table 1. Note that according to the properties of RT-82, the density is phase-
dependent and in the liquid state, due to thermal expansion of the PCM, the density varies with
temperature. Therefore, a UDF is provided to calculate the density in different phases according
to the PCM liquid fraction and temperature. It is considered as constant 880 kg/m?in the solid
state, linear variation in the mushy zone between 880 and 770 kg/m?, and then, at the liquid
state, density is varied according to the Boussinesq approximation given as:

Pi

PR+ 1 0

where f is the thermal expansion coefficient, T is the fluid temperature, T; is the liquidus

temperature, p is the density and p; is the PCM density at liquidus temperature.



152

153

154

155

156

157

158

159

160

161

162

163

164

The reason for selecting RT-82 is domestic heating application. As an air heater for domestic
space heating, the range of output temperature should be between 30-50 °C. Since by using this
material with the melting point of 82 °C, an acceptable output temperature is provided,
therefore this material is used as the PCM in this study.. There is the added advantage that at
82°C, the PCM in the insulated cavity will have a low temperature gradient compared to either
hotter PCM materials (e.g. salt PCM) or the traditional sensible heat storage blocks which are

generally in the order of 100s of °C.

Table 1
RT 82 properties [35]

Property RT 82
T,/ Tf (°C) 77/82
L (kd/kg) 170
Cp (KI/kgK) 2
p (kg/md) 880 (solid) — 770 (liquid)
ky (W/mK) 0.2
u (Pass) 0.03499
B (1/K) 0.001
Property Copper
Density 8960 (kg/m®)
Thermal conductivity 400 (W/m.K)
Specific heat 0.385 (kJ/kg.K)
Porosity 95%
Pore density 50 PPI

Note that the entire system is initially at the temperature of 85 °C which is 3 °C higher than

the liquidus temperature of the PCM.

4. Mathematical modelling



165  Standard numerical methods are applied as outlined in the following, with the addition of the
166  formulae from literature for the phase change representation which are developed into a user
167  defined function. Enthalpy-porosity model is employed to model the effect of phase change in
168  the LHSHE systems. In the presence of a porous medium based on the viscous and inertial
169  losses, an addition pressure drop is considered in the momentum equation [36]. For simulating
170  heat transfer in the porous media, two thermal models are used i.e. the equilibrium and non-
171 equilibrium. In the equilibrium model, the temperature of liquid PCM and the porous medium
172 are the same, but in the non-equilibrium one, the porous medium and PCM are not considered
173 to be in thermal equilibrium which is more accurate, and is employed in this study considering

174  the assumptions below [28, 37, 38]:

175 1. Incompressible Newtonian fluid for the liquid PCM

176 2. Open-cell, homogeneous and isotropic metal foam

177 3. Negligible Viscous dissipation

178 4. Constant thermo-physical properties except the density for the PCM

179  Therefore, the set of governing equations for the Brinkman—Forchheimer-extended Darcy

180  model are given as [23]:

Continuity:
ap -
—+V.pV =0 1
ot VP 1)
Momentum:
e ot g2V
oP g (1-2)? tr  prCluyl (2)
=——+—=—V?u) " Ap—o">——u;— |+ — |y
o, T e VW T Am gm0 Tk Ty )Y

- pfgiﬁg(T - Tref)

10



181 A, is the mushy zone constant considered equal to 10° [39]. K and C can be fined in Ref. [36].
182  The energy equation for equilibrium and non-equilibrium thermal models are given as follows
183  [28]:

Equilibrium thermal model:

da\ a7 _
£py <Cf + LE)a_tf +psCr(V.VTF) = k V2T; 3)

Non-equilibrium thermal model:

For the PCM:

dA\ 0Ty o ,
eps | Cr + LE ot prCr(V.VTy) = kpoV2Ty — hypAsp (Tr — Ts) 4

For the porous medium:
dTy 5
(1 —¢&)psCs (E) = ks VT — hszsf(Ts - Tf) ®)
184  where for the equilibrium model, k. is the volume average of k; and k. In the non-equilibrium

185  one, the effective thermal conductivity is defined as follows [28]:

1
kerr = 6
7" JZ(Ry + Ry + Rc + Rp) ©)
186  where
4o
Ra = (2e2 + mo(1 —e))ks + (4 — 2e%2 —na(1 —e))ks )
o (e — 20)? (®)
P (e —20)e2ks + (2e — 40 — (e — 20)e>)ks
R = V2 - 2e ©)
¢ V2ro2ks + (2 —V2mo?)ks
2e
(10)

Ro = o v - e?)k;

187 where e = 0.16 and
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(3 — 2v2e —e)

(11)

To calculate ks, from Eq. (10), k. should be considered zero in Egs. (11-14) substituted to
Eg. (10). On the other hand, to calculate k., ks, should be considered zero in Eq. (10-14).
Therefore, it can be expressed as follows:

kre = keprlks=o (12)

kse = kesr|kr=o (13)
To determine the local heat transfer coefficient between the porous medium and PCM, the
porous structure is usually considered as cylinders and the laminar flow of liquid PCM in
porous structure is considered similar to the flow around a cylinder. Therefore, in Egs. (8-9),

the interstitial heat transfer coefficient is calculated as [40, 41]:

hsr = 0.76Red*Pr®37 ke /d, (14)
where
Re,; = Ppem u? + Uzdl/(gl'[pcm) (15)

and d; can be find in Ref. [36].

In the porous medium, in addition to the temperature of the PCM, the fluid velocity depends
on the characteristics of the metal foam. During the solidification process, when the PCM starts
to solidify and the heat is transferred from the PCM to the air, the velocity increases due to the
start of natural convection effect; however, due to flow resistance by the porous structure, the
fluid movement is supressed and the velocity decreases. In our case, the maximum velocity is
less than 0.01 mm/s and as a result the calculated Re, by Eq. (19) is small. The general form of
hs¢ depends on the Reynolds number; however, due to the small magnitude of the Reynolds
number, Eq. (18) is employed in this study. The general form can be found in Ref. [41]. A is

the specific surface area of the porous medium given as [41]:

12



3ﬂdl(1 _ e—(l—s)/0.04)

o 0.59d,,2 (16)
206  Inthe energy equation (Eg. (8)), A is the liquid fraction which is defined as [42]:
f _ ]icf TT <TTSolidus
AH l > 1iqui
A= T T — Tsolidus o (7

T T if TSolidus <T< TLiquidus
k Liquidus — {Solidus )

207  where AH is the fractional latent heat of the PCM that may vary between zero for solid and L
208  (latent heat of fusion) for liquid.

209 Itshould be noted that the porosity is considered 1 for the PCM only case in the above equations
210  which causes the cell diameter of zero results in the elimination of porous media source terms
211 in the momentum equations.

212 Different parameters including the rate of heat retrieval, heat retrieval density and heat retrieval
213 rate density are defined to assess the performance of the system. The rate of heat retrieval is

214  defined as the ratio of the heat storage capacity to the solidification time [43]:

p= Q_ Mor J CppordT + Mpem (fsolid CppemdT + Ly + fliquid Cplpcde)

tm tm

(20)

N Mpem Ly

~

tm
215  The heat retrieval density is the heat retrieval rate over the summation of PCM and metal foam

216 masses [43]:

_Q Mpor S cppordT + Myem (fsou.d CppemdT + Ly + fliquid cp,pcde)

m Myor + Mpem

q
(21)
o Mpemly
mpor + mpcm
217  Heat retrieval rate density is also used to consider all parameters of mass, melting/solidification
218  time and heat retrieval capacity together, as the ratio of heat storage/retrieval rate to the mass

219  of the composite material defined as [43]:

13
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Q  Mpor J CopordT + Mpepy (fsolid CppemdT + Ly + fliquid cp,pcde)
W —_— p—
tnm tm (mpor + mpcm)

(22)
mpcmLf
tm (mpor + mpcm)

~
=

Note that for the PCM only case, in Egs. 25-26, m,,,,, is zero.

5. Numerical procedure

ANSYS-FLUENT software is employed to solve the governing equations using double
precision solver with SIMPLE algorithm due to incompressible flow. A user-defined function
(UDF) is employed for calculating both the interfacial heat transfer coefficient between the
liquid PCM and metal foam and the density variation of the PCM. PRESTO pressure
interpolation scheme is used due to buoyancy, while the quadratic upwind discretisation,
QUICK, scheme is employed for the momentum and energy equations, both for enhancing
accuracy of the numerical method. The mesh independency analysis for both 2D and 3D cases
are performed precisely in this study which are presented in Appendix-(A).

Furthermore, the time step size is considered 0.5s with the maximum number of 200 iterations
for each time step. The results are not varied by reducing the size of time step. The same
procedure is performed for the LHSHE with the PCM only and the value of time step is
considered 0.25s with the same mesh and maximum number of time steps for PCM only case.
Note that for the selected size of the mesh and time step, and for the inlet air temperature of 22
°C, for the equilibrium model, the computational time is almost 2.5 days for the 3D and 1 day
for the 2D geometry using Fluent in parallel mode with 4 cores after 65,000 s (18 hours) of

simulation time.

14
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6. Validation

In this study, a comprehensive validation process is performed for all the cases of PCM only
as well as equilibrium and non-equilibrium thermal models of porous-PCM. All the
comparisons are made with both numerical and experimental studies form the literature.

For the composite case, the 2D numerical and the experimental results of Zhao et al. [26, 27]
as well as 2D numerical study of Liu et al [28] are used for validation. The studied geometry
was a rectangular heat storage unit with the dimensions of 200 mm x 50 mm with 1.6 kW/m?
heat flux from the bottom using RT-58 for the PCM and copper foam with the porosity of 95%.
To have a more accurate results, heat loss into the surrounding was also considered for the
other walls in the numerical model. The temperature at the height of 8mm is presented in
comparison with Zhao et al [26, 27] and in Fig. 3 and an excellent agreement can be found
between the non-equilibrium thermal model and the numerical and experimental results of
Zhao et al. and numerical results of Liu et al. The results of the equilibrium thermal model is
also in good agreement with the equilibrium modelling of Liu et al [28]. Furthermore, as
mentioned in [28], the numerical results of Zhao et al. have a small variation with the
experimental results due to considering a constant melting temperature. However, in this study
and the study of Liu et al. [28], different liquidus and solidus temperatures are considered for
the simulations. A maximum deviation of +4.2°C achieved between the present results and
experimental data of Zhao et al. It should be noted that it is difficult to justify the accuracy of
this discrepancy according to the figure since the data from the experiment is taken from the
electronic copy of Zhou et al and will suffer perhaps up to 2°C positioning error compared to
the present data. Therefore we put in a statement offering the qualification of results that they
may deviate from physical results according to the uncertainty of our method by up to 5°C, but

that the trends observed will be self-consistent, as observed in Fig. 3

15
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Fig. 3. The validation results of composite PCM compare with different numerical and experimental works
[27, 28]

For the code validation in a solidification problem with and without considering the foam, the
numerical results of Esapour et al. [15] are employed for comparison. They modelled a porous-
PCM LHS system numerically in a triple-tube heat exchanger using Rt-35 as the phase change
material. Fig. 4 illustrates the variation of liquid fraction for the current study compared with
the results of Esapour et al. [15] showing an excellent agreement during the solidification
process. This work relied for validation on the experiments of Zhou et al. in terms of
determining the reliability of the numerical method for the phase change, and then they go on
to simulate solidification using the same validated methodology. In the same way, we validate
against the melting experiment of Zhou et al. and use the proven application of the methodology

in our simulations for simulation of solidification process since the phase change algorithm is

similar in melting and solidification.
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Fig. 4. The validation results for the solidification process in a triple-tube porous-PCM LHS unit in compare
with Ref. [15]

7. Results and discussion
In the solidification process of the proposed heat exchanger, cold air is passed through the
middle of the system from bottom to the top, the air gains heat from the PCM in order to reach
the desired temperature at the outlet. Three inlet temperatures of 0°C, 10°C and 22°C are
examined to simulate the heat exchanger at three different periods of time as follows:

1- The initial time when the system starts heating a very cold room (cold start).

2- The middle stage when the room temperature rises to higher temperatures at 10°C

3- The final stage when the room reaches the thermal comfort temperature
At the cold start, the heat exchanger should provide more heat to increase the room temperature
to the thermal comfort condition quickly. Furthermore, at the final stage, the heat exchanger
should provide almost constant heat to keep the room temperature almost constant to balance
against steady heat loss from a room. It is noteworthy that the heat exchanger works mostly in

the third state when inlet air temperature is 22°C, equal to the thermal comfort temperature.
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This selected target temperature is within the range according to ASHRAE standard, for

thermal comfort, 19.5°C and 27.8°C [44, 45].

7.1. 2-D simulation of a composite PCM-air heat exchanger compared with the case of PCM

only

In this section, first, the results for the inlet air temperature of 22°C are discussed for the system
with the composite PCM compared with the PCM only and then the effects of different inlet
air temperatures are investigated.

Fig. 5 displays the contours of temperature distribution for the PCM-air heat exchanger for
both the composite PCM and the PCM only systems at different times. As shown in the air
channel, the air enters the channel at a temperature of 22°C, gaining heat from the PCM as it
passes through the channel. The PCM releases heat to the air and then when its temperature
drops down to the liquidus temperature, solidification starts. Since the air enters from the
bottom of the system, the bottom area of the system is colder than the top area. Therefore the
solidification starts from the bottom. In other words, the near region of the air channel solidifies
by conduction heat transfer while the heat is transferred by both conduction and natural
convection in the PCM domain. In the composite LHSHE, the heat transfer rate is considerably
enhanced due to the presence of metal foam by conduction in the main body of PCM and the
heat is transferred faster [27]. Note that the effect of natural convection is very low due to high
flow resistance because of the tortuosity of the porous medium. In the LHSHE with the PCM
only, natural convection is dominant for heat transfer mechanism after the initial minutes when
the heat is transferred by only conduction. The results show that the velocity magnitude of
liquid PCM for the composite case is almost zero; however, in the PCM only, the PCM starts

moving at the beginning and the velocity reaches almost 1.4 mm/s and then reduces due to the
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solidification process. As shown, the effect of natural convection in the PCM only system is

much smaller than the effect of the porous medium in the composite system regarding heat
transfer enhancement. After 18 hours, while the temperature of the composite case is between
50°C and 56°C, the temperature at the top layers of PCM only system is still higher than 82°C

meaning that no solidification happens in that area.
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Fig. 5. The contours of temperature for the LHSHE with the composite PCM compared with the PCM only at

different times for the inlet air temperature of 22°C

Figs. 6-a and 6-b display the variation of PCM temperature at different points at the middle of
PCM shell at different heights for the LHSHE with the composite PCM and the PCM only,
respectively. In the temperature profile, three different scenarios happened. The initial drop in
temperature is due to the temperature difference from the initial temperature (85°C) to the
liquidus temperature (82°C). In the mushy zone, the PCM solidifies and the temperature drops
down from the liquidus temperature (82°C) to the solidus temperature (77°C) as increasingly
higher proportion becomes solid. Then, the temperature decreases in solid phase until the PCM
reaches the same temperature as the air. Note that in this study, the simulation is terminated
when all the PCM solidifies and the latent stored heat is gained by the air. As shown, for the
composite case, due to the presence of high conductivity metal foam and as a result higher heat
transfer rate from top to the bottom layers, the temperatures of different points are closer to

each other compared with the PCM only system.
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Fig. 6. The variation of PCM temperature at different locations of the LHSHE with the a) composite PCM
and b) PCM only for the inlet air temperature of 22°C

Fig. 7 displays the mean temperature of PCM and air of the LHSHE with both composite PCM
and PCM only. With the elapse of time, the average temperatures of PCM decreases due to
transferring heat from the PCM to the air. Since the PCM loses its heat and as a result its
temperature drops, the average temperature of the air also decreases. Furthermore, the PCM
and air mean temperatures for the composite PCM is higher than that for the PCM only case
shows the advantageous effect of the porous media in the LHSHE. The reason is due to the
effect of the porous medium and as a result higher rate of conduction heat transfer in the
composite PCM than the convection heat transfer in the PCM only. In the composite case, the
heat can be transferred to the air faster by the porous medium and the heat exchanger can use
a higher capacity of the latent heat from the composite case which can maintain a more uniform

temperature distribution in the domain compared to the PCM only.
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Fig. 7. The variation of PCM and air mean temperatures for the LHS system with the composite PCM

compared with the PCM only for the inlet air temperature of 22°C

Fig. 8 displays the contour plots of the PCM liquid fraction for the systems with and without
the metal foam at different times. The LHSHE with a composite PCM releases more heat to
the air and therefore solidifies in less time across the entire domain. In the initial hours, in the
LHSHE with the composite PCM, heat is transferred more by the metal foam than the PCM
and therefore, the liquid fraction is less than that for the PCM only system. After that, when
the entire domain becomes colder, a larger proportion of PCM solidifies and more heat is
released to the air channel with the composite PCM-air system. For the PCM only case, natural
convection is dominant and in the liquid zone, the gravity generates a big circulation in the
domain where downward flow occurred near the air channel with a higher magnitude of

velocity and then moves upward near the insulated wall of PCM container.
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Fig. 8. The contours of the liquid fraction for the LHSHE with the composite PCM compared with the PCM

only system at different times for the inlet air temperature of 22°C

Fig. 9 illustrates the variation of the PCM liquid fraction as a function of time for the LHSHE
with and without the metal foam. After almost 17.25 hours, for the composite PCM-air heat
exchanger, all the latent heat releases from the PCM and the liquid fraction of PCM reaches to
zero. However, at this time, the liquid fraction of the PCM only-air heat exchanger is almost

0.13 and 13% of the total latent heat is not released from the PCM to the air, remaining as latent
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heat in the system at this time. Moreover, the total solidification time is almost 31 hours for the

PCM only-air heat exchanger.
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Fig. 9. The variation of liquid fraction of the LHSHE with the composite PCM compared with the PCM only

at different times for the inlet air temperature of 22°C

Fig. 10 illustrates the variation of mean air-temperature difference of the system. The
temperature difference for the composite LHSHE is much higher than that for the PCM only
system. The mean air-temperature difference is almost 38°C at the beginning of heat retrieval
and then reaches 26.8° for the composite system and 21.6°C for the PCM only system at 17.25
hours, when the PCM solidifies in the composite case. The composite system at that time can
generate a higher mean temperature difference by almost 24% higher than the PCM only
system. Furthermore, the mean temperature difference is almost constant for the first 8 hours
and then reduces by almost 11°C in the composite PCM case; however, for the PCM only, the
mean temperature difference always drops down at a constant rate. For the first 12 hours, for
the composite system, the mean temperature deference decreases from almost 36°C to 32°C
which means almost 4°C reduction in the temperature. However, for the PCM only system,
almost 18°C reduction in the mean temperature difference occurs in the outlet air temperature
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389  Note that due to the laminar flow of the air in the channel and hence heating the air in contact
390  with the heat exchanger surface and relying on thermal conduction to heat the air in the centre
391  of the channel, there is a temperature profile across the outlet air and the average value of the

392  temperature at the outlet (Tout) is considered in Fig. 10.
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Fig. 10. The variation of mean air temperature difference as a function of time for the composite PCM
LHSHE compared with the PCM only case for the inlet air temperature of 22°C
394

395  Table 2 presents the solidification time, the heat storage capacity, rate, density and rate density
396  of the heat retrieval unit with and without the metal foam. Note that the negative numbers in
397  Table 2 is due to heat retrieval from the system in the solidification process. The solidification
398 time improves by almost 45% by using the composite PCM unit compared with the PCM only
399  system. Due to the porosity of 95%, the total heat capacity of the composite PCM system is
400 5% less than that for the PCM only case; however, the rate of heat retrieval for the composite
401  PCM case is almost 73% higher than the PCM only system due to the much lower solidification
402  time. Furthermore, since 5% of the composite PCM case includes copper which is heavy, the
403  heat retrieval density of PCM only system which is equal to the latent heat of fusion is 36%
404  higher than the composite system. To consider both effect of solidification time and mass, the
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heat retrieval density of the composite PCM is 16% higher than that for the PCM only system.
Therefore, the composite PCM unit also shows a higher performance than the PCM only system
based on effective power rating analysis. It should be noted that since Table 2 is related to the
solidification process when the heat releases from the PCM to the air, the values of Q, p, g and

w are negative.

Table 2
The solidification time and power rating parameters for the composite PCM system compared with the PCM

only system for the inlet air temperature of 22°C

Case Solidificationtime (h) Q@ (MJ) p (W) q (ki/kg) w (W/kg)
PCM only 3151 -8.41 -74.18 -170 -1.5
Composite PCM 17.25 -7.99  -128.75 -108.2 -1.74

After turning on the heater when the room temperature reaches to a thermal equilibrium
condition, an important issue is that the air-cooled heater is capable of maintaining the outlet
temperature at an almost constant temperature. For the PCM-air heat exchanger, during the
solidification process, it is important to maintain the outlet temperature of the heat transfer fluid
at an almost constant temperature which is achieved by employing the foam inside the PCM
container. Therefore, different inlet temperature of the air are also studied. By decreasing the
inlet air temperature for both cases, the liquid fraction reduces at an almost constant rate. Table
3 lists the total solidification time. For the composite case, the total solidification time is almost
48% less than a system with the PCM only and the reduction rate decreases by increasing the

inlet temperature of the air.
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Table 3
The solidification time of LHSHE using composite PCM compared with PCM only for different inlet air

temperatures
Inlet air PCM only Composite PCM Rate of reduction in
temperature Solidification time solidification time, %
0°C 24.30 12.26 49.57
10°C 27.51 14.27 48.11
22°C 31.51 17.25 45.27

Table 4 shows the average air temperature at the outlet of the channel for different time periods
for different inlet air temperatures. The outlet air temperature reduction with the lapse of time
for the composite case is less than that with PCM only. For example, after 12 hours, for the
inlet temperature of 0°C, the mean air temperature reduces by 10.9°C for the composite PCM
system while it is 15.9°C for the PCM only system. Furthermore, by decreasing the temperature

of inlet air, the reduction in the outlet air temperature increases.

Table 4
Mean outlet temperature of air at different time periods for different inlet air temperatures for different inlet

air temperatures
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The effect of inlet air temperature is shown in Figs. 11-a and 11-b. For the composite PCM
case, for the first 10 hours, the temperature difference variation is much lower than the PCM

only case which shows the significant advantage of LHSHE with the composite PCM.
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The solidification time and heat storage rate density for different inlet air temperatures are
presented in Table 5. The advantage of the presence of copper foam can be seen based on both
solidification time and rate density of heat retrieval. Furthermore, by reducing the inlet
temperature of the air, the LHSHE rate density enhances due to a higher temperature difference
between the PCM and the air results in a higher rate of heat retrieval in a shorter solidification

time.

Table 5
The solidification time and rate density of heat retrieval for the composite PCM system compared with the

PCM only system for difference inlet air temperatures for different inlet air temperatures

Inlet air Solidification time (h) w (W/Kkg)
temperature PCM only Composite PCM ~ PCMonly  Composite PCM
0°C 24.3 12.26 -1.94 -2.45
10°C 27.51 14.27 -1.72 -2.11
22°C 31.51 17.25 -1.5 -1.74

After evaluating the performance of composite PCM to air heat exchanger, it should be noted
that the system should be studied from the cost point of view to demonstrate the value of using
metal foam-PCM in domestic heaters. The cost of metal foams are expensive. PCMs are also
still expensive. For example, a copper foam with the dimension of 20 mmx500 mm x 1000
mm is almost 405$ and the price of 1 kg PCM is almost 15$. Therefore, for the proposed
dimension of the heater in this study, the total price of the copper foam and PCM is 3172%
which is expensive; however, it should be noted that this price is for lab scale and for a
commercial product, the price is divided by 5 or 10 which makes it meaningful. Note that the
price of available energy storage heaters with the same storage capacity using different sensible

heat storage technique (magnetite storage cells) is around 800$. Furthermore, due to the
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technology of producing metal foams, the price of them is expensive now and hopefully in the
future, it should be considerably less expensive than current prices. Moreover, instead of using
metal foams, other high conductivity materials such as graphite can be used in order to provide
a less expensive product. In this study, copper foam is utilized as an available high conductivity
porous medium to show the potential of this product in providing a uniform output temperature

for the heater.

7.2. 3-D simulation of the composite PCM-air heat exchanger compared with the case of

PCM only

Due to a large number of computational nodes in 3-D simulations compared with 2-D cases, in
practice, it is not feasible to simulate especially over long physical times [46]. Therefore,
researchers have always tried to simplify the problem in order to consider it 2-D or even 1-D.
In addition to the simplification, the way of heat transfer and boundary conditions of the
problem affects the results [47].

In the present study, due to considering insulated boundaries for the PCM shell, it is expected
that the results of 2-D and 3-D simulations are almost the same considering same governing
equations. Figs. 12—-a and 12-b illustrate the variation of the liquid fraction and outlet air
temperature in different times for the 2-D and 3-D cases using equilibrium thermal model for
the inlet air temperature of 22°C. The results of 2-D and 3-D simulations are almost the same.
A little difference is related to the insulated boundaries at the walls of the heat exchanger. The
velocity profile at the outlet of the air channel is also affected by the boundaries which makes

a little more difference in the temperature difference of the air channel (see Fig. 12-b).
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Fig. 12. The comparison of a) the liquid fraction and b) the temperature difference at the air channel for the
2-D and 3-D simulations of LHSHE using the composite PCM and PCM only for the inlet air temperature of
22°C

To better show the effect of metal foam, Fig. 13 displays the contour plot of the liquid fraction
for the LHSHE with the PCM only (on the left) and the composite PCM (on the right) after 12
hours at three different horizontal sections in the domain for the inlet air temperature of 22°C.
For the composite PCM, due to the effect of metal foam and enhancement of heat transfer in

the domain, a uniform PCM liquid fraction the PCM liquid fraction can be seen in different
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sections. As shown in the middle section, all the PCM is in the mushy zone for the composite
PCM with the liquid fraction of 0.2 due to the presence of a porous medium while for the PCM
only, a narrow layer near the air channel solidifies completely and the liquid fraction for the

other area is almost 0.5. So, it solidifies more slowly.
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Fig. 13. The contour plot of liquid fraction at three different sections of the LHSHE with a composite metal

foam/PCM compared with a PCM only for the inlet air temperature of 22°C

Two thermal models including equilibrium and non-equilibrium can be used while the non-
equilibrium model provides more accurate results due to considering heat transfer between the
porous medium and the PCM [28, 41]. Fig. 14 shows the contour plot of the temperature
distribution at the middle cross section of the LHSHE with the composite PCM using non-
equilibrium thermal model for the inlet air temperature of 22°C. In the non-equilibrium thermal

modelling of the LHSHE, a lower temperature difference can be seen in the domain and the
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temperature of different areas are closer to each other compared with the equilibrium thermal
model shown in Fig. 5. It is noteworthy that, the non-equilibrium model cannot be used
regularly in the 2-D case, due to generated porous boundaries at the walls between the air and
the PCM and the limitation of coupled boundary condition for it in FLUENT software.
Therefore, the non-equilibrium thermal modelling of the system is performed in 3-D

simulations only.
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Fig. 14. The contour plot of temperature for the mid-section of the LHSHE with the composite PCM using

non-equilibrium thermal model for the inlet air temperature of 22°C

Fig. 15 displays the variation of the liquid fraction for the LHSHE with composite PCM using
non-equilibrium thermal model compared with equilibrium one. The non-equilibrium model
can predict the PCM liquid fraction more accurate and therefore a little difference is observed

between the predicted results compared to equilibrium model. Since the simulated average
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513  temperature is higher for the non-equilibrium model, the liquid fraction is higher at the same
514 time compared with the equilibrium one. The solidification time of the PCM using non-

515  equilibrium model is 20% faster than that using equilibrium model.
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Fig. 15. The variation of liquid fraction for a 3-D LHSHE with a composite PCM using non-equilibrium
thermal modelling compared with equilibrium one for the inlet air temperature of 22°C
517

518  Fig. 16 illustrates the variation of the average temperature difference between the air channel
519  outlet and inlet for the LHSHE with the composite PCM using non-equilibrium thermal model
520 compared with equilibrium model. As shown, the average air temperature differences for the
521  non-equilibrium model are close to the equilibrium model until half of the solidification
522  process. Then, it is higher for the non-equilibrium model compared with the equilibrium model
523  which shows more benefits of composite PCM-air heat exchanger than a PCM only-air system.
524  Furthermore, this more physically representative simulation shows a lower variation in the
525  outlet air temperature which is also another advantage for the purpose of space heating.

526
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Fig. 16. The variation of temperature difference at the inlet and outlet of the air channel for a 3-D LHSHE
with a composite PCM using non-equilibrium thermal modelling compared with equilibrium one for the inlet

air temperature of 22°C

8. Conclusion
A composite PCM-air heat exchanger was analysed in the solidification process. The results
showed that a higher output air temperature with a lower reduction is occurred for the
composite PCM-air heat exchanger compared with the PCM only-air system with the elapse of
time. The reduction of almost 45% in the solidification time and 73% enhancement in the heat
retrieval rate are achieved using composite copper foam PCM compared with PCM only case
for the inlet air temperature of 22°C. After the solidification of the PCM, the mean outlet air
temperature of LHSHE with a composite metal foam/PCM is almost 39°C after 17.25 hours
for the inlet air temperature 22°C while it is almost 29°C after 31.5 hours for the system with
the PCM only. After 12 hours, for the composite metal foam/PCM system, the mean air
temperature reduces by almost 4°C while it is almost 18°C for the PCM only case. In the non-
equilibrium modelling of the porous medium, a higher solidification time is achieved; however,
a higher mean temperature of the outlet air with a lower reduction at the end of solidification

process is obtained compared with the equilibrium model.
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It can be concluded that this work has proved the application of composite metal foam/PCM
LHSHE systems for domestic usage with regards to the performance of a PCM based heaters.
In addition to providing a uniform output temperature which is essential for space heating, the
system provides the required solidification time with a higher rate of heat retrieval to the air.
The system also shows a significant performance in different room temperatures to provide a

comfort thermal condition inside the building.
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Appendix A

Different number of cells are examined for both 2-D and 3-D cases to study the effect of grid
sizes on the results. Note that due to the existence of natural convection in the y-direction, a
higher number of nodes is applied in the y-direction. Figs. 17-a and 17-b illustrate the effect of
cell number on the liquid fraction of PCM and mean outlet temperature of the air in the 2-D
case of LHSHE with a composite metal foam/PCM, respectively. As shown, for the cell
numbers of 57000 and 76000, the results are coincident. Therefore, the cell number of 57000

is chosen for the final mesh in the 2-D case.
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Fig. 17. Effect of cell number on the a) liquid fraction of PCM and b) mean outlet

temperature of the air in the 2-D case for the inlet air temperature of 22°C

Figs. 18-a and 18-b illustrate the effect of cell number on the liquid fraction of PCM and mean

outlet temperature of the air in the 3-D case, respectively. The results are similar for the

different grids; however, for the cell numbers of 380000 and 570000, the results are completely
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568 the same. Therefore, the cell number of 380000 is chosen for the final mesh in the 3-D

569  simulations.
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