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INTRODUCTION

sector would be precious. The application of phase change

According to the International Energy Agency (IEA), material in buildings would be one of the best solutions for
36% of the energy consumption and 40% of the totalindirect  achieving less energy consumption and less CO2 emissions.
and direct CO2 emissions in the world are driven by build-  Utilizing phase change material (PCM), either passive or
ing and building construction sectors [1]. Consequently, active, as a thermal energy storage method in building,
any efforts for decreasing energy consumption in this has a high potential for building energy-saving and indoor
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temperature regulation. The PCMs have been identified
as sustainable and environment-friendly materials, which
have higher energy storage density and reversibility than
the sensible heat storage materials. These materials not only
can reduce building energy consumption and maintain the
building temperature comfortable but also have benefits in
other applications such as distillation and batteries [2-4].
Phase change materials have been applied in the building
sector as thermal storage from the beginning of the 1980s
[5]. The first study about applying PCMs in buildings was
conducted in 1988, which presented a theoretical study on
the latent and sensible heat [6]. The PCM-incorporated
building materials as wallboard, wall, roof, floor, and vene-
tian blind are appropriate alternatives for thermal energy
storage (TES).

In 2010, De Gracia et al. [7] analyzed the environmen-
tal effects of applying PCM in building construction in life
cycle assessment (LCA) in different climates. The results
showed that the application of PCM decreased the energy
consumption in a building. Furthermore, they stated that
the global benefit of integrating PCM in the building could
be maximized in a long-term operation. In another study,
Baetens et al. [8] reviewed PCM applications in buildings
and found that concrete-enhanced PCM led to a signif-
icant increase in the thermal building capacity. Diaconu
and Cruceru [9] designed a composite PCM wall system
for utilizing in a building. They proved that their proposed
system could reduce the annual energy demand for both
air-conditioning and heating. Kuznik et al. [10] experimen-
tally studied the thermal performance enhancement of a
building with PCM wallboard. Their outcomes proved that
adding the PCM wallboard to the building walls and roof
enhanced thermal comfort. An experimental study was
carried out about the effect of PCM implementation on the
output of a photovoltaic thermal (PVT) system [11]. The
experimental results revealed that the PCM could increase
the electrical efficiency of the PVT by 9 %. Likewise,
Amirifard et al. [12] confirmed the positive effects of PCM
on a PCM-integrated solar pond’s efficiency and thermal
behavior via the finite difference method. Finally, they
showed that the integration of PCM with the solar pond
could improve the solar pond’s average efficiency up to
6.1% at the discharging time. To improve the performance
of PCMs, using metal fins and forced convection could be
positively influential [13]. In this manner, Bai et al. [14]
developed and studied a solar thermal storage heating
system comprised of several efficient solar collecting heat
storage units filled with PCM (low melting point modified
paraffin) and finned heat pipe. Ultimately, it was observed
that the overall solar energy utilization reached 55% when
the average solar radiation was at 98W/m2. As another
study in this context, Korti [15] carried out a numerical
study of a latent heat storage exchanger filled with paraf-
fin as the PCM. In the PCM container, water was flown by

forced convection through tubes, leading to heat transfer
within the PCM. Zhou et al. [16] proposed a passive energy
technology named PCM-filled earth-air heat exchanger
and monitored this system’s cooling performance through
numerical studies and experiments. The results showed that
the proposed unit could achieve a 20.24% improvement in
cooling capacity compared to the traditional earth-air heat
exchangers.

As an unlimited energy source, the storing of solar
energy is one of the most profitable ways to use thermal
energy when the sun disappears. On this basis, Ben Zohra
et al. [17] proposed a solar system in which a PCM was
incorporated in a solar collector. According to the obtained
results in this study, the system could store a remarkable
amount of solar energy in a shorter time than the other
previously proposed systems. In another study, Mousavi
et al. [18] investigated the effects of a copper foam filled
with paraffin C22 as PCM on a photovoltaic thermal mod-
ule via CFD simulation. They also studied the effects of
various key factors such as inclination, inlet water tem-
perature, mass flow rate, and solar irradiance. Prytania et
al. [19] conducted an energetic investigation of three dif-
ferent solar-assisted heat pump underfloor heating systems,
with and without PCM layer on the floor. The utilization of
PCM in the underfloor heating system reduced 40% heat-
ing loads. In another study, the authors investigated a solar
cooling system with and without PCM. They carried out a
comparative study between various cases in which PCM
was placed in each radiant wall. The collected results indi-
cated that incorporating PCM in the southern wall, as the
best choice among the four radiant walls, led to 30% in the
auxiliary energy and a 3% reduction in the total cost [20].

Romero-Sanchez et al. [21] evaluated the performance
of natural stones with PCM experimentally. They found
that the natural stones with PCM had the potential of
decreasing the overall energy consumption in the build-
ing. Gowreesunker et al. [22] validated a CFD simulation
for the performance prediction of a PCM board, which
was inserted in a test-cell with the dimensions of 1.3 m x
0.8 m x 1.4 m. Their results showed that the PCM boards
could reduce the peak temperature compared to a conven-
tional plasterboard wall. Also, Xu et al. [23] experimentally
evaluated latent heat storage consisting of cylindrically
micro-encapsulated PCM (Climsel C48) for space heating
load regulation. They tested their latent heat storage unit
in two tank orientations, namely vertical and horizontal.
The comparison results showed that even though PCM
charging and discharging time could be shortened up to
20% in the vertical orientation, the PCM thermal capacity
reduced to 8.2%.

A prototype house modified with a thin layer of PCM
was tested for heat transfer reduction. It was observed that
the thin PCM layer, which was a hydrate salt-based PCM, in
the most suitable location through the wall could decrease
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the heat flux peak up to 29.7% and 51.3% for the west wall
and south wall, respectively [24]. Takug et al. [25] exam-
ined PCM utilization in the building elements of a flat roof
in Istanbul. They found that some PCM failed to be effec-
tive in a climate with four seasons. Afterward, Ye et al. [26]
proposed an interesting wall panel of CaCl2.6H20-Mg
(NO3)2.6H20/expanded graphite composites as PCMs
with different melting points due to their mass fractions
difference for building energy saving in various seasons.
They concluded that one of their proposed PCM had a bet-
ter performance than the others, indicating the temperature
decrement factor of 0.533 and 1.8 h of the temperature lag
in a test chamber’s thermal behavior. Kant et al. [27] devel-
oped ternary mixtures of commercial fatty acids such as
Lauric Acid (LA), Capric Acid (CA), Stearic Acid (SA), and
Palmitic Acid (PA) in order to prepare PCM for TES appli-
cation. Among the ternary mixtures developed, 13 ternary
mixtures had the potential to be recommended for TES
application. Kasaeian et al. [28] reviewed the experimen-
tal studies on applying PCMs and Nano-enhanced PCMs
in buildings. In another research, they reviewed nanofluid
applications on various types of solar energy systems such
as photovoltaic, solar thermoelectric, and solar collector
[29]. Lin et al. [30] reviewed the thermal performance of
thermal energy storage with inorganic PCM.
Nanoparticles have the potential to improve the ther-
mal performance of PCMs. In this regard, Muhammad
et al. [31] confirmed that adding nanoparticles to phase
change materials amplified the PCM thermal properties to
create more energy savings in the building. They analyzed
the thermal properties of beeswax as a PCM with high
thermal conductivity and a Nano-enhanced-beeswax.
The presence of graphene nanoparticles in the beeswax
increased the latent heat and heat capacity by 22.5% and
12%, respectively. As another study in this field, Zhu et
al. [32] demonstrated that incorporating n-octadecane
into expanded perlite composite, fabricating the gypsum
board, improved the mechanical and thermal properties.
The gypsum board showed the best thermal insulation
effect when the dosage of nano-Al203 was 0.3 wt.%. Bao
et al. [33] developed a PCM cement composite including
microencapsulated PCM (MPCM), Nano-silica (NS), and
carbon fiber (CF). They concluded that, compared with
a cement paste, the functional and structural benefit of
cement composite was enhanced by incorporating MPCM,
NS, and CF. The phase change temperature ranges of fatty
acids make them suitable for TES in buildings as PCM.
The low thermal conductivity is a weakness of fatty acids.
Martin et al. [34] presented a solution for this problem
through the integration of SiO2 nanoparticles with capric
acid (CA) and capric myristic acid (CA-MA). The ther-
mal conductivity of CA-MA improved up to 142% after
mixing SiO2 nanoparticles with 1.5 wt.%. The effect of
nanoparticle diameter and nanoparticle volume fraction

on the thermal behavior, and energy consumption of a
glazed window, including Nano-PCM, was investigated
in different seasons [35]. The researchers concluded that
by using Nano-PCM with appropriate particle diameter
and volume fraction, the energy consumption decreased
to 4%.

As it is well known, using PCM as the latent heat storage
in buildings is one of the noteworthy methods to reduce
energy consumption. The addition of nanoparticles into the
PCM has the potential to improve the thermal performance
of the PCMs. The PCM and Nano-enhanced PCM behavior
are mainly studied based on a small-scale viewpoint in the
existing literature. In this paper, the performance of PCM
and Nano-enhanced PCM is analyzed on large-scale wall-
board. To better understand the PCM and Nano-enhanced
PCM's impacts on the indoor temperature, three cases,
including without PCM, with pure PCM, and with Nano-
enhanced PCM, were numerically analyzed. For more
accuracy in the solutions, the enthalpy-porosity method
in CFD was utilized. The enthalpy-porosity is more com-
plex and accurate compared to the other simulation proce-
dures. Disregarding natural convection in the phase change
phenomenon simulation creates significant errors in the
modeling results, mainly when PCM is used for a large-
scale case. While the enthalpy-porosity method considers
this heat transfer mechanism. There are few works pub-
lished about CFD analyses on the implementation of PCM
in large-scale buildings. In this study, the PCM thermal
behavior was analyzed on a large scale via CFD. Also, as a
novel methodology, the thermal behavior of indoor airflow
and PCM was investigated simultaneously.

METHODOLOGY

The numerical study consists of the formulation and
characterization of the PCM and Nano-enhanced PCM,
which are implemented in the southern wall of a room as
wallboard. Also, the room’s thermal behavior, using PCM
and Nano-enhanced PCM, is investigated. The details are
described below.

Description of the System and Physical Model

Since this study aims to investigate the ability to use PCM
and Nano-enhanced PCM for reducing energy consump-
tion, a room without a door and window is considered. Fig. 1
shows the room geometry in 2D. The walls of the pre-modi-
fied room comprise concrete, gypsum, and brick.

Table 1 represents the physical properties of construc-
tion materials. The PCM is located in the southern wall of
the room due to the highest solar radiation. The southern
wall has a 15 cm thickness, while the thickness of PCM is
2 cm. When the southern wall without PCM is simulated,
gypsum with the same thickness would be considered
instead of the PCM.
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Figure 1. The geometry of the case study.

Table 1. Physical properties of materials for constructing
the reference room

Material k(Wm'K"') C(Jkg'K"') pkgm™)
Concrete 1.25 1200 2300
Brick 0.7 840 1600
Gypsum 0.5 1000 1200

Mathematical Formulation

This study’s used heat transfer mechanisms include the
conduction heat transfer for solid materials such as con-
crete, brick, gypsum, and PCM in the solid phase and the
convection heat transfer for the ambient air and PCM in the
liquid phase. The PCM in the liquid phase has both convec-
tion and conduction heat transfer; furthermore, due to the
difference in the density of its two phases, the laminar flow
equations are considered for the liquid phase of this case.
The following assumptions are considered for modeling:

« The PCM in the liquid phase is an incompressible and
Newtonian fluid.

o The flow regime in the PCM in the liquid phase is
considered as laminar flow.

« Constant thermo-physical properties are considered,
except for the PCM thermo-physical properties,
which vary with the temperature.

o The heat conduction process in the wall layers is
one-dimensional

 The volume difference caused by phase change is
negligible

[
- -
r

3cm gypsum layer

» & 15cm concrete layer

*  Scm gypsum layer

— Sputhern

L

10cm brick

« Convection heat transfer in the liquid phase of PCM
is considered two-dimensional

o Convection heat transfer in the ambient air is consid-
ered two-dimensional

« Viscous dissipation in the liquid PCM is negligible

o Governing Equations of Solid Materials

The energy equation for the solid materials used in the
building structure and solid PCM is presented as Eq. 1. The
thermal conductivity coefficient, density, and specific heat
capacity in constant pressure is assumed constant in this

equation.
ka—TJ-i-i(ka—Tj (1)
ox) oy\ Oy

In the above equation, CP(]/kg.K), k(W/m.K), and T(K)
are the specific heat capacity, thermal conductivity, and
temperature, respectively.

PC,

oo
ot 0x

o Governing Equation for Phase Change

The enthalpy-porosity method is considered for the
PCM. The governing equations on the melting phenome-
non, corresponding to the above assumptions and using the
Boussinesq model are demonstrated as followings:

» Continuity equation:

ou oOv
—+==0 2
o ox (2)
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o Momentum equations:

0 0 0 b o
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Here, F, is the buoyancy force, which can be obtained
from the Boussinesq approximation [36]:

Fb = pliquidg(1 - B(T - Tm)) (5)

Where g is the acceleration due to gravity, T is the PCM
melting temperature, f3 is the thermal expansion coeflicient,
and pliquid is the density of PCM, when it is in the liquid
phase.

Also, S and S_(Pa/m) are a source term vector, which is
added to the above equations for modeling of natural con-
vection in the porous phase of PCM [37].

o _p  (=r()

i = Ay m

Where ¢ has a small amount about 0.001 to prevent
being zero the denominator, A_ | (kg/m’.s) is the porosity
function which is equivalent to 10° [38], U is the velocity
component, and y(T) is the liquid fraction:

2

u (6)

_aH
L

Where AH (J/kg) is the latent heat content which is vari-

ant between zero in the solid phase to 1 for the liquid phase

of PCM, and L (J/kg) is latent heat of phase change. The
amount of y(T) is given by the following equation:

(7)

0 T<T, —-AT
v(T)=1(T-T, +AT)/2AT T, ~AT<T<T, +AT g
1 T>T, +AT

Where T (K) is the PCM’s melting temperature, and
AT is the half range of the melt temperatures. The y(T) is 1
when the PCM is in the liquid phase, and zero when this is
in the solid phase. It linearly grows from zero to 1 between
the solid and liquid phases [39].

The energy equation considering latent heat transfer
and storage and is expressed as below:

0 0 0 o(, 0T
E(PH) + a—X(PUH) + g(PVH) = &(ka_xj

0 ( 8TJ ®)
+—| k—
oy\ oy
Where k (W/m.K) is the thermal conductivity, T is the
temperature fraction, and H is the total energy divided into
the volume, which is calculated by the following equation:
H=h+AH (10)
Where h (J/kg) is the sensible enthalpy, and AH is the

latent heat content [40]. The amount of h is calculated by
employing the following equation:

h=h, +[ C,dT (11)

ref

Where T , = 298.15 K and h , (J/kg) and Cp(]/ kg.K)
are enthalpy in the reference temperature and specific heat,
respectively [37].

By placing H in the energy equation, this equation is
generally written as follows to the non-isothermal phase
change:

d d d o(,oT
—(pC,T)+—(puC,T)+—(pvC,T) =—| k—
at(p » )+ax(pu » )+ay(pv »1) 6x( 6xj+(12)

9 ka_T _ﬁ(pAH)+i(puAH)+i(vaH)
oy\ oy ) ot Ox Oy

The above energy equation can be used in solid, liquid
and two-phase regions according to the liquid fraction val-
ues that will be obtained by solving simultaneously with the
energy equations.

« Governing Equations for the PCM Enhanced with
Nanoparticle

The thermo-physical equations of the Nano-enhanced
PCM are similar to the nanofluid equations when the PCM
in the liquid phase is used as the basic fluid. The following
assumptions are considered for the Nano-enhanced PCM
analysis:

o The Nano-enhanced PCM enhanced in the liquid
phase is Newtonian and incompressible.

o The volumetric expansion of the solid nanoparticles
is negligible.

o The thermo-physical properties of the PCM are
assumed time dependent.
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o The nanoparticles are homogeneously distributed in
the PCM.

o The flow of the PCM in the liquid phase is laminar,
and viscous dissipation is negligible.

The Nano-enhanced PCM density is presented by the
following equations [41]:

pNePCM = (1 - (P)pPCM + (Ppnp (13)

Pecy (1) = pg + (= p) ¥(T) (14)

Where p,, (kg/m*) and pnp(kg/m3) are the total den-
sity of PCM and solid nanoparticles, respectively, ¢ is the
volume fraction of the nanoparticles, and p_and p, are
the PCM densities in solid and liquid phases, respectively.
The heat capacity of the Nano-enhanced PCM is calculated
by the following equation [41]:

(pCP)NePCM =(1- (P)(pCP)PCM + q)(pCP)np (15)

Also, Nano-enhanced PCM 's viscosity is determined by

Eq. 15 [42]:

n PCM

Hxerem = W (16)

Where y,, . (m?/s) is the PCM viscosity when it is in the
liquid phase. Also, the latent heat of Nano-enhanced PCM
is [41]:

(1-0)(PL),cr,

pNePCM

L

NePCM —

(17)

Where L, ,, (J/kg) is the latent heat of PCM.
The thermal conductivity of Nano-enhanced PCM was
determined using the Maxwell model [43]:

knp + 2kPCM - 2(p(kPCM - knp )
o knp + 2kPCM + q’(kPCM - knp)

k,=k

0

(18)

Kooy (T) = kg + (k, = k) y(T) (19)
Where k, ., , knp, ki and k, (W/m.K) are the thermal con-
ductivities of PCM, nanoparticle, solid PCM and liquid
PCM, respectively. The effective thermal conductivity of the
Nano-enhanced PCM is:
k =k, +k,

NePCM

(20)

B,T
——f(T,
—a ((h9)

np - np

k, =5x10'B, £0(pC, ), (21)

Where d =~ is the nanoparticles diameter, B is
the Boltzmann constant (1.381 x 107> J/K), B, =
8.4407(100¢) 197, and & is a correction factor, which is
dependent on the liquid fraction, y(T) in Eq. 7.

Boundary Conditions

In this paper, heat transfer between the indoor and
ambient occurs only at the southern wall and the ceiling.
The governing equations correspond to the boundary con-
dition at the southern wall and ceiling, shown in Figs. 2-3,
can be described by the following equation:

oT
_kg = aqSOIar +h0 (T b _T )+SG(T£“1’ _T‘i) (22)

aml s

Where a is the solar absorption coefficient for the wall’s
external surfaces, which is considered as 0.65 [44],q_,  (W/
m?) is the incident solar radiation which is calculated based
on the case location, wall direction, day data and hour,
and h, (W/m.K) is the exterior convective heat transfer
coefficient [45]:

(23)

h =18.6U%, U,=05 for U <2m/s

The boundary condition, related to the other walls
except of southern wall and roof, is assumed as isolation

(%= Oj. Also, the boundary condition for the external

surfaces of the southern wall and roof is presented as the
following equation:

ka_T:hi(’Tin_’Tis)

X

(24)

Where h, is interior convective heat transfer coefficient:

k
h. =Nu— 25
i =Nu L (25)
Nu = c Ra™ (26)

Regarding the above equation, Nu number has a direct
relation to the Rayleigh number. The Rayleigh number is
reported as 107 considering the geometry and boundary
condition of the problem, which is given by:

Ra = pgfL_ (T, - T)/ap (27)
Where ¢ and m are constant coefficients whose

values are dependent on the geometry and boundary
conditions.
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Figure 2. Boundary condition of the south wall.
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Figure 3. Boundary condition of the roof.

Mesh Independency Test

Fig. 4 shows the structured and uniform mesh gener-
ated in ANSYS meshing, which is used for all the reported
numerical simulation cases.

The numerical model consists of 66920 elements, while
the stratification meshing is used for the wall domain due to
more accuracy. To ensure that a mesh-independent solution
would be obtained, the results from this model are com-
pared with the results of numerical models with a different
number of elements as 31800, 66020, and 102527 elements.
The acquired results showed that the difference between the
results is less than 1%. Hence, the origin model is adopted
from the numerical simulation. Table 2 presents the results
of the model's meshing comparison.

Figure 4. Geometry of meshing.

Table 2. The acquired results of mesh independency test

Number Elements number Temperature (°C)
31800 27.42
66020 28.079
102527 28.084

MODEL OF VERIFICATION

In order to ensure that the computational procedure
is accurate enough, the acquired results from the simula-
tion are verified by the experimental results achieved by
Algallaf and Alwadhi [46]. They carried out a thermal anal-
ysis on a concrete roof with vertical cylindrical holes, filled
with three types of paraffin, provided from the PlusICE
Company in UK, with different melting temperatures as
the PCM A32, PCM A28, and PCM A39. The width and
length of the concrete slab are 1.5 m, and its thickness is
0.15 m. The vertical cylindrical holes’ height and diameter
are equal to 0.075 m and 0.1414 m, respectively. A model
of the concrete with cylindrical holes was simulated, then
its results were compared with the results of Alqallaf and
Alwadhi. Fig. 5 presents the comparison of the interior sur-
face temperature between the simulation and experimental
study results.

It is evident from Fig. 5 that there is a good match
between the experimental and numerical results with a
maximum error of 7.83%. The little difference between
the experimental and the obtained numerical results is
the absorption coefficient, indoor convection heat transfer
coeflicient, and convection heat transfer of the ambient,
which have been assumed constant in the simulation.
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Figure 5. Verification of the interior temperature.

RESULTS AND DISCUSSION

In the following sub-sections, PCM and Nano-enhanced
PCM simulation results as wallboard in a room are col-
lected. In general, insertion PCM in the room’s southern
wall has advantages in thermal regulation and decreasing
the temperature fluctuations. Moreover, the implemen-
tation of nanoparticles into the PCM amplifies the PCM
thermal performance.

Climatic Conditions

In the Tehran climate, September is one of the warmest
months of the year. Furthermore, the selected PCM should
be melted during the day, which effectively works in a high
ambient temperature. Hence, the numerical test is con-
ducted in September in the Tehran climate.

The ambient temperature and solar irradiation, as
shown in Figs. 6 and 7, are two variant parameters.

36

34
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28 A

4
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24
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22

Time (hr)

Figure 6. Ambient temperature in Tehran (1st September).
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Figure 7. Solar radiation in Tehran on a summer day.
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Figure 8. Temperature of the indoor and southern wall sur-
faces of room.

The simulations were performed on two consecu-
tive days to achieve sustainable results; then, the second
day’s obtained results were reported due to more balance.
First, the room was modeled without PCM. Fig. 8 depicts
the room temperature without PCM on two consecu-
tive days. At the beginning of the simulation on the first
day, the indoor temperature is assumed 24 °C. As shown
in Fig. 8, the difference between the first and second days
is the hypothetical situation at the beginning of the sim-
ulation. Indeed, in the account of various references, the
obtained results of the second day are more reliable [27, 28].
The minimum indoor temperature is 28 °C at 8 am, and the
maximum indoor temperature is 36.42 at 6 pm. In addition,
the interior surface temperature of the southern wall is also
shown in Fig. 8.
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Effect of Adding PCM

According to the previous studies [20, 29], a type of
organic paraffin with a melting temperature of 28°C was
selected as a PCM that was both close to the comfort tem-
perature range temperature (22-28°C) and close to average
ambient temperature during the day. It should be noted that
the PCM melting temperature was preferred to be closer
to the room temperature [50]. The PCM properties are
reported in Table 3.

Fig. 9 represents a comparison between the average
indoor temperate and temperature of southern wall’s interior
surface with and without PCM. The southern wall tempera-
ture has a significant reduction from 11 am to around 2 am,
within the peak demand hours, 15.11% or 6 °C, when the
PCM is placed in the wall. Also, the wall surface temperature

Table 3. Thermo-physical properties of PCM, AL O,, and
nano-enhanced PCM

Property PCM ALO, 21;5\1\;[2 53

Melting temperature (°C) 27-29 28

Latent heat (kJ/kg) 245

Thermal conductivity Solid 0.35 36 0.22

(W/m.K) Liquid  0.149

Density (kg/m?) Solid 814 3600  831.5
Liquid 775

Specific heat (kJ/kg.K) Solid 1.93 765 1893
Liquid 2.16

Kinematic viscosity (m?/s) 5%107° 4.8x107°

Thermal expansion (1/K) 9.1x10* 8.3x10™*

Nanoparticle diameter (m) 59x10~°

—¥— Room-WithoutPCM
—v— Room-WithPCM
42 o —@— Wall-WithoutPCM
—&— Wall-withPCM

Temperaure (°C)

Figure 9. The average indoor temperature and the interior
surface temperature, with and without PCM.

reaches the maximum, one hour later than the case with-
out PCM. Also, from about 2 am to the early hours of the
morning, when the ambient temperature decreases, the wall
temperature with PCM is higher than without PCM, but this
temperature difference is much less than during peak hours;
this is related to the difference in the heat flux of the inner
surface of the wall in these two cases.

Fig. 10 presents the interior surface heat flux. In this
Figure, the negative amount of heat flux and the positive
amount indicate heat absorption and heat release. The PCM
wall absorbs heat from both ambient and indoor at the peak
hours. At these hours, due to the higher temperature of the
indoor, as shown in Figs. 6 and 8, heat absorption by the
PCM from the indoor is more than the heat absorption
from the ambient. Consequently, the interior surface of
the southern wall has a lower temperature compared to the
room wall without PCM.

The wall with PCM transfers heat to the indoor room
by its phase change from liquid to solid state along night
time. While, at the same time, the wall without PCM trans-
fers heat from the indoor to the outdoor because the indoor
temperature is higher than the ambient temperature. The
difference between the wall heat flux, with and without
PCM, is measured by almost 21.67 W/m2 at day and 9.21
W/m2 along the night. According to the previous discus-
sion, it can be seen in Fig. 9 that the temperature difference
in the peak is higher in comparison to it at the non-sunshine
hours. Also, in the case of PCM, a reduction in the indoor
peak temperature is observed by about 4.17% or 1.52°C,
in the peak hours, between 11 am to around 10:30 pm, as
shown in Fig. 9. Moreover, reaching the peak temperature
of the indoor temperature has an approximate delay of 45
min. Furthermore, the temperature fluctuations decrease
by about 31.11%.

Wall-WithoutPCM
‘Wall-WithPCM
‘Wall-withNano-PCM

ssssssss

Interior Surface Heat Flux (W/mzl

Time (hr)

Figure 10. The interior surface heat flux, with and without
PCM and with Nano-PCM.
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Effect of Adding Nanoparticle to PCM

In this section, in order to improve the PCM’
thermo-physical properties and increase the PCM perfor-
mance in the building, Al O, solid nanoparticles are dis-
tributed in the PCM. Regarding the previous literature, in
order to model the Nano-enhanced PCM, simulation of the
solid nanoparticles is neglected. Hence, the Nano-enhanced
PCM is modeled based on the amplified properties of the
PCM. Table 3 shows the calculated properties of the PCM
modified with 2% Al O,.

As shown in Fig. 10, the negative value of heat flux,
which is absorbed by the Nano-enhanced PCM, increases
to 34.52 W/m? higher than the case with pure PCM.
Conversely, the heat released from Nano-enhanced PCM
wall is higher by about 6.42 W/m? than the case with pure
PCM at the night time.

The melting rate in Nano-enhanced PCM is higher
than that of pure PCM, as shown in Fig. 11. The addition
of nanoparticles into the PCM affects its thermal proper-
ties, increasing the thermal conductivity and decreasing
the latent heat of fusion. Hence, the Nano-enhanced PCM
absorbs more heat than pure PCM; consequently, the Nano-
enhanced PCM melts earlier than pure PCM.

In addition, to better understand the difference between
the melting rate of the PCM and Nano-enhanced PCM, the

(a) (&) (a)

Liquid Fraction H
1.00

S
i=J
88

[=l=l=f=l=]lal=l=]=l=lalalala]ala]=)al
8323NRKLRLTLBRI T

g

8am

contours related to the liquid fraction of both PCM and
Nano-enhanced PCM, at 8 am, 2 pm, and 8 pm, respec-
tively, are shown in Fig. 12. As it can be seen, the maximum
difference between the liquid fraction of PCM and Nano-
enhanced PCM is occurred at 8 am.

—@— PCM
—w— Nano-PCM

Liquid Fraction

o
o

& 5 & & & & &
@S@ @-@ @-99 @?9 @89 ey @&9
& Ny NG N & & &
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Figure 11. Liquid fraction in pure PCM and Nano-
enhanced PCM.

(&) (a) (b)

]

2pm 8 pm

Figure 12. Liquid fraction contours of (a) Nano-enhanced PCM, (b) Pure PCM.
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COMPARISON RESULTS

The difference between heat absorption and heat release
is because of the addition of nanoparticles to the PCM.
This process increases the PCM thermal conductivity and
decreases the PCM latent heat of fusion; accordingly, the
heat transfer and the velocity of melting and solidification
in Nano-enhanced PCM is more than that of pure PCM.

In the Nano-enhanced PCM case, the indoor tempera-
ture within the heat release hours is more than pure PCM
one due to the heat transfer enhancement. On the contrary,
the indoor temperature of Nano-enhanced PCM is lower
than the indoor temperature in the case of PCM in the heat
absorption hours, as shown in Fig 13. Furthermore, when
Nano-enhanced PCM is implemented in the wall, tempera-
ture fluctuations are 52% and 31% lower than with PCM
and without PCM, respectively.

Fig. 14 illustrates the indoor temperature counters in
the three cases; without PCM, with PCM, and with Nano-
enhanced PCM. It can be clearly seen the difference in
indoor temperature in these three cases when reaching the
peak temperature.

Fig. 15 shows the differences between the wall’s inte-
rior surface temperature with PCM, Nano-enhanced PCM,
and without PCM for 24 hours. The maximum amount of
interior surface temperature is increased by about 1.5 °C,
and the minimum temperature of the interior surface is
decreased by about 0.4 °C. In addition, the fluctuation of
indoor temperature is reduced by 1.86 °C, roughly 43.25 %.
The fluctuations of the temperature of the interior surface
are decreased roughly 10.2 °C or 80.42 %.
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Figure 13. The average indoor temperature for PCM,
Nano-enhanced PCM, and without PCM.
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Figure 14. Comparison of the indoor temperature count-
ers for the maximum temperature in: (a) without PCM, (b)
with PCM, (c) with Nano-enhanced PCM.
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Figure 15. The interior surface temperature of the wall for
PCM, Nano-enhanced PCM, and without PCM.



1868

J Ther Eng, Vol. 7, Supp 14, pp. 1857-1871, December, 2021

There are three factors for evaluating the performance
of the PCM, which is implemented in the wall, including
the temperature-time lag, the temperature decrement fac-
tor, and the energy storage:

(PPCM = tPCM, max - tair, max (28)
_ TPCM,max B TPCM,min
foom = T _
air,max air,min ( 29 )
n= Qair _QPCM (30)
Qair
Where Q, and Q,,, are energy consumption by the

air-conditioning system in the cases of without PCM and
with PCM wallboard, respectively. In this study, the refer-
ence temperature is assumed 297.15 K. The air condition-
ing's energy consumption is calculated by:

24
Q=Y MC,|T, —297.15 (31)
t=1

Where M is assumed as 1.2 kg/s.

The energy consumption of air-conditioning system
for reaching the set-point in three cases are illustrated
in Fig. 16. Also, Table 4 shows the values related to three
mentioned factors and total energy consumption of the air-
conditioning system.

= QuithoutPtM
= Quyithrecm
—— QwithNano-PCM

16

14

12

10 A

Energy Consumption of Air-Conditioning Sys (kw)

Time (hr)

Figure 16. Energy consumption of air-conditioning.

The total energy consumption by the air-conditioning
system during a day in the case of Nano-enhanced PCM
is about 4.5 % and 7.4 % lower than that of pure PCM and
without PCM, respectively. From Table 4 it can be con-
cluded that the thermal performance of the room is directly
related to the temperature-time lag and energy storage;
however, it has an inverse relationship with the tempera-
ture decrement factor. The case with Nano-enhanced PCM
reaches the more temperature-time lag by 21.6 min, about
4.37% higher energy storage, compared to the case of pure
PCM.

CONCLUSION

This paper’s objective is a comparison between thermal
performance of pure PCM and Nano-enhanced PCM as
wallboard in a room in the Tehran climate. For this pur-
pose, a numerical simulation is carried out through CFD
methods on a large scale. Melting temperature is one of the
most important and effective factors in the thermal perfor-
mance of PCM, so in choosing PCM, it should be noted that
its melting temperature is close to the thermal comfort tem-
perature range and the average ambient temperature during
the day; otherwise, it cannot be possible to take maximum
advantage of PCM’s latent heat. Also, it must be pointed out
that since the selected PCM does not completely melt or
solidify during a summer day due to the low-temperature
difference between day and night, its thermal performance
seems to be lower than expected.

From the simulation results, the following conclusions
are reported:

o Using PCM led to decreasing the maximum tempera-
ture and increasing the minimum temperature; con-
sequently, decreasing the temperature fluctuations.
It could be noted that increasing the minimum tem-
perature was significantly lower than decreasing the
maximum temperature.

o In using PCM, the heat absorption from interior
space led to a decrease in the interior temperature and
temperature fluctuations.

o The interior temperature was near to the PCM melt-
ing temperature, so the heat transfer from PCM to the
room, at midnight, was lower than the heat absorbed
from the interior space by PCM.

o The addition of nanoparticles to the PCM improved
the thermo-physical properties of PCM. This issue

Table 4. Thermal performance indices of the PCM on the room

Room type t_ (hr) @ pey(min) T  (K) T . (K) £ Q(kw) n(%)
Without PCM 18 309.57 301.15 240.23

With PCM 18.75 45 308.5 302.25 0.742 232.93 3.03
With Nano-enhanced PCM 19.11 66.6 306.52 302.56 0.470 222.44 7.4
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caused increasing the melting rate by increasing the
thermal conductivity and decreasing PCM’s latent
heat of fusion.

o The high melting and solidification rates in Nano-
enhanced PCM increased the heat transfer through
the heat storage process.

« The temperature fluctuations were reduced by 52%
and 31% by utilizing Nano-enhanced PCM and pure
PCM, respectively.

o The total energy consumption by the air-conditioning
system during a day in the case of Nano-enhanced
PCM wallboard is 4.5% and 7.4% less than the case
of pure PCM and room without PCM, respectively.

o The use of Nano-enhanced PCM postponed the peak
temperature by 21.6 min more than the pure PCM,
and also performed better with 4.37% more energy
storage.
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