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Abstract: Phase change materials (PCMs) have a large number of applications for thermal energy
storage (TES) and temperature reduction in buildings due to their thermal characteristics and latent
heat storage capabilities. The thermal mass of typical brick walls can be substantially increased using
a suitable PCM primarily based on phase change temperature and heat of fusion for different weather
conditions in summer and winter. This study proposed a novel dual-layer PCM configuration for
brick walls to maintain human comfort for hot and cold climatic conditions in Islamabad, Pakistan.
Numerical simulations were performed using Ansys Fluent for dual PCMs layered within a brick
wall for June and January with melting temperatures of 29 °C and 13 °C. This study examined and
discussed the charging and discharging cycles of PCMs over an extended period (one month) to
establish whether the efficacy of PCMs is hindered due to difficulties in discharging. The results
show that the combined use of both PCMs stated above provides better human comfort with reduced
energy requirements in Islamabad throughout the year than using a single PCM (29 °C) for summer
or winter (13 °C) alone.

Keywords: phase change material (PCM); thermal energy storage (TES); phase change simulations;
CFD; Ansys; summer and winter; latent heat; buildings

1. Introduction

Building construction and operations use 36% of global energy consumption and
produce 39% of global CO, emissions; both former and latter account for the largest share.
Space heating, water heating, and cooking are the primary energy use, whereas space
cooling is one of the fastest-growing demands in buildings [1]. Phase change materials
(PCMs) are potentially used for heat storage and release and in a vast range of applications
such as commercial buildings [2], solar PV [3], and free cooling [4]. As they utilize heat to
change their phase, for example, solid-liquid or vice versa, their melting or solidification is
constant. Thus, it provides a promising opportunity for heat storage or release, as required
based on diurnal temperature variations. Heating and cooling shares of total energy use
in buildings are quite diverse worldwide, with the highest in commercial buildings of
developing countries, 73% in Centrally Planned Asia and 64% in South Asia [5].

Alternate approaches to enhance thermal inertia of typical building materials are
required, such as thermal energy storage solutions using phase change materials (PCMs).
Various studies have been performed for determining the phase change behavior and
temperature control in building applications [6-8]. The use of passive techniques, i.e.,
PCM with typical construction material, is a widely accepted solution to reduce energy
consumption in residential or office buildings [9-11]. The main criteria for the selection of
PCM in a particular application are its melting temperature and heat of fusion [12-14].
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Al-Yasiri and Szabo [15] presented a comprehensive analysis of the integration of
PCMs in building walls and their potential for future use in the built environment. Louanate
et al. [16] presented the study of using dual PCMs in buildings using EnergyPlus software
for the Mediterranean climatic region. Arici et al. [17] numerically investigated the effect
of PCM integrated into building the wall for its position, thickness, and melting range for
climatic conditions of Turkey.

Frazzica et al. [18] evaluated the thermal response of a composite based on mortar with
PCMs experimentally and then used results to validate the numerical model. Ye et al. [19]
numerically investigated the PCM panel effectiveness with different melting temperature
simulated for a standard room. Zhu et al. [20] numerically evaluated the thermal response
of PCM in lightweight buildings under Tianjin climate and investigated the effect of
PCM location in the wall, roof, and floor. Meng et al. [21] numerically investigated the
effect of inclination angle on PCM thermal behavior. Rostami [22] conducted a numerical
study to investigate the convective heat transfer characteristics of microencapsulated
PCM. Navarro et al. [23] presented a thorough review on integration of passive systems
for thermal energy storage applications in buildings.

This paper examines the incorporation of dual-layered PCMs for a South Asian
climate. The dual-layered PCM has different melting temperatures, one at a higher melting
temperature 29 °C suitable for summer and the other at a relatively low temperature 13 °C
for winter in Pakistan. In this case, PCM choice is different in each external environment,
while the building structure remains the same throughout the year. CFD simulations for
each scenario were conducted with no PCM, then with single, and finally, with dual-layered
PCM configurations. A detailed comparison of indoor temperatures is presented in the
Section 4.

From the literature review, the authors found that little work has been presented so
far for the cases dealing with the application of dual-layered PCMs and particularly for
South Asian climates. The current study focused on this unique application of dual-layered
PCMs and conducted a thorough evaluation using CFD simulations. Diurnal temperature
variations, including solar radiation effects for the entire months of June and January, were
successfully modeled and analyzed using Ansys Fluent for a typical construction wall.
The suitability of PCMs, based on their phase change temperature, was assessed for their
application in the summer and winter months for the subtropical climate of Islamabad,
Pakistan. In existing studies analyzing dual-layered PCMs applications, it is observed
that the two PCMs used generally have minor differences in their melting temperatures.
This limits their application for tropical weather conditions mainly. This study covered
the considerably higher temperature difference between dual-layered PCMs to be applied
(29 °Cand 13 °C).

Additionally, a combination of organic and inorganic PCMs was evaluated to get ben-
efit from their different thermophysical characteristics. Moreover, the study convincingly
established that using dual PCMs throughout the year is appropriate for application in
buildings to meet the occupants’ thermal comfort during different weather conditions.
Furthermore, lab-scale experimental testing was also undertaken to evaluate the thermal
response of two layers of PCM integrated with concrete. It underwent a charging and
discharging cycle for 24 h and validated the results with the CFD methodology used for
simulations throughout this study. The simulation study validated by these experimental
results examined and discussed the charging and discharging cycles of PCMs over an
extended period (one month) to establish whether the efficacy of PCMs is hindered due to
difficulties in discharging.

2. Mathematical Modelling

The typical construction in Pakistan consists of brick masonry housing, and it com-
prises 62.38% of the total built environment. This kind of construction ranges from single-
story buildings in rural areas to three-story houses in urban areas such as Islamabad,
considered for this study. The building materials used for the construction of walls are
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bricks with mud mortar or cement sand mortar. The load-bearing walls, on average, are of
0.3429 m thickness, though these walls can be thinner around 0.2286 m, especially in the
case of a light roof [24].

A model was developed in Fluent to simulate this construction type. The brick wall
(illustrated in Figure 1) was modeled with a unique integrated arrangement of PCMs
suitable for the climate in Islamabad, Pakistan. Summer temperatures generally soar above
40 °C, while in winter, they reach below 0 °C. For thermal comfort requirements, PCMs
can provide a solution suited to the ambient temperatures of Islamabad. A 2D model was
developed of a typical wall thickness of dimensions 0.22 m x 0.22 m. Figure 1 represents the
schematic of the proposed innovative brick wall with different PCM types and insulation.

5mm 10mm 5mm

Brick PCM EPS PCM Brick 0.22m

0.22m

Figure 1. Brick wall with PCM location and insulation EPS.
The first baseline brick configuration was modeled without EPS and PCMs, having

all regions shown in Figure 1 as a brick region. Thermophysical properties of selected
materials are summarized in Table 1 [25,26].

Table 1. Thermophysical properties of materials used in the simulation.

Heat Capacit Thermal Conductivit Meltin Heat of Fusion
. . 3 pacity y g
Material Density (kg/m”) (J/kg.K) (W/m-K) Temperature (°C) (kJ/kg)
Brick 1600 840 0.7 - -
EPS 22 1300 0.036 - -
PCM A-29 810 2220 0.18 29 225
PCM S-13 1515 1900 0.43 13 150

Figure 2 shows the ambient temperature profile of Islamabad for the months of January
and June, respectively, which are used as an input for the simulation.

The highest temperature in June is 42 °C with an average of 30 °C, and the lowest
temperature in January is 1 °C with an average of 10 °C. The distinct variation of summer
and winter months highlights the need for buildings to have thermal mass such that they
can provide thermal comfort for the occupants throughout the year.
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Figure 2. Temperature data for Islamabad for months of June and January.

Figure 3 shows the solar flux data for January and June. The solar radiation flux peaks
on the 10th day with 690 W/m? and an average of 125.7 W/m? for June. Similarly, the
peak flux 531 W/m? is obtained on the 27th day with an average value of 62.6 W/m? for
January. Solar air temperature (SAT), based on the ambient temperature and solar intensity
data presented in Figures 2 and 3, respectively, is defined as below: [27]

To=T,+ 52 M
ho
where
Ts = solar air temperature (°C)
T, = ambient temperature (°C)
gs = solar intensity (W/m?)
« = absorption coefficient of brick
h, = heat transfer coefficient (W/m?K)

The absorption coefficient of brick is 0.55, and the heat transfer coefficient for ambient

air is taken as 17 (W/m?2K) for outdoor conditions to calculate the solar radiation effects.

Solar Flux (W/m?)
g 8 8 8

g
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Solar-flux-January Solar-flux-June

Figure 3. Solar radiation intensity data for Islamabad for months of June and January.

Figure 4 shows the time-dependent variations of the solar-radiation-based temper-
ature profile. This temperature profile is used as the inlet boundary condition in all
simulation cases.
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Figure 4. Solar air temperature for months of June and January.

2.1. Model Assumptions
While conducting the simulations, some assumptions were applied and are listed below:

(@) Thermal conductivity is constant for brick and EPS.
(b) Interface resistance at different junctions of materials is negligible.
(c) One-dimensional conductive heat transfer is considered.

2.2. Boundary Conditions

In the model geometry described in Figure 1, the left side of the wall is referred to
as the inlet, with the right side of the wall as the outlet. For the inlet, the time-dependent
monthly temperature profiles shown in Figure 4 are input to Fluent software. The outlet
boundary condition is set to simulate indoor conditions, with natural convection for air
with a heat transfer coefficient h = 14 W/m?K and ambient temperature of 20 °C. The heat
transfer coefficient is selected within the range of free convection coefficient 2.5-25 W/ m2K
as stated in the literature [28]. The top and bottom surfaces are considered adiabatic with
no heat flux.

2.3. Governing Equations and Numerical Schemes

Three-dimensional transient energy Equation (1) was used to model the pure brick/EPS
behavior, and a porosity-based 3D transient energy equation was used for calculating the
PCM-based layer enthalpy (2) [29]:

oT

pep5y = V- (kVT) @)
where
p = density (kg/m?)
cp = specific heat capacity (J/kg K)
k = thermal conductivity (W/mK)
T = temperature (K)

oH
0% = V-(kVT) )

H = PCM enthalpy (J/kg)
The enthalpy is obtained by the sum of sensible enthalpy / and latent heat AH given
by Equation (3) below:
H=h+AH 4)
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where .

h = href + cpdT 5

f Tref F ( )

AH = ﬁL 6)

href = PCM enthalpy (J/kg) at reference temperature Tref (K)
B =liquid fraction 0 (solid) < B <1 (liquid)
L = latent heat of PCM (J/kg)

A second-order upwind discretization scheme for energy and SIMPLE pressure veloc-
ity coupling was used. The numerical solutions are conducted using a reasonably large
time-step size and high-quality mesh with an adequate number of cells to reduce the
computational effort. Details of a mesh and time independence study conducted for the
simulation are given in Tables 2 and 3 below:

Table 2. Data for mesh independence based on value of T6 (indoor temperature).

Mesh Size (Nodes) Average T6 (°C)
49,992 29.078
18,597 29.076

7992 29.078

Table 3. Data for time independence based on value of T6 (indoor temperature).

Time Step (Seconds) Average T6 (°C)
1 21.5375
60 21.5392
120 21.5441

The variation in the average value of T6 was taken as the selection criterion. This was
done as T6 was one of the main variables of interest in this study. Based on the data in
Table 2, the mesh size of 18,597 nodes was selected as no significant change in the average
value of T6 was noted. Further, a time-step independence study was conducted for the
selected mesh.

Based on Table 3 data, the time step of 60 was selected as the change in the average
value of T6 for a time-step increased to 60 s from 1 s was negligible. However, the change
in the average value of T6 for the time-step increase to 120 s was more significant.

3. Model Validation

The thermal model of the present study was validated with the experimental data of
Fujii and Yano (1996) [30] and the simulation results of Wang et al. (2015) [27].

The geometry used by Fujii and Yano consisted of a 300 mm square base with § mm
of PCM encapsulated within 3.5 mm walls, as shown in Figure 5. This was submerged
in a heat bath maintained at 60 °C to provide even heating. A 2D mesh consisting of
845 x 296 quadrilateral elements was generated for numerical simulations after a mesh
sensitivity analysis. The time-step independence study established a 10 s time step. A
uniformly spaced mesh in both horizontal and vertical directions was used. Numerical
simulations were done using Fluent laminar (viscous) governing equations alongside
the energy equation and the solidification and melting equations. Several published
works used PCM laminar flow for numerical simulations [31,32]. Moreover, laminar flow
modeling has been validated with experimental data. Fluent uses the enthalpy-porosity
method and treats the PCM as a mushy (porous) zone, and it calculates the extent of
melting as the liquid fraction of each cell during each iteration. The liquid fraction {3 is the
liquid-to-solid volumetric ratio of the PCM. The value 3 is 1 when PCM is in a completely
liquid phase and 3 is 0 in a fully solid phase. When f is in-between 0 and 1, then both
liquid and solid phases of the PCM are present.
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Figure 5. Geometry used for validation study [30].

The heating process was modeled as 1D heat in-flow from the top and bottom surfaces
using heat transfer coefficient (14 W/m?2-K) and constant surrounding temperature of
60 °C. The solution was initialized with PCM initial interior temperatures set at 18 °C and
a negligible flow velocity of 107 m/s. The side walls were considered adiabatic. The
simulations were deemed to be converged once all scaled residual values became less than
10 for all solution parameters. The PCM used was CaCl, - 6H,0, with thermophysical
properties as detailed in Table 4.

Table 4. Thermophysical properties of CaCl, - 6H,O.

Density Specific Heat Therm.al. Viscosity Pure.Solvent Solidus Liquidus
(kg/m®) Conductivity (kg/m—s) Melting Heat Temperature (K) Temperature (K)
(W/m—K) (J/kg)
1710 1.09 0.00785 187,000 302 302.9

The simulations were conducted for a total elapsed time of 150 min, the melting phase
initiated after approximately 10 min of heating, and the PCM completely liquefied after
77 min. The results of this study shown in Figure 6 are in reasonable agreement with the
experimental results of Fujii and Yano and the simulation results of Wang et al.

60

55 — - - Simulation [27]
+ Experimental [30]
50 —— Current Study
45
6 40
=S
o
5 3 .
B . . .
2 w2 B
£ .
ﬁ 25 !
!
./
20 ,”
/
15
10
0 10 20 30 40 50 80 70 80 g0 100 110 120 130 140 150 160 170 180

Time (Mins)

Figure 6. Validation results—simulation vs. experimental.

The liquid fraction values calculated during the PCM phase change process in the
validation are shown in Figure 7. The liquid fraction at various time slots is depicted in
each vertical block. The first block shows the melt state of the PCM, 8 min after the start of
the heating, while the last block depicts the state of the PCM block as it attains a complete
liquid phase close to 80 min after the start of the heating.
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Figure 7. Liquid fraction development versus time.

For further validation of the simulation model selected for this study, the authors un-
dertook lab-scale experimental testing of commercially available PCM RT28HC integrating
it with concrete. A dual set of 10 mm thick PCM RT28HC panels with a 450 mm x 300 mm
cross-section was experimentally tested. The experimental conditions were then modeled
using the simulation scheme selected by the authors for this study. The simulation results
show good agreement with experimental data. The sample geometry details with tempera-
ture sensor locations (T1-T5) and schematic layout are given in Figure 8 below. The bottom
of the sample was exposed to a hot plate, the top surface was cooled through ambient air
convection, and all sides were insulated to incorporate adiabatic conditions on sidewalls.

T5 A

Concrete - 102.5mm
T4 1
3 PCM RT28HC l 10 mm

PCM RT28HC [ 1omm

T2 .

Concrete ~ 102.5mm
T1 v

Figure 8. Schematic diagram of temperature sensor locations and experiment layout.

The test comprised distinct heating and cooling phases over 24 h. A comparison of
experimental results with CFD results is shown in Figure 9.

The PCM velocity profile due to gravitational effects in the melted phase is depicted in
Figure 10. The velocity magnitudes are found to be negligible (of the order of 10~1® m/s).
This establishes that no convective heat transfer occurs due to the flow of PCM, and the
dominant mode of heat transfer remains conduction alone.
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Figure 9. Experimental vs. simulation temperature profiles with different heat transfer coefficients
ranging from 5 W/m?K to 25 W/m?K.
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Figure 10. Velocity profiles at different locations within PCM.

After validating the numerical scheme for this study, different configurations were
modeled in Figure 11a—d. The configurations included:

(a) A baseline case of pure brick (no PCM);

(b) An EPS layer sandwiched between two layers of PCM A29;

(c) AnEPS layer sandwiched between two layers of PCM S13;

(d) An EPS layer sandwiched between one layer of PCM A29 and one layer of PCM S13.
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Configuration | PCM Placement

(@)

(b)

(d)

Brick PCM-AZ9 EPS PCM-513

Figure 11. Representation of scheme of modeling from (a-d).

4. Results and Discussions

Detailed analysis was conducted for configurations with and without PCM to investi-
gate their heat storage potential in different climatic conditions.

4.1. Thermal Analysis of Different Configurations

Time-dependent flow and heat transfer simulations were conducted for different
configurations shown in Figure 11a-d. Figure 12 shows the temperature probe locations at
distinct points in the geometry. T1 is the temperature at location 1, the input temperature
profile (ambient), while T2 to T5 are internal temperatures, and T6 is the output (indoor)
temperature. Tpcy-a and Tpewm-p are the temperatures of the PCM interiors located at
positions A and B.

The whole geometry is modeled as a brick region (Figure 11a), with simulations
conducted for June and January. Figures 13 and 14 show the temperature distribution for
these months, respectively. For June, the highest solar air temperature recorded in a day
is 62.3 °C, while for January, the minimum temperature dips close to 1 °C. Moreover, the
average temperatures for these months are 35 °C and 12.1 °C, respectively. In both cases,
the indoor temperature distribution obtained shows the maximum temperatures of 26.3 °C
in June and 23.1 °C in January.
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Insulation

T2 T5
T T3 T4 Té6

Figure 12. Temperature probes (T1-T6, Tpcy-a, Trem-p) at different zones for all configurations.

Temperature (°C)

28 |}

0 2 4 8 8 10 12 14 16 18 20 22 24 26 28 30

Days
--------- T1-JuneBrick ~ ———T2-June-Brick ———T3-June-Brick ——T4-JuneBrick ———T&JuneBrick ———T6-June-Brick

Figure 13. Temperature distribution for the month of June (baseline case—no PCM). Case (a).
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Temperature (°C)

Days
T1-January-Brick ~ ——T2-January-Brick  ———T3-January-Brick ———T4-January-Brick ———T5-January-Brick T6-January-Brick

Figure 14. Temperature distribution for the month of January (baseline case—no PCM). Case (a).

Furthermore, average indoor temperatures are 22.8 °C and 18.6 °C, respectively, for
these months. These indoor temperature fluctuations are directly related to the thermal
mass or heat capacity of building materials that store heat before conducting to the lower
temperature zone. From a thermal comfort point of view, it is desirable to achieve higher
thermal mass to limit air-conditioning and heating loads and move toward green energy
solutions [33].

The integration of PCMs within conventional wall configurations increases their
thermal mass and reduces indoor temperatures. Experimental studies conducted by
Sunliang et al. [34] found a temperature reduction of 2 °C while using the PCM-based wall
when compared to a wall without PCM.

4.2. Thermal Analysis of PCM-Based Configuration

For seeing the effects of PCMs for both summer and winter months, simulations
were carried out for the cases outlined in Figure 11. Temperature distributions and liquid
fraction plots were used to analyze integrating PCM layers in brick walls for different
weather conditions.

Figure 11b represents a design with 5 mm PCM thickness introduced in the base brick
model on each side separated by the insulation layer of 10 mm. PCM A-29 was selected for
analysis of thermal effects in summer. The temperature and liquid fraction are presented
in Figures 15 and 16, respectively. The indoor temperature remained lower than for the
configuration without PCM, and the diurnal temperature variation was stable and, on
some days, almost constant. This indicates the ability of PCM to store excessive heat in the
daytime and release it at night when the average outdoor temperature remained close to
25 °C. The introduction of PCM layers kept the indoor temperatures stable at an average of
21.6 °C during June. The effectiveness of PCM is even more evident if temperature data
are analyzed in conjunction with the liquid fractions shown in Figure 16.
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Temperature (°C)

Days
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Figure 15. Temperature distribution for the month of June (PCM A29-A29). Case (b).
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Figure 16. Liquid fraction for the month of June (PCM A29-A29). Case (b).

The LF-A and LF-B are the liquid fractions of the PCM layers at position A and
position B, respectively. Their distinct behavior is primarily due to their location in the wall,
which can be characterized as front and rear end with reference to outdoor temperature
loading. For the first 17 days, liquid fraction LE-A of the layer containing PCM A-29 shows
continuous charging and discharging in line with daily outdoor temperature variation. At
the same time, the LF-B representing the same PCM but positioned after the insulation
remains discharged chiefly. The PCM A-29 layer at position B achieves partial phase change
on days 13, 19, 20, and 25. The average indoor temperature for the period remained close
to 21.6 °C. From the 12th day onward to day 27, the outdoor solar air temperature rises
to above 60 °C on several days. During this period, the PCM layer does not discharge
completely, while the PCM layer at position B starts to get partially charged on these hotter
days. The charging of the PCM layer at position B allows the indoor temperature not to
rise much above 23 °C, even when the PCM layer at position A does not get discharged
overnight. The indoor temperature during the entire June thus remains stable at an average
value of 21.6 °C. Even on days when the solar air temperature peaks above 60 °C, the
tandem layers of the PCM can maintain excellent indoor thermal comfort. At the end
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of June, days 26-30, the indoor temperature was quite stable at 21 °C, attributed to the
relatively lower thermal loads and phase change effect of selected materials. PCM A-29
average charged state depicted by LF-A and LF-B is 71% and 2%, respectively, during June.
When both PCMs are charged, they have a considerable effect on the indoor temperature
of the building envelope and can reduce energy consumption for cooling indoors to meet
thermal comfort requirements. It can, therefore, be concluded that for summer season
outdoor temperature loads, the choice of integrating PCM-A29 is suitable.

In configuration Figure 11c, PCM S-13 was used, and its layers were placed at position
A (before) and position B (after) the insulation. Figures 17 and 18 show that the outdoor
January solar air temperature rises to 36.2 °C, with both PCM layers remaining charged for
a longer duration due to their low melting temperature (13 °C). The outdoor temperature
profiles in Figure 17 indicate three distinct regions of almost constant temperature profiles
from day 3 to 16, 17 to 21, and 24 to 30. In contrast, to complete brick configuration, the
configuration with PCM, under the same thermal loading, shows higher indoor temper-
atures, indicating better thermal comfort. From a thermal comfort standpoint, this 2 °C
difference induced by employing PCM is significant to reduce the heating load for the
building occupants. The liquid fractions LE-A and LF-B in Figure 18 show the PCM charged
and discharged state for January. The PCM at position A, being exposed to outdoor thermal
loading, first exhibits more significant daily fluctuations for the liquid fraction than LF-B,
which remains charged throughout the month in response to outdoor diurnal temperature
variation. PCM 5-13’s average liquid fraction LF-A and LF-B is 58% and 100%, respectively,
in contrast to summer PCM A-29 due to its low melting temperature. Solid-liquid phase
change for these PCMs is in line with the outdoor temperature loading of January, and
PCM S-13 was found to be suitable for temperature loading in winter.

40

36

Temperature (°C)

0 2 4 [ 8 10 12 14 16 18 20 22 24 26 28 30 32

Days
T1-January-BB —— T2-January-BB ——T3-January-BB ——T4-January-BB ———T5-January-BB T6-January-BB

Figure 17. Temperature distribution for the month of January (PCM 513-513). Case (c).

Figure 11d illustrates the novel dual PCM-based configuration with PCM-A29 and
PCM S-13 positioned before and after the insulation layer, respectively. The indoor tem-
perature (T6) for both summer (June) and winter (January) months are presented in
Figures 19 and 20, respectively, whereas PCM A29-A29, PCM S5-13-513, and PCM A29-
S13 are referred to as AA, BB, and AB, respectively.
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Figure 18. Liquid fraction for the month of January (PCM 513-513). Case (c).
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The results show that AB configuration outperforms both AA and BB configurations.
During June (summer), the AB configuration keeps the indoor temperature at an average
value of 20.7 °C. The AB configuration also maintains a very stable indoor temperature
with a variation of 0.4 °C. While the configuration AA maintained an average indoor
temperature of 21.6 °C, with a varied range of +1.5 °C and —1.0 °C during June.

During January (winter), the AB configuration again performs better than both con-
figurations AA and BB. During January (winter), the AB configuration keeps the indoor
temperature at an average value of 19.7 °C. In winter, the AB configuration also maintains
a very stable indoor temperature, with a variation of only £0.4 °C. Meanwhile, the config-
uration BB maintained an average indoor temperature of 19.2 °C, with a varied range of
+3.9 °C and —1.0 °C during January.

Thus, the AB configuration keeps cooler indoor temperatures in summer during the
daytime and a warmer night indoor temperature in winter. Hence, it maintains excellent
thermal comfort in both summer and winter. Therefore, single PCM configurations provide
energy savings during summer only (AA) or winter only (BB). The AB configuration
provides higher energy conservation in summer as well as in winter, compared to the
single PCM applications.

5. Conclusions

The effectiveness of dual PCM application to increase the thermal mass of construction
materials was investigated using numerical modeling techniques using Fluent software.
Based on the current study, the following conclusions are presented:

1. The suitability of PCM is based primarily on its phase change temperature and
associated heat of fusion.

2. The most suitable configuration for both summer and winter is the dual
PCM configuration.

3. Average indoor temperatures with and without PCMs for June are 21.6 °C and 35 °C,
while for January are 20.7 °C and 12.1 °C, respectively.

4. Melt fraction for June with two PCM A29 layers is 71% and 2%, and for January, the
melt fraction of the two PCM 513 layers is 58% and 100%.

5. One of the main concerns in the application of PCMs has been the efficacy of PCMs
over more extended periods as the improper application may restrict the charging—
discharging of the PCMs after a few repeated cycles.

6.  The current study results establish consistent charging and discharging of at least
one of the applied PCM layers over a longer timeframe (one month period) both in
summer and winter in the selected PCM configurations.

7. Continuous charging—discharging is established as one of the main reasons for the
dual PCM application performing better around the year.

8. The dual PCM configuration with PCM A-29 at position A and PCM S-13 at position B
consistently provides better thermal comfort during both summer and winter seasons.
The dual PCM configuration maintains a very stable indoor temperature range of
£0.4 °C in both seasons.

9.  Therefore, in light of the above, the novel dual configuration is more viable as the
heating and cooling requirements change throughout the year based on the different
weather conditions. Single PCM deployment fails to cater to winter and summer
seasons, especially in regions such as Islamabad, where the solar air temperature
during the year can vary from highs above 60 °C to lows close to 0 °C. However, the
dual PCM deployment provides substantial energy savings throughout the year, as it
caters to both high- and low-temperature ranges.

10. Islamabad has more cooling degree days (CDDs) than heating degree days (HDDs);
thus, placing PCM A29 on the outdoor side and PCM 513 on the indoor degree side is
recommended for this application.

11.  In the future, different thicknesses and locations of PCMs may be investigated to
enhance the parametric analysis based on the unique concept of hybrid PCMs. It is
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also recommended that experimental testing of dual PCM configurations be carried
out. The authors feel that a knowledge gap exists in long-duration 3D simulations
and ventilation condition simulations using CFD tools.
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Nomenclature

PCM phase change material

TES thermal energy storage

CO, carbon dioxide

CFD computational fluid dynamics
EPS expanded polystyrene

0 density (kg/m?3)

Cp specific heat capacity (J/kg-K)
k thermal conductivity (W/m-K)
T temperature (°C)

H PCM enthalpy (J/kg)

h sensible enthalpy (J/kg)

AH latent heat (J/kg)

href PCM enthalpy (J/kg) at reference temperature
Tref reference temperature (°C)

B liquid fraction

L latent heat of PCM (J/kg)
SIMPLE semi-implicit method

1D one-dimensional

2D two-dimensional

CaCl, - 6HpO  calcium chloride hexahydrate
mins minutes

LF liquid fraction

CDD cooling degree days

HDD heating degree days
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