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Abstract: This paper evaluates the thermal
performance of a simple triple-glazed window
filled with a layer of paraffin wax (PCM) to
reduce heat transfer through building openings.
This research compared the performance of a
traditional triple-glazed window with air gaps.
The comparison was made using numerical
modeling and experimental approaches. The
experiment took a full day, and technical-grade
paraffin was used as a PCM to fill a 20-mm gap
between triple-glazing units. The temperature
of the inner glass, the exterior surface, and both
gaps of the glazed window were measured. The
thermal performance of a triple-glazing window
was evaluated numerically using a finite volume
algorithm. The results showed that the solar
radiation reached its maximum at 580 W/mz2 in
March, and the internal surface temperatures of
the normal triple-glazed window (TW) and
integrated with PCM (TW-PCM) were 37.1 and
34 °C, respectively. The obtained temperatures
of the TW-PCM decreased by 3.1°C compared to
the TW. TW-PCM

demonstrated an increased time lag of 2 hours,

Furthermore, the

effectively delaying the peak load.
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1. INTRODUCTION

The growing population and technological
developments have driven global energy sector
demand [1-2]. Buildings accounted for 20.1% of
global energy used in 2016 [3]. Outdoor solar
radiation affects the buildings’ energy
consumption. Therefore, the building envelope
is one of the most important energy-saving
factors. Effective energy-saving or interior
thermal comfort strategies involve latent heat
thermal energy storage systems using Phase
Change Materials (PCMs) in the building
envelope [4-7]. Xie et al. [8] found that PCM-
based building envelopes can reduce indoor
heating and cooling loads due to fluctuating
external conditions and balancing heat energy
supply and demand. Due to PCMs'
temperature, PCM-based envelopes for
buildings can also reach 22-28 °C, which is
within human comfort [9]. Energy-saving
glazing modules have been the subject of
numerous studies and projects over the past
few decades. Among these, one of the most
significant solutions for reducing buildings
cooling or heating loads is using (PCM) in
windows. The importance of window
treatments as a green building technology is
particularly pronounced in countries with
significant seasonal climate changes, such as
Iraq. Certain PCMs are an excellent option for
filling glazing windows because they have low
infrared, ultraviolet, and high visible light
transmittance, allowing them to minimize solar
heat entering indoor spaces without
compromising illumination. Several
researchers have been very interested in this
topic since it may simultaneously lower energy
usage of buildings and increase interior thermal
comfort. Abbas et al. [10] examined a numerical
and experimental study incorporating phase
change material (PCM) capsules as insulation
within hollow bricks constituting a building.
The findings indicated that encapsulating
Phase Change Materials (PCM) in the treated
wall could drop room temperatures and the

wall's inner surface temperatures. Jalil et al.
[11] wused heat sinks to cool electronic
equipment with phase change material. The
examination used numerical simulations and
experiments. The study considered varied input
power levels (11, 13, and 15) W and airflow
velocities of (3.4, 2.5, and 1.5) m/s. The authors
conducted two case studies: with and without
PCM. Investigating PCM thickness and
nanomaterial incorporation. The experiment
revealed that using a heat sink combined with
PCM resulted in a temperature reduction of 18
°C. This paper investigated the impact of
incorporating nanoparticles (Al.O3) into PCM,
and a small quantity of nanoparticles (2%)
enhanced the efficiency of the heat sink.
Wieprzkowicz and Heim [12] numerically
analyzed a complex triple-glazed (PCM)
window. Windows' advanced control algorithm
changes phase-changed optical characteristics
and explains the control/actuator algorithm
and its integration into ESP-r. Cooling and
lighting energy usage, visual irritation, glare,
and thermal discomfort were assessed. The
investigation found that partitioning the
glazing into areas filled with PCM with different
melting temperatures is the best way to use
PCM. For thermal impact, Dheyab et al. [13]
studied an absorber-finned heat exchanger-
thermal storage unit in a solar air heater. The
experiments were conducted in December 2021
and January 2022 in Tikrit, Iraq, using two
solar air (SAH) using RT42 and RT50 PCMs.
Each PCM filled the SAH thermal storage. A
finned heat exchanger drove the air in the
thermal storage. Two setups were tested. The
first configuration included separated SAHs.
The second setup combined the RT42 and RT50
SAHs in series. In the separation configuration,
RT50 reached 59 °C, ie., the highest
temperature. Ahmed et al. [14] conducted a
comprehensive review of the literature on PV-
Trombe wall system designs, detailing how
design and operational parameters, such as
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direct current fan use, facade width air vent, air
gap thickness, thermal insulation, packing
factor, heat storage, air mass flow rate, PV cell
cooling, southern windows, and solar cell tilt
angle, affect PV-Trombe wall performance.
Additionally, the PV-Trombe wall system was
compared to the standard Trombe wall, and its
applicability was discussed. Engineers and
researchers might use this review article for
future studies. Ahmed et al. [15] constructed,
validated, and employed 1D equations of
steady-state energy balance for the bi-fluid
configuration to forecast the system's
performance for various air and water mass
flow rates. For average daily evaluation, bi-fluid
with DC fan-glazed and unglazed PV-TW
systems had 79.89% and 10.69% thermal and
electrical efficiencies, respectively, under 300
liters/day. The highest difference between
theoretical and experimental solar cell
temperature data was less than 4%. Abbas and
Azat [16] investigated the impact of mass flow
rate and Rayleigh number on passive Trombe
walls using industrial wax as a PCM. A PVC
sandwich panel test setup was built without the
south wall. Trombe walls received a 6 mm
transparent glass coating. The six winter
studies in Kirkuk City used six air gap channel
widths. These widths were 10-35 cm.
Experimental results revealed that mass flow
rate was directly related to channel width and
inversely to Rayleigh number. The efficiency
was 2.45 times higher at 30 ¢cm than at 10 cm.
Salih et al. [17] investigated the thermal
performance of a double-pass solar air heater
using PCM-based rectangular capsules filled
with paraffin wax. The results indicated that
high airflow rates delayed the paraffin melting.
Zhang et al. [18] examined SSPCMs' thermal-
optical performance in glazing windows. The
ideal melting temperature, latent heat,
absorption index, and refractive index for
SSPCM in specified property ranges were 18 °C,
120kJ/kg, 60m-!, and 1.3, respectively.
Kulakowski [19] investigated the best solution
for triple-glazed windows with one cavity filled
with PCM. The simulation recommended a
solution for PCM thicknesses, locations, and
temperatures. The computational model was
developed, tested, and verified numerically.
The ideal solution was found using the fuzzy
sets approaches. Both approaches indicated a
version with a PCM layer in the inner chamber
and an average melting temperature of 25 °C.
However, fuzzy sets established ideal PCM
thicknesses ranging from 5 to 20 mm using
multiple criteria and linguistic characteristics.
Wang et al. [20] used numerical simulation to
study the rupture behavior and thermal-
structural connection of a paraffin wax-
containing glass envelope under fire conditions.
The double-glazing unit filled with paraffin wax
exhibited enhanced fire resistance compared to

a standard unit. Li et al. [21] examined an
innovative roof based on SA-PCM glazing
systems, and a numerical model was built to
explain how PCM fill ratio and cavity
arrangement models affect photothermal and
energy performance. PCM improved the
thermal performance of the novel roof,
reducing the magnitude and increasing the
phase shift of temperature waves on the inner
surface. Recently, Li et al. [22] examined how
PCM thermophysical factors affect the double-
glazing unit thermal performance. As PCM
density, thermal conductivity, specific heat
capacity, latent heat, and melting temperature
increased, the temperature time lag of the PCM-
filled double-glazing unit increased, and the
temperature decrement factor decreased.
Increasing PCM density, latent heat, and
melting temperature improved the thermal
performance in double-glazed units. However,
increasing the thermal conductivity and specific
heat capacity beyond 2.1 W/ (m.K) and < 4460
J/ (kg K) was ineffective. The studies above
demonstrated that PCM-filled glazing windows
can be implemented in buildings to increase
energy efficiency and improve thermal comfort.
Nevertheless, as further study was conducted,
new issues about PCM-filled glazing units
emerged, including the occurrence of
overheating after the PCM entirely melted and
releasing latent heat during summer nights
[23]. Li et al. [24] found that the first type had
a poor thermal performance on a typical
summer night because the solar energy would
be released by the PCM, which absorbed it
during the day, rendering it ineffective in its
ability to reduce energy usage and improve the
thermal comfort of interior spaces. These
studies showed that there must be further
research on improvements to the PCM-filled
glazing windows, as current investigations still
require fully addressing these issues. Jalil and
Salih [25] looked at how changing the thermal
properties of paraffin wax affected the
performance of a double-glazed window doped
with paraffin wax in Baghdad during the
summer. The results showed that increasing the
temperature-time lag (TTL) and decreasing the
double-glazed window’s temperature
decrement factor (TDF) improved the unit work
because the PCM's density, latent heat, and
thickness improved. Jalil and Salih [26]
computationally and experimentally evaluated
the PCM effectiveness in double-glazed
windows in improving the comfort of a room
and thermal performance in Iraq. In the
present study, standard glass windows had low
insulation, and the outer temperature surface
significantly increased. Therefore, PCM will be
applied to absorb the heat and improve window
insulation. A new arrangement of triple-glazing
windows filled with phase-change material has
been  suggested. @ Addressing  existing
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restrictions, this new design seeks to maximize
energy savings and indoor thermal comfort by
improving the thermal transfer characteristics
of glass windows. The present study
experimentally and numerically investigated
two triple-glazed windows filled with PCM as an
insulating material to improve their thermal
performance in the Iraqi environment in
March. Two windows were built as follows:

1) TW-Normal: This is a triple-glazed
window with air in the outer and inner
gaps.

2) TW-PCM: In this configuration, the
outer gap contained PCM with a
melting point of 44°C, and the inner
gap contained air.

Temperature readings were meticulously
recorded from each cavity and the internal and
external surfaces of both windows to assess the
insulative capabilities of all the triple-glazed
windows throughout the day under varying
conditions of solar incidence. The insulative
performance assessment depended on the
windows' self-regulated internal surface
temperatures.

2. EXPERIMENTAL WORK

This section explains the proposed design of the
window, the operational principle, the
experimental setup, the PCM properties, and
the instrumentation. Figure 1 depicts the
system: a three-layer glass window with two
gaps separating it and a layer of paraffin acting
as an insulating material to reduce thermal
conduction. To minimize heat transfer, spacers
secure the windows to the frame and space
them apart. The experiment used two types of
triple-glazed windows. In the first window, the
gaps were maintained with air (TW-Normal),
and in the second window, the external gap of

the triple-glazed window (TW-PCM) was filled
with phase change materials (PCM) having a
melting point of 44 °C (2.5 kg), and the other
gap contained air. The cost of one kilogram of
PCM was $11. The dimensions of the test room
were 1.5 x 1.5 x 1.5 m. These two types of
windows had a length of 41 cm, a width of 41
cm, a gap of 2 cm, and a glass thickness of 6
mm. The experiment used halogen lamps to
simulate solar radiation. Table 1 displays the
thermophysical properties of PCM. The
schematic structure of two triple-glazed
windows is shown in Fig.2. The heat transfer
triple-glazing system combined the exterior
glass, the cavity layer, and the interior glass.
Table 2 shows the temperature measurements
used in the test, and Table 3 shows the physical
properties of the glass used. Figure 3 depicts the
melting and frosting cycles of the Phase Change
Material (PCM) throughout the day. The
quantity of solar radiation the (TW-PCM)
system received determines this process.
Fundamentally, the higher the solar radiation
incident, the earlier and more rapidly the PCM
begins to melt.

Test Room
P

Fg. 1 Photograph of the Test Room.

Table 1 Thermo-Physical Properties of Phase Change Material (PCM) [27].

. Specific heat Density Thermal
aterial I\geltmgTemp. (kJ kg1 K-1) i) Lat(.ent Heat of onductivi
e O Solid kgLiquid Sofid = Liquid — Fusion Ukg™) Tl
PCM 44 2.1 2.1 830 190 0.21
A';>‘<‘,p.l/l’CM T
/;ﬂyjrlllﬂ/ﬂ// ? 2 ? /Pcm é ’7 lass
X 9 %4 7
1 1 H
77 % % 7 % 4%
7 .4 7 lass 7/ Vi
% % 49 %
77 7 ?f ? %97
1 1 el
7% %97 “% 7%
i 7 447 79%
47 ~9 %% % 9 %
4. 4 4%.7 4247

(a)Structure of the TW+PCM

(b)Structure of the TW

Fig. 2 Schematic Structure of a Triple Glazed Window with and without PCM Layer.
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Table 2 Displays the Temperature Measuring Device.
Instrument Explain

Thermocouples Eight thermocouples (type K) were utilized to determine the
temperature distribution across the room. Two stainless steel
wires were installed inside the room in an X configuration,
extending lengthwise from the north side to the south side.

Thermometer Device The HT-9815 model thermometer was utilized to record the
temperature. This device has four channels. The probes of the
thermocouples, which were distributed in the room, inside and
outside surfaces of the triple-glazed window, in each gap for four
windows, were connected to these channels. The data will be
recorded manually.

Solar Power Meter A digital (SM206-SOLAR) radiation meter was used to measure
incident radiation from Halogen lamps in the surface area of four
TW. The instrument has a response time of 1 second and measures
the radiation intensity in the range of 0.1 to 1999 W/mz2.

Table 3 Displays the Physical Properties of Glass [28].

Glazing
ety Solar transmittance at Solar reflectance at normal .
Emissivity typical incidence incidence Thickness (m)
Clear Glass 0.84 0.804 0.074 0.006

03:00 PM | 04:00 PM
(b)
Fig. 3 Process of the PCM in March Month of (TW — PCM)
in Various Time: A) Melting, B) Re-Solidification.

2.1.Experimental Procedure (Steps) 1) Verify that all thermocouple investigations
The solar radiant heat directed at each triple- are linked to the thermometer.

glazed window remained consistent. The power 2) link the dimmer to the halogen lamps.
source remained stable with no voltage 3) The cooler device is functioning properly.
fluctuations, which is crucial since it influenced Table 4 lists the reliability of the devices used to
the concentration of the halogen lamps. The estimate temperature and radiation.

testing period lasted from 6 AM to 9 PM. The
following producer was taken:

Table 4 Measuring Device Accuracy.

Parameter Instrument Model Range Accuracy
Temperature Thermometer HT-9815 —100 to 1300 °C +0.15%

P Thermocouple Type-K —100 to 1300 °C +0.4%
Solar radiant heat Solar power meter SM206-SOLAR 0.11t0 1999 W/m?2 + 5%
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2.2.Uncertainty Analysis
To make the results more accurate, the
uncertainty in the triple-glazed windows can be
estimated using the error rate detected in the
instruments used in practical experiments [29].
Then, the uncertainty of heat will be;

80Q = [(6T/T) 2] »» 1)
3.NUMERICAL FORMULATIONS
Partial Differential Equations (PDEs) are
extensively used to analyze and predict the
thermic attitude of various systems. In the
domain of building physics and architecture,
window systems are essential. The test
chamber, featuring two types of triple windows
with dual cavities, offered an excellent heat
barrier compared to standard triple-glazed
alternatives. The triple-glazed window system
minimized energy loss from its bottom and side
windows by employing efficient insulation. The
numerical solution performed under the
following underlying assumptions:

1) Three dimensions and all analyses were
transient.

2) Constant air properties.

3) The effects of energy dispersion,
buoyancy, and body force were
ignored.

4) All properties were assessed at the
mean temperature.

3.1.Thermal Analysis Model

Figure 5 presents the analysis of the TW
windows using a 3-dimensional transient
model. Detailing the thermal system simulation
is crucial for predicting various factors that
might affect the thermal performance of
window under different environmental
conditions. The model simplifies
understanding of heat transfer processes, i.e.,
conduction and convection, within the multi-

layered structure of the TW. In the case of

. kg*dt
conduction, a = -2 -,
dg dx

. The model employs the

and in the case of

convection, a =
dg*dx

concept of small, six-faced elements, i.e.,
representing the north, south, east, west, low,
and high sides, within a control volume to
establish an energy equilibrium. This approach
suggests that the collection of heat entering and
departing the window configuration is
balanced, achieving a pure zero.

Z Qin all face — Z qout all face — qstorage (2)
//

/ 3
%(/7////1/// /] 7~ o

997 .

900 <ellon

9 ? “e i

1 ER%

9%% Y
1 1
8 ‘é , )

Fig. 5 3-Dimension Nodes for Suggested
Triple Glazed Window.

Triple Glazed Window (PCM — Air)

For Glass

Energy Equation

In this system will be used energy of equation to
calculate the enthalpy at each node across three
dimensions.

At x=0, experimental surface temperature.

At x=1,, convection heat transfer.
Aty=0,y=l,,z=0, and z=1, , insulate.

Initial condition, ambient temperature

For the central node, all boundary conditions

are under conduction mode.
kg+dt

a.=a, = dgrdi?

(3)

kg+dt
dg*dy?

@

a,=a, =

_ _ kg+dt
at - ab_ dg*dzz (5)

enew(i,j,k) = aeT (i+1,j.k) +
ayT i—1jk) + AT ijiri) +
aT i 10+ &Tgjre + AT jr—1) —
(ap+as+a.+a,+a,+ap)*
T ik + eoldgx (6)

3.2.With PCM Model
The physical type of this PCM was assumed to
be homogeneous and anisotropic. This
assumption was fundamental in selecting a
transient scheme for the modeling. The
enthalpy transformation method was employed
to incorporate the enthalpy into the energy
equation of the PCM, serving as the foundation
for its mathematical representation. The
convective term and viscous dissipation were
considered negligible in this particular model.
Cao [30] developed the following 3-
dimensional energy equation model based on
these premises:

a(k5) +5 (k) + 5 (k5) =% @
The state equation is,
Z=c €))
All phases are characterized by having an equal
heat capacity, and the phase transition occurs

at a constant temperature [31,32].

Tonetr + H/(;Ps H<0 (solid phase)
T =9 Tpere O0<H<L (phase change) (9)
Toete + (H—L)/C,; H2=L (liquid phase)

For the condition H=0, the phase change
material (PCM) is in its solid state. The
Kirchhoff temperature transformation was
employed [33].
ks(T_Tmelt)J T <Tpen
=ffmk(n)dn={ 0, T=Tye (10)
k(T = Tomerr)) T > Topene
The subsequent equation was derived by
transforming Eq. (8) and integrating the
expression from Eq. (9).
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(kH
/ Cps: H<0
T O<H<L (11)
l(H L)/ H>L
So, the function of enthalpy was displayed as,
T* = A(H)H + S(H) (12)

The specific temperature at which the phase
change occurs is determined as follows:

ky/Cps, H< 0
AH)={0,0<H<L (13)
ki/Cp, H>L
In addition,
0, H<O0
0, O0<HK<L
SH) =971, (14)
— H>L
Cpt
Substituting Eq. (11) in Eq. (6) gives:
OH _ 0 (0(AH)\ , @ (9(AH)
pE_ax( ax )+oy( ay )+
a (d(AH
2 (5) o (15)
With the term,
d (dS\ , @ (dS\ , @ (S
=G 56) 55 (16)

Equation (6) can be formulated as follows for
the solid region:

p ZI: :x (ks 3_:) + 31}’ (ks Z_;) + ;z( S Bz) (17)

Also, in the liquid region

OH _ 3 (, aT a (, o
P = ax(k’ ﬂx) ay (k’ay) Z(k’a_z) (18)
When Eq. (6) is modified to exclude the
convection term and is applied specifically
within the phase change region, it produces the
following expression:

= 2(/111) +—+—(/1H) —
07(11‘1) 07 (19)

where for §$=S(H) and A= AH, the above
equations can be reformulated using the finite-
volume method with an explicit scheme as:
_ygo

W= rav (O57) @0
In this context, Hy is represented as the
previous value of H at grid point P. In the final
setup, the mesh size for each window was set at
(59, 11, 11) in the (x, y, z) dimensions. Using an
explicit scheme, the simulation employed a
finite volume method with transient equations.
The time step for this process was set at 0.05
seconds.
3.3.Validation of the Numerical Results
Figure 6 (a) and (b) compares the numerical
and experimental results regarding
temperature variations on the internal surfaces
of two types of triple-glazed windows. The
correlation between these numerical and

experimental outcomes was considered

satisfactory.
45
L —8— Exp
: ——&—— Num
40F
o L[
T 351
£
= L
7]
g [
g 3ol
O |
g [
254
L oo o b v b b b bl
W-F8 i 12 14 16 18 20 2
Time (hn)
(a)
45__ —m— Exp
- ——&—— Num
a0
G L
< 35F
s [
g I
= L
@
g
£ a0}
q; L
g T
25§
oo b v b by b by o by s byl
D% "0 1z 14 16 18 20 2
Time (h)

Fig. 6 Validation of Numerical Results with
Experimental Results of Internal Surface
Temperature of The Window in March (a) TW,
(b) TW- PCM.

4.FINDINGS AND DISCUSSION

The current study evaluated a model both
numerically and experimentally using the
FORTRAN programming language. The
objective was to estimate the effect of
integrating PCM as insulation materials into
the cavities of TW. The experimental
measurements were conducted over a one-
month period, specifically in March 2023,
under consistent conditions. To ensure the
accuracy of the results, these experimental tests
were repeated on multiple days. During the
trials, radiance levels and various temperature
readings were recorded every 60 minutes. The
most significant temperature fluctuations were
observed on a particular day, showcasing the
effectiveness of thermal storage. This
effectiveness was primarily due to the PCM's
ability to solidify at low night temperatures and
melt during the day, aided by high ambient
temperatures and solar radiation. The observed
temperature variation between day and night
underscored the potential of PCM to improve
thermal performance in such applications. One
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of the insulation technologies is integrating
PCM into building envelopes, which adds
thermal mass to walls without requiring large
value of material. A small amount of PCM can
realize significant heat during the phase
change. When embedded in the building
envelope, PCM absorbs and stores heat from
the outside during the day and releases it when
the temperature drops below its melting point.
This process helps lower inner air temperature,
shift peak loads, and lower indoor temperature
variation.
4.1.Experimental and
Temperature Results
Figure 7 depicts the solar radiation patterns and
air temperature inside the test room observed
during the experimental days. The highest
southern solar radiation was recorded in March
at 12 PM. Figure 8 depicts the inside
temperature of the two studied windows with
glazing. The maximum glass temperature at
high solar 580 W/m2 at 12 PM was 37.1 °C for
windows without PCM (TW), whereas it was
only 34 °C in windows with PCM (TW-PCM).
Additionally, through the daytime, from 6 AM
to 1 PM, the temperature in TW was higher than
TW-PCM and lower during the nighttime from
3 PM to 9 PM due to the wax’s phase change
between solid and liquid. Overall, the
temperature difference (external and internal)
was low in TW-PCM. Therefore, using PCM in
glass windows reduced by approximately 3.1°C.
Figure 9 shows the external temperature
comparison. The temperatures from 6:00 AM
to 2:00 PM were similar in both windows.
However, from 3 PM to 9 PM, the temperatures
of TW-PCM were higher due to wax melting and
releasing the storage heat. Figure 10 (a) and (b)
displays the temperatures in the outer and
inner gaps of windows. The temperatures in the
inside and outside gaps of TW-PCM were lower
than TW between 6 AM and 2 PM due to the
PCM’s ability to absorb and store heat. After 2
PM, the temperatures in TW’s outer and inner
gaps were lower than TW-PCM due to the PCM
completely melting and transferring the stored
heat to the internal gap, subsequently radiating
it to the inner surface. Figure 11 (a, b, ¢, and d)
shows the three — dimension of the isothermal
contours for TW-PCM at 9 AM, 11 PM, 12 PM,
and 4 PM, respectively. The internal surface
temperature was 30.4, 32.8, 34, and 32.2 °C at
9 AM, 11 PM, 12 PM, and 4 PM, respectively. In
addition, Figure 11 shows that areas highlighted
in green represent lower temperatures, which
are the optimal conditions for PCM to function
effectively. The red region indicates high
temperatures, suggesting areas that receive
greater solar radiation levels. The sections close
to the melting point of the PCM (44°C),
demonstrating active heat absorption, indicate
the PCM's effectiveness. The overall of the PCM
insulation technologies was evaluating success

Numerical

that would be based on the amount of green and
yellow patches, representing low temperatures
and hence implying better performance.
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Fig. 7 Solar Radiation Intensity and the air
temperature inside the test room Over Time on
The Selected Day, 15 March 2023.
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Fig. 8 Temperature variation of the internal
surface of the Two Types Triple Glazed
Window with Time on 15 March 2023.
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The TW and (TW With PCM) on 15 March
2023.
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PM.

4.2.Comparison with Previous Studies
Figure 12 compares the internal of the surface
temperature in reference [26] with (TW and
TW+PCM) in March data for the current
investigation. = The  differentiation  was
conducted over the duration (15 h) from 6 AM
to 9 PM. Under same conditions, i.e., relatively
the same solar radiation. The TW two-
configuration shows to be the best for
minimizing peak internal temperatures due to
using triple-glazed windows and PCM, delaying
maximum time of the temperature compared to
reference [26].
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Fig. 12 Comparison of the Difference in
Internal Surface Temperature between the TW
and TW+PCM in the Present Work and Ref.

[26].
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5.CONCLUSION

The performance of thermal heat for TW was
estimated under two separate configurations:
without PCM and with PCM. This assessment
aimed to determine the effects of these two
windows. From the results, several conclusions
were reached:

1) Integrating PCM as an insulating
material led to a noticeable reduction in
the inner surface temperature of the TW
in March, when solar radiation peaked at
580 W/m2. The interior surface
temperature of the TW embedded with
PCM (TW-PCM) was 3.1 °C lower than
the standard TW without PCM.

2) In the TW-PCM configuration, the
thermal time lag was extended by
approximately 2 hours, effectively
delaying the peak thermal load.

3) The differentiation  between the
numerical and experimental results
provides  appreciable confirmation,
suggesting that the proposed test model
can accurately predict the phase change
process and its impact on the test
chamber.

4) The TW with phase change materials
offered the best thermal performance
under the same external conditions by
utilizing the PCM’s latent heat property,
i.e., storing excess energy in abundance
times and releasing it when it is required,
thus achieving a moderate temperature
and a comfortable environment for
humans inside buildings and reducing
the need for expensive heating and
cooling devices.

5) The experimental and numerical results
were highly agreeable, indicating that the
suggested model can correctly estimate
the phase-changing process and its effect
on the room.
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NOMENCLATURE

an+as+a.+ Coefficients in general Finite-Volume
aw+ar+ap equations

Cp Specific heat of air, kJ/(kg. °C)

Cps Specific heat of solid phase, kJ/(kg °C)
Cp, Specific heat of liquid phase, kJ/(kg °C)
dt Time step, s

dg Glass density, kg/m?

dx, dy, dz Grid spacing

H Enthalpy, kJ/kg

I Intensity of solar radiation, W/m?

i,j, k indices which position in the (x, y, z)
directions.

k Thermal conductivity, W/ (m °C)
kg Glass thermal conductivity, W/(m. °C)
k; liquid thermal conductivity, W/ (m °C)
ks Solid thermal conductivity W/ m °C
l Liquid
Lely L, Distance of (x, y, z)
L Latent heat, kJ/kg
N North neighbor of grid P
P Grid point
Q Heat generation per unit volume W/m?
q Average heat generation
S South neighbor of grid P
T, Solid temperature of paraffin wax, °C
T Melting temperature of paraffin wax, °C
T Temperature °C)
T Time, sec
T* Kirchhoff temperature °C
T Top neighbor of grid P
dt Time step, s
t Control-volume face between P and T
\% Volume, m?3
w West neighbor of grid P
w Control-volume face between P and W
X, Y,z Cartesian coordinates (m)

Greek symbols
p Density, kg/m?
A Diffusion coefficient
n Dummy variable
9 Partial derivative

Subscripts

s Solid

Abbreviations
™ Triple glazed window without PCM.
TW-PCM Triple glazed window with PCM.
TTL Temperature-Time Lag.
TDF Temperature Decrement Factor
PCM Phase change materials.
ESP-r Environmental Systems Performance -

Research

SAHs Solar air heaters integrated with PCM.
SA-PCM  Silica aerogel and PCM
SSPCM  Solid-liquid PCM with solid-solid PCM.
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