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The aim of this research was to experimentally investigate feasibility of using phase change material (PCM) to
fabricate an air-PCM heat exchanger to be used in buildings in order to have an effective thermal management as
well as enhanced energy performance. RT22HC was selected and encapsulated in the heat exchanger. Due to low
thermal conductivity of PCM, multi-wall carbon nanotube (MWCNT) nanoparticles were dispersed into the PCM
to compensate this shortage. First, experiments with pure PCM for three successive days had a maximum outlet
air temperature of 31.76 °C. As stated, nano-PCM with three different mass fractions (0.1%, 0.2%, and 0.5% wt.)
reduced the melting and solidification time compared to the pure PCM. By calculating the absorbed heat by air,
24.1% more heat was charged in encapsulations in the case nano-PCM 0.5% wt. compared to the pure PCM. By
investigating the time-temperature behavior of four types of PCMs in solidification, it was observed that rising
the nanoparticles concentration decreased the two-phase duration and increased two-phase temperature.
Moreover, with the aid of an IR camera, during sensible heating the encapsulation’s wall temperature is near the
nano-PCM temperature, whereas when latent heating, this difference is much more (@Tpcm = 20.00: Tencapsu-
lation = 21.41; (@ Tpcm = 21.15: Tencapsulation = 23.17).

Introduction

The COVID-19 pandemic stay-at-home policies have made people
spend more time at their homes and this has resulted in more energy
usage. More energy consumption increases greenhouse gases emissions,
which is one of the most critical economic challenges [1]. Furthermore,
many environmental and human health concerns arise by further using
of non-renewable sources [2]. Because of the sustainability of renewable
energies such as solar, wind, biogas, and geothermal; these energies are
considered suitable alternatives for fossil fuels. Using thermal energy
storage (TES), due to the intermittent nature of solar energy, is a
different way to employ the thermal energy of the sun [3]. Subsequent
operations are needed to transform the stored energy to desired forms.
The latent heat thermal energy storage systems (LHTES) have higher
storage density and temperature stability than the sensible heat storage,
making it an excellent method for energy storage [4]. Phase change
materials (PCMs) are employed in LHTES. During the melting and so-
lidification processes, the PCMs can store and deliver a significant
amount of energy. The LHTES are applicable in many fields such as
cooling devices (PCM based round pin—fin heat sinks [5], paraffin-based
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heat sink [6], PCM-based thermoelectric energy-harvesting [7]), solar
systems (concentrated photovoltaic using PCM [8], solar collector [9],
solar distillation system using PCM [10], concentrated photovoltaic
solar cells with PCM [11]), free cooling and heating of buildings (clean
energy storage using porous foam [12], PCMs for building facade ap-
plications [13], PCMs and nano-PCMs melting and freezing [14], PCM
triple heat exchanger [15], PCM Trombe wall in building [16], PCM
nano-emulsion in a heat exchanger [17]), thermal inertia, and thermal
protection [18,19].

Phase change materials fall into three different groups: organic,
inorganic, and eutectics [20,21]. One of the most used organic PCMs is
Paraffin. That is because of its desirable features and properties like
large latent heat, consistent melting properties, slight volume change
when solidification /melting, low cost, chemical stability, non-
corrosiveness, and non-toxicity [6,22]. Due to the mentioned advan-
tages of paraffin, they can be packed or encapsulated into building
structures. Since no conventional energy is required, the system is called
passive [23,24]. In free cooling, the PCMs ,which can be placed into
buildings, release heat during solidification process (nighttime) and
absorb heat during melting process (daytime), causing a lower heat flow
from outdoors to indoors [25]. During winter, the system can also be
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Nomenclature

Cp Specific heat (J/kg. K)

Q Rate of heat transfer (W)
m Flow rate (kg/s)

k Thermal conductivity (W/m. K)
h Enthalpy (J/kg)

1 Thickness (m)

A Cross section area (m?)

E Energy rate (W)

R Thermal Resistance (°C/W)
T Temperature (K)

Subscripts

env environment

w wood

e exit

out outlet

th Thermal

rep repetition

i isolation

in inlet

Abbreviations

PCM Phase change material
RT Rubitherm

HC High capacity
MWCNT Multi-wall carbon nanotube

used for heating by utilizing solar energy during the day. In passive
methods, the stored heat or cold is automatically released when indoor
or outdoor temperatures rise or fall beyond the melting point of PCM
[26].

It should be noted that PCM has a low thermal conductivity which
slows the solidification and melting processes and limits its applications.
One of the ways to improve its thermal conductivity is adding nano-
sized materials [27-29]. Sheikholeslami and Mahian [30] studied the
enhancement of PCM solidification using CuO nanoparticles and
applying an external magnetic field. They modeled solidification pro-
cesses using finite element method. The influence of some parameters on
charging time was assessed such as: nanoparticles’ concentration, Ray-
leigh number, and Lorentz force intensification. The time of solidifica-
tion period decreased up to 23.5% if the Hartmann number rises from
0 to 10. Furthermore, adding nanoparticles up to 4% causes 14%
reduction in the solidification period.

Santos et al. [31] experimentally evaluated the thermal performance
of panels when encapsulating phase change material (PCM) and incor-
porating within PCM-air heat exchanger system. New design of the
panels enables the system to carry 17.5 kg more PCM than the first
design which also increases the solidifying and melting time. For the two
thermal battery designs, using new design compared to the first design
leads to 100% and 70% increase in the melting and solidifying time,
respectively. Iten et al. [23] reviewed the applications of air-PCM
thermal energy storage studies and technologies for the free cooling
and heating of buildings. They mentioned that for extreme climates,
passive techniques, e.g. use of PCMs in the buildings, because of the
difficulty of exchanging high rates of heat is unsuitable. Thus, to meet
the demand, active techniques are adopted for extreme climates.
Providing opportunities to decrease photovoltaic (PV) panel tempera-
ture and increase overall efficiency using building integrated photo-
voltaic (BIPV) coupled with PCMs (BIPV/PCM) is performed by Kant
et al. [32]. They simulated a setup to study the effects of different BIPV
design parameters such as BIPV height, air gap between BIPV/PCM and
wall, PCM thickness, and air mass flow rate on the maximum PV panel
temperature, the power production by PV, and the exergy extracted by
the air. Three different PCMs are employed to maximize the total energy
from PV and extracted heat using Taguchi method. The optimum values
of design parameters are PCM thickness of 0.04 m, BIPV height of 3 m,
air gap of 0.08 m, and air flow rate of 0.18 kg/s. Osegui et al. [33]
studied inverse method to estimate air flow rate during free cooling
using PCM-air heat exchanger used to shave the peak load for the
cooling system and decrease energy ventilation consumption. The nu-
merical results show the robustness and consistency of their method.

Energy consumption can significantly decrease by thermal energy
storage units and they can enhance the employment of renewable en-
ergy sources. From the literature, it is evident that utilization of PCMs in

buildings structure affects the inside temperature. Various studies have
been focused on thermal management of heat exchangers using PCM. In
current paper, a PCM-based heat exchanger is fabricated. Dispersing
multi-wall carbon nanotube powders in the PCM is well investigated.
The utilized heat exchanger can be applied to reduce the heating load
needed during the nighttime for the room as well as to reduce the
cooling load required when daytime. The effect of nanoparticles con-
centration and inlet temperature on heating and cooling heat exchanger
performance and encapsulations temperature are also investigated. The
time- temperature behavior of different cases during cooling and heating
processes is accomplished. Temperature of encapsulation using an IR
camera has then proceeded.

Experimental section
Materials and properties

PCM is a heat storage material utilizing the processes of phase
change between liquid and solid (melting and congealing) to release and
store large amount of thermal energy at closely constant temperature.
The PCM substance Rubitherm 22C High Capacity (RT22HC) is pur-
chased. RT22HC is a non-toxic organic PCM with a high capacity. Its
melting temperature lies between 20C to 23C, which is within the
ambient temperature as per the condition of local weather. Table 2 lists
the thermo-physical properties of the used PCM such as density, thermal
conductivity, and specific heat capacity.

One of the purposes of this study is to utilize nano-PCM in free
cooling. Dispersing nanoparticles into the PCM is a complicated issue
due to nanoparticles agglomeration; however, it can be solved by using
functionalized nanoparticles. Thus, Multi-Wall Carbon Nanotube-
Carboxyl (MWCNT-COOH) is considered as functionalized nano-
materials (diameter of < 8 nm, length of nearly 30 nm, purity of 95%,
and density of 2.1 g/em®, US Research Nanomaterials Inc.) for the
present research because of its high thermal conductivity. A carboxyl
group (COOH) is a functional group consisting of a carbonyl group (C =
0) with a hydroxyl group (O-H) attached to the same carbon atom.
Table 1 summarizes some properties and features of the selected

Table 1
Selected nanoparticles (MWCNT-COOH).

Nanoparticles features

Functional group Carboxyl
Purity 95%
Effective area (mz/g) > 200
Length (pm) 5-10
diameter (nm) 20-30
Apparent density (g.cm™%) 2.1
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Table 2
PCM thermo-physical properties prepared by the manufacturer.

Thermal properties

Specific heat capacity

Melting range

Heat storage capacity

Heat conductivity (both phases)

2000 (J/(kg.K))
20-23 (°C)
190,000 (J/kg)
0.2 (W/(m'K))

Density in liquid state at 50 °C 0.7 (kg/)
Density in solid state at 20 °C 0.76 (kg/1)
Volume expansion 12.5 (%)
Flash point >150 (°C)

nanoparticle. A TEM image of the mentioned nanoparticles is displayed
in Fig. 1 [34]. These kinds of nano-sized particles have carboxyl group
that helps the particles to disperse in the PCM better. So, functionalized
nanoparticles are selected in nano-PCM construction process and the
steps are depicted in Fig. 2. After purchasing these nanoparticles, they
are added to the PCM with a certain weight fraction. Next, obtained
mixture is stirred with 100 rpm speed and at 30C. Afterward, suspension
is put in an ultrasonic bath (Elma, Elmasonic, S60H, and Germany)
under sonication time of 30 min, a power of 400 W, with a frequency of
37 kHz, and a bath temperature of 40C. Finally, the stable nano-PCM is
obtained. Four different weight fractions are examined for the present
study (0%, 0.1%, 0.2%, and 0.5%) using the mentioned technique.

Thermal energy storage capacity and phase-change temperatures

In our previous work [34], which was focused on investigating the
PCM and nano-PCM behavior during melting and solidification pro-
cesses, the latent heat of fusion and thermal conductivity for both solid
and liquid phases were measured. The samples were pure paraffin and
nano-PCMs of 0.2 and 0.5 wt%. The data are presented in Table 3.

Due to low thermal conductivity of PCM, the addition of MWCNT
nanoparticles to the PCM is proposed [35,36]. Addition of these particles
has a marked effect on the thermal conductivity of the PCM so that the
more the MWCNT nano-PCMs weight fraction, the higher the thermal
conductivity of the sample. Thermal conductivity improvements of
45.4% and 49.3% in the liquid and solid phases are observed using 0.5
wt% nano-PCM. Besides, for 0.2 wt% nano-PCM in liquid and solid
phases, the thermal conductivity increases approximately 18.94% and

Fig. 1. TEM image of MWCNT nanoparticles [34].
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35.29%, respectively [34].

Experimental setup

The experimental setup employed is an open air circuit, with an axial
fan to move the air. A cooling and heating unit device are used to pro-
vide air with a specific temperature. Heating and cooling units contain
heater elements and compression refrigeration cycle, respectively, in
order to prepare warm and cold air. In the thermal energy storage there
are various options for the PCM encapsulation geometry and the PCM
heat exchanger. In the current work, selecting a shell and tubes heat
exchanger is considered (Fig. 3b). The tubes are flat plate closures made
of aluminum (high thermal conductivity) to observe the effect of tem-
perature changes in air and PCMs. These closures are called PCM en-
capsulations that contain PCM inside. Each encapsulation has a
dimension of 15 x 15 x 2 cm. Employing flat plate encapsulations
provides an easy design of the thermal energy storage. The shell is a
container with a dimension of 65 x 18 x 25 cm. Further, the shell is
made from plates of woods (with a thickness of 1.5 cm) cover with
elastomeric insulation in order to minimize thermal losses. Fig. 3 shows
the experimental setup of the current study.

An automatic temperature control system is employed to achieve a
specific temperature during charging and discharging tests. This
controller system contains a solid-state relay (SSR) which is connected to
the heating and cooling unit, and a TC4Y temperature indicator.
Whenever the thermocouple at the inlet needs higher temperature (for
example 17C in discharging period), the indicator sends a signal to SSR
and controls the electric current of heating unit which can provide the
desired temperature. Likewise, this process is performed for cooling
unit.

The PCM encapsulations are located parallel to the air flow so that
the air can flow along the encapsulations. A 2 cm gap is considered
between each two of them. As seen in Fig. 3¢, the temperature of the air
is measured at the inlet and outlet of the heat exchanger. Due to sym-
metric geometry of the heat exchanger, the PCM temperature is
measured and logged just for encapsulations number 1, 2, and 3 using
five calibrated DS18B20 thermocouples (they are located at the center of
each encapsulation). A calibrated flow-meter (UT211B 60A Mini Clamp
Meter) is used to measure the air flow velocity. Finally, all the measured
data are assessed.

Measurements

In order to perform energy analysis, first, the heat exchanger is
examined as a control volume. The rates of heat entering or exiting the
control volume are indicated in Fig. 4a.

Writing the first law of thermodynamics for Fig. 4:

Ei 7E¢mt = .stomge (1)
rhhi - n;lhe - Qenv = QPCM (2)

where m is the mass flow rate, h; is the inlet enthalpy, h, is the outlet
enthalpy, Qeny is the heat loss of the closure emitted to the environment
and Qpcy is the heat absorbed by PCM (in melting process) from the air.
Air velocity measured to calculate the mass flow rate is 3 m/s. The terms
in mentioned equation (Eq. (2)) can be simplified as:

tith; — ith, = mC,(T; — T,) 3
Tinside - Tautside
Qenv = (4)
Rwall
1, l;
Ryat = —2— 4 —1
vl = e A %)

where G, is the heat capacity of the air, T; and T, are the inlet and outlet
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Fig. 2. Nano-PCM preparation steps.

Table 3
Latent heat of fusion and thermal conductivity in both liquid and solid phases
[34].

Samples Thermal Thermal Latent heat of
conductivity (solid conductivity (liquid fusion kJ.kg !
phase) phase)

Pure PCM 0.136 0.132 210

Nano-PCM 0.2 0.184 0.157 184.3

wt% MWCNT
Nano-PCM 0.5 0.203 0.192 180.1

wt% MWCNT

bulk temperatures, respectively, and Tisige and Toysige are the inside and
outside wall temperatures of the closure, respectively. R,,q; is the overall
resistance of the wall layers which is explained in terms of layer thick-
ness [, the cross-section area A , and the thermal conductivity k . The
mentioned heat values are then calculated for solidification process
using the above relations and are summarized in Table 4. Finally, by
substituting Egs. (3) and (4) into Eq. (2) the Qpcy is composed as:

. Tinsize — Tousside
Qpcu = mCy(T; — T,) —% (6)
wall

Uncertainty analysis

Uncertainty analysis of the experiments is done to authenticate the
experimental results with considering the method presented in the
literature [37]. The temperature thermocouples accuracy is considered
to be + 0.2 'C within the studied range. In order to ensure the data
repeatability, some experiments are repeated at least three times.
Parameter v expresses the total uncertainty [38]:
ot = 1/ (6Veqp)? + (8Vep)? %)
here 6vrg and 6vg are known as the repetition of uncertainty and the
equipment uncertainty, respectively. If R is a function of some inde-
pendent linear parameters (n), the uncertainty of R is calculated as:

OR = a—R5V| 2+ a—R5V2 2++ a—R(svn 2 (8)
0v1 a\/z aVn

where the parameters are defined as: 6R is the uncertainty of function R,
Sv; as the uncertainty of parameter v; , and dR/0dy; as the partial deriv-
ative of R.

In this paper the total uncertainty of various parameters is reported
in Table 5.

Result and discussion

The experimental tests using PCM and nano-PCM to fabricate an air-
PCM heat exchanger are used in buildings in order to have an effective

thermal management as well as enhanced energy performance. The
early experimental tests are carried out to evaluate the thermocouples
validation, performance, and comparison. Fig. 5 shows the temperature
of the encapsulation #1, #2, and #3 for a charging test. Fig. 5 displays
that all thermocouples measured approximately the same temperature.
This fact implies that the heat exchanger is very well insulated. There-
fore, reporting just one arbitrary encapsulation temperature instead of
all three will not make a significant difference in the results.

Fig. 6 plots the weather conditions, including the ambient air tem-
perature (inlet temperature), and solar radiation on horizontal surface
for the three fall days (1 to 3 Nov. 2020) employed in this study. Based
on Fig. 6 it can be found that the temperature of the ambient air (heat
exchanger inlet temperature) only increased slightly after entering the
heat exchanger and flowing through the PCM encapsulations. The
maximum outlet air temperature of the heat exchanger under the
experiment in the mentioned three days is 31.76 °C. During heating
period the air is heated and flowed through the PCM encapsulations,
therefore, the sun heat transferred into the PCM encapsulations through
air. In contrast, during cooling period (night time), the air cooled and
flowed among the encapsulations and the heat in the PCM units is dis-
charged into the air.

Time-dependent temperature variations for the pure PCM encapsu-
lation under both charging and discharging processes for four nano-
particles’ concentrations (0%, 0.1%, 0.2%, 0.5%) are shown in Fig. 7
(experimental tests). From the results, it is observed that during melting
process the temperature of the encapsulation increases concerning time
due to heat supplied from the warm air. It is observed in Fig. 7 that
increasing the inlet air temperature delayed meeting a determined set
point temperature for both charging and discharging processes. When
applying an air temperature of 29 °C, the PCM spends nearly 117.8 min
in two-phase state while charging. Furthermore, increasing the air inlet
temperature this time is postponed to almost 140.9 and 214 min for the
air inlet temperatures of 27 and 25 °C, respectively. On the other hand,
during discharging period, the case with the highest air inlet tempera-
ture (17 °C), stays at two-phase region for nearly 239.6 min. In contrast
with melting process, reducing the air inlet temperature decreases the
two-phase time, so that for cooling temperature of 15 and 13 °C this time
becomes 231 and 201.1 min, respectively.

The influence of PCM mass fraction on the transient temperature of
the encapsulation is non-linear because of various storage mechanisms
and heat transfer modes like latent heating, sensible heating, conduc-
tion, and convection phenomenon as can be observed in Fig. 8. Six stages
are considered for the system response. Sensible heating of system
without melting is the first stage, where a steep rise of temperature is
observed. Stage two commences as melting process begins. An apparent
decline in the slope of temperature characterizes this stage. In addition,
the temperature of the PCM cases in latent heating stage has a light
rising trend as well as have a temperature near the melting point tem-
perature; for example, After 200 min passes from the beginning, in this
stage, the temperature of pure PCM and nano-PCMs 0.1%, 0.2% and
0.5% wt., are 22.25, 22.60, 22.92 and 23.20, respectively. As nano-PCM
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Fig. 3. a) 3D view of the Experimental setup, b) An exploded view of the heat exchanger and c) a schematic of the current experimental setup.

or pure PCM finishes melting process, Post-melting sensible heating PCM during melting. Moreover, the addition of nanoparticles in the PCM
stage begins. In this stage, there is a variation in encapsulation tem- causes higher air temperature difference and therefore enhancement of
perature. Next, a monotonic temperature increase in the encapsulation heat transfer rate is achieved compared to pure PCM. Two more quan-
is achieved until getting to steady-state condition (25C). Moreover, a tities discussed in Table 5 are heat transfer rate and heat transfer
similar period in encapsulation cooling can be observed. Sensible cool- improvement in comparison with pure PCM. Following the previous
ing is the fourth stage. After that, solidification period takes place where results about temperature differences, adding nano-powder MWCNT to
a change in temperature slope of the system exists. Finally, the last stage the PCM leads to higher heat transfer rates. This parameter for pure PCM
is post-sensible cooling where the temperature decreases smoothly to is 86.39 W and is enhanced up to 107.20 W in case of using nano-PCM
17C. 0.5% wt. It is worth mentioning that heat transfer rate increases slightly

Furthermore, it is seen in the lab-scale results that using the nano- by increasing the nanoparticles concentration. 9.4%, 17.8%, and 24.1%
PCM augments the curve slope compared to employing pure PCM, more heat is charged into the heat exchanger that encapsulates nano-

demonstrating that the nano-PCM has higher solidification and melting PCMs 0.1%, 0.2%, and 0.5% wt., respectively compared to the pure
rates, in comparison to that of the pure PCM. The rapid solidification PCM. This enhancement is also observed qualitatively in the Fig. 8 by

rate during cooling period and the melting rate when heating is applied comparing the slope of the curves during melting. The higher the curve
can increase the quantity of the heat discharged from or charged into the slope, the more the heat charged in the encapsulations.
encapsulations per unit time. Fig. 9 illustrates the mean temperature of nano-PCM 0.5% wt. and
Table 6 represents the air temperature difference between inlet and encapsulation wall in five different times which covers melting period
outlet sections as well as heat transfer rate of air flow while flowing for the encapsulation #3 (there is no difference between encapsulations
through heat exchanger. These results report four types of PCMs (pure temperature as stated before). Inside encapsulation (nano-PCM) tem-
PCM and nano-PCMs) with the same inlet temperature of 25C during perature is measured by thermocouple sensor and the encapsulation
charging process. Meanwhile, it is indicated that the temperature dif- outer wall temperature is quantified with the aid of a FLIO003- i5
ference for the case of nano-PCM is slightly higher than that the pure Compact Infrared Thermal Imaging Camera. It can be seen, by the
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Table 4
Calculating the heat transfer rate for inlet, outlet, PCM, and heat loss.
Density Heat of Qeny Qout Qin Qpcum (latent
fusion heat)
760 (kg/ 53 (W/kg) 2.60 1217.05 1126.75 87.60 (W)
m®) w) w) w)
Table 5

Uncertainty of parameters in the experiments.

Equipment and model =~ Measurement section Accuracy  Total

uncertainty
DS18B20 Inlet temperature +0.2°C 0.18C
thermocouple
DS18B20 Outlet temperature +0.2C 0.21C
thermocouple
DS18B20 Encapsulation +0.2C 0.15C
thermocouple temperature
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Fig. 5. Comparing the temperature of three encapsulations in a
melting process.

change in color (temperature) of the capsule, that its wall has a nearly
uniform temperature. Utilizing IR camera helped the authors to find out
that during sensible heating (times a and e) the encapsulation wall
temperature is near the nano-PCM temperature, whereas when latent
heating this difference is much more. This phenomenon occurred
because whenever the nano-PCM enters phase change region, the air
heat is spent on changing phase of the nano-PCM, so its temperature
rises more slowly than single-phase regions.

The cooling capacity and the performance of the encapsulations are
carried out when the cooling unit turns on and the temperature
controller (inlet temperature) is set at 13, 15, and 17 °C. Fig. 10 displays
the solidification for four different types of PCM (pure PCM, nano-PCM
with 0.1%, 0.2%, and 0.5% wt.). Fig. 10a depicts the time-temperature
behavior when the inlet temperature is 13 °C and Fig. 10b is for 15 °C. In
both figures the encapsulation temperature takes to fall from 25 °C to
inlet temperature. Another point that could be discussed is the two-
phase time. Rising the inlet temperature delays the two-phase time
and let the PCM/nano-PCM discharge more heat into the air inside the
heat exchanger. Besides, during solidification of the PCMs, adding
nanoparticles to the PCM and increasing its concentration helps the
nano-PCM to transfer more heat from encapsulation to the air (steeper
slope of the nano-PCM curve compared to pure PCM curve when sen-
sible cooling) at the same temperature. That’s because of the high
thermal conductivity of the MWCNT nanoparticles compared to pure
PCM. The case with an inlet temperature of 17 °C was expressed in
Fig. 8.

Conclusions and future research
Conclusions

In present work an air-PCM heat exchanger containing five similar
PCM encapsulations that could be applied in buildings was proposed in
order to have an influential thermal management as well as enhanced
energy performance. The following items are the main points of this
section:

o It can be stated that the temperature of the ambient warm air (during
daytime) after entering the heat exchanger and flowing through the
PCM encapsulations (congealed previous night) decreased slightly.
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solidification: inlet temperature of 17C.

Table 6

Air temperature difference between inlet and outlet, heat absorbed by air, and

heat transfer improvement.

Type Tout-Tin q (W) % improvement q
Pure PCM 1.91 86.39 -

nano-PCM 0.1% wt. 2.09 94.54 9.4

nano-PCM 0.2% wt. 2.25 101.78 17.8

nano-PCM 0.5% wt. 2.37 107.20 24.1

During three days tests, the maximum outlet air temperature of the
heat exchanger was 31.76 °C.

e Increasing the air inlet temperature delayed meeting a determined
set point temperature for both charging and discharging processes.
e The two-phase time reduced as the air inlet temperature reduces
when cooling period or the air inlet temperature increases when
heating process.

e Addition of nano-powder MWCNT to the PCM led to a higher heat
transfer rate. This parameter for pure PCM was 86.39 W and was
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Time T_PCM T_Capsule
(min) cC)

a 27.2 20.00

b 428 20.80

c 501 2115

d 103.3 2230

23.86

e 3450 2480 25.00
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Fig. 9. Temperature of nano-PCM 0.5% wt. and encapsulation wall at five different times cover melting period (25C).

28
—— 13°C,Pure PCM
% | (@)
----- 13°C, 0.1% wt.
H
—~ 243 13°C, 0.2% wt.
DLJ .
— 2 ceeees 13°C, 0.5% wit.
(]
—
3 20
[q]
—
o 18
£
16
&
14
12 1 1 1 1
0 100 200 300 400 500
Time (min)
28
—— 15°C,Pure PCM
26 p \ % e 15°C, 0.1% wt.
15°C, 0.2% wt.
—~ 24 0
& ceeees 15°C, 0.5% wt.
—/
o 22
S
2
] 20
—
2
g 18
(D]
=
16
14_ 1 1 1 1
0 100 200 300 400 500

Time (min)

Fig. 10. Time-temperature behavior of the four types of PCM during solidifi-
cations with inlet temperature of a) 13C, and b) 15C.

improved up to 107.20 W in case of utilizing nano-PCM 0.5% wt.
This illustrated 24.1% enhancement in heat transfer rate.

e Employing IR camera aided the authors to realize that during sen-
sible heating the encapsulations wall temperature was near the nano-
PCM temperature (@Tpcm = 20.00: Tencapsulation = 21.41; whereas
during latent heating, this difference was much more (@ Tpcy =
21.15: Tencapsulation = 23.17;). This phenomenon was occurred
because whenever the nano-PCM entered phase change region, the
air heat was spent on changing phase of the nano-PCM, so its tem-
perature rose more slowly than sensible heating regions.

Future research:

e Investigating air-PCM heat exchanger using other PCMs with
different properties.

e Changing the encapsulations geometry and its effect on the heat
exchanger performance.

o Effect of adding other metallic and non-metallic nanopowders to
PCM on the heat exchanger performance.

o Experimental tests in an actual room considered for future works.
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