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ABSTRACT

Increasing the efficiency of the air conditioning system can be achieved by injecting fresh air
into the building. However, this increases energy consumption. As a proposal, the present study
addresses the use of phase change materials (PCM), a heat exchanger, as an alternative to the
heating, ventilation and air conditioning (HVAC) system, to extract thermal energy from fresh
air and thus reduce energy demand. Calcium chloride hexahydrate (CaCI2-6H20) is used as
the PCM, which is selected by the TOPSIS method based on entropy weights. The energy saved
in the increased PCM thickness (from 20 mm to 100 mm) and added longitudinal fins (5 mm
wide and 50 mm long) is evaluated in comparison to standard HVAC systems using R134a.
For summers in mixed climates, the HVAC system equipped with a heat exchanger with a
PCM configuration of 100 mm thickness and 48 fins achieved maximum and average energy
savings of 12% and 9%, respectively, when the system was operated for 6 hours. For PCM
thicknesses of 75 mm, 50 mm, and 20 mm, the maximum energy savings were 6.64% with 48
fins, 5.22% with 24 fins, and 3.22% with 12 fins, respectively. This study provides
policymakers with energy-efficient and sustainable solutions for HVAC systems that can
reduce energy demand and help combat climate change.

Keywords:Energy Savings, , Air-phase change material heat exchanger, Retrofitting
techniques

1. INTRODUCTION

Cooling affects economic growth and is defined as a catalyst for a healthy life, well-being, and
improved productivity for residents of hot climate zones [1]. High ambient temperatures and
heat waves, accom- panied by the heat island effect, are identified as the primary causes for an
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increase in cooling demand in the major cities located in the tropical climate, where almost 60
% of the total energy is exhausted to maintain the thermal comfort of a building [2-5]. Further,
by 2040, with 70 % of new constructions in urban areas, the building space in developing na-
tions will double as per the forecast by the International Energy Agency (IEA) [6]. This will
increase the energy demand for cooling by 47 Mtoe as the air conditioners (AC) per household
unit are expected to increase to 1.6 by 2040 compared to 0.6 in 2019 [6].

In a conventional Heating Ventilation and Air-Conditioning (HVAC)

system, a portion of recirculated air is mixed with the fresh air from the ambient to dilute the
air in indoor spaces and hence, maintain the quality of air in indoor spaces [7]. Further, the
deteriorating indoor air quality in urban spaces and air-borne diseases such as COVID-19 have
affected various aspects of human life. Hence, air conditioning societies and state health
departments such as ASHRAE (American Society of Heating, Refrigerating and Air-
Conditioning Engineers),ISHRAE (Indian Society of Heating, Refrigerating and Air
Conditioning Engineers) and Washington State Health Department have suggested
incorporating fresh air into the recirculated air [8,9]. The fresh air supplement dilutes the air
concentration in the closed spaces, thereby reducing further transmission and contamination.
The air is incorporated into the system

from the ambient at a relatively higher temperature and can reach up to 48 C [10]. This results
in a further increase in the energy consumed by a building. Hence, energy-efficient cooling
systems are required to make

the buildings sustainable.

Phase change materials (PCM) are well known for accumulating thermal energy for the
temperature exceeding the phase transition temperature and releasing it when it is below the
phase transition temperature, as well as providing a nearly constant temperature oper- ation
[11]. These characteristics make them appropriate for a wide range of applications, including
solar thermal systems[12,13], the agricultural industry [14], developing integrated photovoltaic
thermal systems [15], and regulating indoor temperature in buildings [2,16-20]. PCM can
regulate the building temperature using a passive or active system. The integration of phase
change materials (PCMs) into construction materials offers various benefits for temperature
regulation in buildings. The arrangement of PCM within a wall also affects a building’s thermal
performance [21,22]. Direct mixing of PCM sim- plifies the process and can yield a
temperature difference of 2 °C in hot climates like Spain [23]. Studies show that using PCM
with a transition temperature of 24 °C in reinforced concrete cement can lead to a

building temperature reduction of 1.7 °C and a peak load shift of 2 h

[24]. However, this method has drawbacks, such as impregnation into the building, potentially
compromising structural strength and posing hazards in the case of flammable PCMs [25,26].
For cold countries, thermal energy can be stored in the building and district heating net- works,
thereby reducing the energy required by the central heating system to 14.8 % [27].
Incorporating a PCM-based heat accumulator increases the heat storage by 69 % as well as
improves the overall effi- ciency of the system by 22 % [28]. In addition to building materials,
heat exchangers containing PCM are used to cool the air in a building and hence can be used
to reduce the energy consumption of a building
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[29,30]. It has been experimentally and numerically demonstrated that when a heat exchanger
with PCM (melting point 26 °C) is used with air at a temperature of 44 °C, it can aid in reducing
a building’s peak de- mand by up to 12 % [31].

Experimental studies have shown that when a PCM-based heat exchanger with single and dual
PCMs (melting points 24 °C and 26 °C) is used to cool the condenser of an AC system, it
increases the performance

of the system by 8.8 % and 9.7 %, respectively [32]. Chaiyat [33] used an RT 20 PCM
encapsulated bed to experimentally enhance the perfor- mance of a 2 tons of refrigeration (TR)
AC system by cooling the air coming from the room and feeding it back to the cooling unit.
The modified arrangement led to an energy saving of 9.1 % with a payback period of 4.15 years
[33]. A numerical study by modifying the shape, size and arrangement of the PCM
configurations concluded that for 2 h of operation, the staggered cylindrical configuration
saved energy by 12.5 % compared to conventional AC units [34]. A Simulink-based
mathematical model for a modified heat pump system with RT 18 HC PCM observed a
maximum energy savings of 8.6 % for summers, while the same was reduced to 1.4 % in
winters [35].

From the literature mentioned above, it can be observed that most of the studies have selected
PCM on their melting point and latent heat only, and the effect of using a PCM-air heat
exchanger in the fresh air inlet on the performance of an HVAC system is yet to study and
analyzed. Hence, the authors propose a modified HVAC system with a PCM-based heat
exchanger to cool the fresh air before entering the system. The PCM for the heat exchanger is
selected using the Multi- Attribute Decision Making (MADM) method. Technique for Order
Preference by Similarity to Ideal Solution (TOPSIS) is a MADM method used to select suitable
PCM while considering other thermophysical properties. Further, the effect of radial fins on
the performance of heat exchangers is studied, followed by the analysis of incorporating modi-
fied heat exchangers on the energy savings by an HVAC system.

2. METHODOLOGY

The methodologies used for solving statements are described in the present section and will
follow the flow as stated in Fig. 1.
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Fig. 1. Flow chart for the study.

3. MATERIAL SELECTION

Researchers have reported various commercial PCMs

2

for numerical as well as experimental
studies, but validating the thermo-physical properties of each of them theoretically and
experimentally is tire- some and challenging. For research and analysis purposes, the selection
is restrained by the experimental data available in the literature and the experience and opinions
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of the researchers and experts. However, this can lead to an inappropriate selection, which can
affect the performance and operation of such a facility [36]. MADM is used for selecting the
most suitable among the available options based on the attributes [37], i.e. thermo-physical
properties of PCM. TOPSIS is a simple MADM methodology where the best option is nearest
to the positive ideal so- lution and farthest from the negative ideal solution [38].

In the domain of data science, entropy denotes the degree of un- certainty related to distinct
distributions of probability. In a standard- ized evaluation matrix, the amount of diversity of
the data within each attribute determines the weight of the respective attribute, obviating the
need for human opinion. Das et. al. [39] performed a comparative evaluation of different
MADM methods and found the Technique for Order Preference by Similarity to Ideal Solution
(TOPSIS) method based on entropy-based weights the most appropriate method for making
de- cisions. Therefore, this study uses TOPSIS with an entropy-based weight to identify the
optimal PCM for the present study. For maintaining human thermal comfort, the first criterion
for selecting PCM is that their phase transformation must occur between 27 °C and 32 °C.
Further other thermophysical properties that affect the thermal performance of a PCM-based
heat exchanger are the phase change temperature, the latent heat of fusion, the specific heat
capacity, thermal conductivity in solid and liquid states and the density in solid and liquid form.
Hence, among the documented PCMs in the fore-mentioned temperature range, a few with
thermal properties are mentioned in Table 1.

The methodology consists of m assessment criteria “D1, D2, --- Dm”, and n evaluation indices
- “X1, X2, -+ Xn” for each criterion. The solution was obtained by following the procedure
mentioned in Annexure I.

The weights of the attributes obtained for TOPSIS using entropy- based weight [41] to
determine the suitable PCM are shown in Fig. 2. It can be observed that different thermo-
physical properties play an essential role in the selection of PCM, unlike the conventional
approach, where the selection is solely based on melting temperature and the latent heat of
fusion. A maximum weight of 0.37 is assigned to the PCM’s latent heat capacity, followed by
the material’s density in solid and liquid states with a value of 0.16. In the analysis, the
minimum weight is assigned to the phase change temperature, as in the present study, it lies in
a very narrow range of 27—C — 32 oC. Further, the material’s thermal conductivity and specific
heat are considered while selecting the appropriate PCM for the application, as they play an
important role in the heat transfer through the material in both solid and liquid states.

Thus, based on the weights obtained by the entropy method, a weight-standardized decision
matrix is prepared, and the PCMs are ranked as per their proximity to the ideal and anti-ideal
solutions. The ideal solution provides maximum benefits, while anti-ideal is the solu- tion with
minimum benefits within a defined set of options. The weight- standardized decision matrix is
illustrated in Table 2, along with the rankings of PCM considered for the analysis. It is evident
from the standardized decision matrix and proximity to the ideal solution and farthest from the
non-ideal solution that calcium chloride hexahydrate is the suitable PCM. Hence, for the study
from here onwards, the term ’PCM’ is used for calcium chloride hexahydrate.

The latent heat of fusion and melting temperature of the selected PCM is further determined
using a differential scanning calorimeter (DSC). This is because of the inconsistency observed
in the latent heat of fusion and melting temperature of calcium chloride hexahydrate in the
existing literature.
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DSC-Q2000 (TA, New Castle, USA) is used to perform the charac- terization of the selected
PCM, i.e., calcium chloride hexahydrate. The instrument is illustrated in Fig. 3 (I)(a) and has a
thermal accuracy of +

0.01 »C with a high precision of + 0.05 %. A microbalance (GR-202,

A&D, Japan) (Fig. 3 (I)(b)) (accuracy — 0.1 mg) is used to weigh the PCM sample placed within
the pan and lid. The variance in the heat trans- mission of the sample and a reference is used to
evaluate the amount of heat captivated or emitted by the sample of PCM contained in the pan
and lid. The furnace is supplied with 50 ml/min of pure nitrogen, and RCS90 (refrigerated
cooling system) is used to control the heating and

cooling rate. The PCM is tested for a temperature range of —10 °C to 60 -C, with a ramp rate
of 1 »C /min, and Fig. 3(II) shows that the complete melting of PCM occurs at 30.02 -C with a
latent heat of 171.06 J/g. For uncertainty analysis, characterization is performed three times
for the PCM with an accuracy of 1.1 % in enthalpy of fusion and phase change temperature
accuracy of 0.16 °C. Hence, in the numerical analysis, the melting point of PCM is considered
as 30 °C, and the latent heat is 171 kJ/kg.
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4. PHYSICAL DOMAIN

The physical domain of the latent heat energy storage system (LHESS), i.e. in shell and tube
configuration of 1500 mm length, is represented in Fig. 4. The LHESS is placed vertically with
gravity acting along the longitudinal axis of the LHESS, with the heat transfer fluid (air)
flowing through the tube along the gravity. The inner and outer tubes are made of an aluminium
alloy with a thickness of 5 mm having an inner of 200 mm, while the outer diameter is 250
mm. The annulus is filled with the selected PCM, i.e., CaCl2-6H20, and the thermophysical
properties of the selected PCM and air are mentioned in Table 3. Further, the thickness of PCM
in the annulus is varied to observe the effect on the performance of the heat exchanger and the
air conditioning unit attached to it. The PCM thickness is varied as 20 mm, 50 mm, 75 mm and
100 mm, increasing the corresponding outer diameter to 250 mm, 310 mm, 360 mm and 410
mm, respectively.

From table 3, it can be inferred that the heat transmission through the air will be minimal due
to a low degree of thermal conductivity. Extended surfaces(Fins) are known for enhancing the
heat transfer rate in fluids with low thermal conductivity [43]. Hence, longitudinal fins are
extruded radially, running through the heat exchanger length, and are used on the air side. For
the analysis, four different fin configurations are deployed where the number of fins is varied
to 6, 12, 24 and 48. The maximum number of fins in a heat exchanger is limited to 48 because
they will begin to intersect with one another and adversely impact the flow rate after a certain
number of fins. The dimension of the fin is kept constant and has a width of 5 mm and a height
of 50 mm.

The analysis of a three-dimensional model of the designed system will be a cumbersome task
and will need considerable computational resources. Hence, to save computational time and
make it tedious, a section of geometry is used, simplifying the flow problem and repli- cating
the designed system, as observed in Fig. 5. For a heat exchanger with 6 fins, the one-sixth
axisymmetric three-dimensional domain is taken, which reduces to a one-twelfth three-
dimensional for 12 fins, one- twenty-fourth axisymmetric for 24 fins and one-forty-eighth
axisym- metric three-dimensional numerical domain for 48 fins, with an assumption of uniform
heat transfer in the radial direction and imposing symmetry boundary condition on the selected
domain.

The transient flow and heat transfer of the LHESS is analyzed by developing the axisymmetric
three-dimensional model for 6, 12, 24 and 48 finned configurations, as illustrated in Fig. 5. To
study the melting of the PCM in the melted form, it is considered as an incompressible, laminar
and Newtonian fluid. Further, the heat transmission due to ra- diation, change in the volume of
PCM during the transition and energy dissipation due to viscosity are neglected. The
thermophysical
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Table 1. Selected PCMs with thermal properties [39,40].

S. No. Material Melting Temperature (*C) Latent Heat Density (kg m~?) Thermal Conductivity Specific Heat
(kI kg™") (Wm~'K™) (kJ kg 'K™")
Solid Liquid Solid Liquid Solid Liquid
1 Bio-PCMQ27 27 251.30 235.00 225.00 0.21 .19 1.77 0.99
2 RT28HC 28 250.00 880.00 770.00 0.20 0.20 2.00 2.00
3 CaCly.6H,0 30 187.00 1710.00 1530.00 1.09 0.54 2.20 1.40
4 0M29 29 229.00 868.00 770.00 0.29 017 4.80 3.90
5 Bio-PCMQ29 29 260.70 235.00 225.00 0.21 0.19 2.22 0.27
6 Paraffin wax 32 251.00 £30.00 830.00 0.51 0.22 1.92 3.26
7 Capric acid 32 152.70 878.00 878.00 0.37 0.14 0.47 0.47
8 RT31 3 165.00 880.00 760.00 0.20 0.20 2.00 2.00
9 n-Octadecane 27 243.50 865.00 860.00 0.19 015 214 2.66
2%

® Latent Heat (kJ kg-1)

» Density in solid state (kg m-3)

= Density in liquid state (kg m-3)

Thermal conductivity in solid state (W m-1 K-1)
= Thermal conductivity in liquid state (W m-1 K-1)
= Specific Heat in Solid State (kJ kg-1K-1)
Specific Heat in Liquid State (kJ kg-1K-1)
= Phase Change Temperature
Fig. 2. Weight of attributes obtained by using TOPSIS entropy-based methodology.
Table 2. Weight standardized decision matrix and ranking of PCM using TOPSIS.
S. No. Material Melting temperature  Latent Heat  Density Thermal conductivity Specific Heat Si+ Si- N* Rank
Solid Liquid Solid Liquid Solid Liquid
1 Bio-PCMQ27 0.0006 0.0067 0.0121 0.0119 0.0367 0.0284 0.0304 0.0340 0.0067 0.0121 0.644 8
2 RT28HC 0.0006 0.0067 0.0454 0.0408 0.0350 0.0299 0.0343 0.0687 0.0067 0.0454 0.871 6
3 CaCly-.6Hz0 0.0006 0.0050 0.0882 0.0810 0.1905 0.0806 0.0377 0.0481 0.0050 0.0882 0.946 1
4 oM29 0.0006 0.0061 0.0448 0.0408 0.0512 0.0257 0.0823 0.1340 0.0061 0.0448 0.88 4
5 Bio-PCMQ29 0.0006 0.0070 0.0121 0.0119 0.0367 0.0284 0.0381 0.0093 0.0070 0.0121 0.634 9
6 paraffin wax 0.0007 0.0067 0.0428 0.0440 0.0898 0.0334 0.0329 0.1120 0.0067 0.0428 0.865 7
7 Capric acid 0.0007 0.0041 0.0453 0.0465 0.0650 0.0210 0.0082 0.0163 0.0041 0.0453 0.917 2
8 RT31 0.0007 0.0044 0.0454 0.0402 0.0350 0.0299 0.0343 0.0687 0.0044 0.0454 0.912 3
9 n-Octadecane 0.0006 0.0065 0.0446 0.0455 0.0332 0.0221 0.0367 0.0914 0.0065 0.0446 0.873 ]
V+ 0.0007 0.0070 0.0882 0.0810 0.1905 0.0806 0.0823 0.1340
V- 0.0006 0.0041 0.0121 0.0119 0.0332 0.0210 0.0082 0.0093

Properties of air, tube material and PCM are assumed to be constant, except for the density of
PCM, which is approximated using the Bous- sinesq approximation, which considers the

buoyancy forces (FB).
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Table 3. Thermophysical properties of CaCl2-6H20 and air [39,42].

Property CaCl,-6H,0 Air
p(kg/m?) 1538 1.225
k(W/mK) 0.546 0.0242
¢p(J/kg K) 2230 1006.43
u(Pa.s) 0.01 1.789 x 107°
Tsafitflrs (c C] 30 o
Iwﬁn‘n.\' (G C) 30 —
Ligiens (kJ/kg) 171 _

5. METHOD OF SOLUTION

The numerical modelling to study the flow and the heat transfer is performed using the finite
volume method and ANSYS FLUENT 2021. The SIMPLE algorithm is used for the velocity—
pressure coupling, while the PRESTO scheme is used to spatially discretize the pressure
equation. The change in pressure from one iteration to other to control the change due to the
non-linearity of equations is limited to 0.3; for the momentum, it is limited to 0.7, and for the
change in melt fraction, it is limited to 0.7. The convergence criteria in the study for continuity
is 10- 3, for momentum is 10-3, and for energyi, it is 10-6.
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Fig. 5. The physical and numerical domains of the heat exchanger with extended surfaces (fins)
(a) 6 fins, (b) 12 fins, (c) 24 fins, and (d) 48 fins.
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6. CONCLUSION

The present study proposes a technique to reduce the energy consumption in conventional
HVAC systems by retrofitting them with a PCM-based heat exchanger. The heat exchanger
reduces the temperature of fresh air from the ambient before entering the air-cooling unit. The
PCM for the application is having melting point within the human thermal comfort range. The
following conclusions have been drawn from the analysis: 1. Along with the melting point and
latent heat, thermal conductivity, density, and specific heat in both solid and liquid phases
affect the thermal performance of a PCM. Calcium Chloride Hexahydrate (CaCl2-6H20) is
most suitable for application as per the TOPSIS method using entropy weights.

2. Longitudinal fins are extruded in air, and a parametric study is done to analyze the effect of
the number of fins and the thickness of PCM on the energy savings of the HVAC system. It
was observed that the combinations providing lower stable air outlet temperature for a longer
duration could achieve more energy savings. 3. When the HVAC system is retrofitted with a
heat exchanger with a PCM thickness of 20 mm, the 12-finned version yields the highest energy
savings at 3.22 %. For a PCM thickness of 50 mm, the 24- finned variant offers peak savings
of 5.22 %. As the PCM thickness increases to 75 mm and 100 mm, the energy savings rise to
6.64 % and 9.06 %, respectively, when using the 48-finned heat exchanger.
4. The study concluded that the heat exchanger with 48 fins and 100 mm of PCM thickness
provides a peak energy saving of 12 % and an average energy savings of 9.06 % when operated
for 6 h during the daytime.
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