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Abstract

In this study, mathematical models based on equations for air conditioning condenser units will
be improved and numerically solved using phase change materials for heat dissipation capacity.
The acquired findings are utilised to analyse the thermal performance of both charging and
discharging processes. The effects of the temperature of the inlet heat transfer fluid, mass flow
rate and phase change temperature range on the thermal performance have been studied. As a
result of the findings, the phase change temperature range of the PCM must be correctly
recognised and taken into account while modelling the system's performance. The current study
suggests an unique hybrid space-conditioning system that combines PCMs and employs
surfaces as sources of heating or cooling to improve temperature distribution and comfort while
using less energy. The concept is to employ PCM to deliver cool air to discharge or dissipate
heat, hence overcoming the majority of the drawbacks of both techniques. However, the PCM
simulation results demonstrate that adding thermal inertia to the system improves heat transfer
from the condenser and allows for a greater condensing temperature, increasing the system's
energy efficiency. The energy stored in the PCM is transferred to the air conditioning cell for
the primary goal of improving performance, cooling time period, storage capacity, and
maintaining a steady cooling effect for longer periods of time during power outages when phase
change material is used.

Keywords- Phase change Material (PCM), Energy storage, Heat Transfer.

Nomenclatures
A area of material [m?]

C specific heat capacity of material (kJ/kg °C)
Cp specific heat at constant pressure [Jkg ! K]

G mass flow factor
D,d diameter [m]

F liquid fraction

G gravity [m s 2]
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specific enthalpy [kJ kg™]
volumetric enthalpy [kJ m 3]
thermal conductivity [W m1K™]
tube length [m]

thickness of material (m)

mass flow rate [kg s]
mass of material (kg)
wetted perimeter [m]

Nusselt number

pressure [kPa]

Prandtl number

heat energy [kWh]

guantity of energy

input/output [KW]

R

Ra
Re

ss<<CcH~®»

radius [m]
Rayleigh number
Reynolds number

stroke of piston [m]
time [s]
temperature [C°]

total heat transfer coefficient [W m2K™]
volume displacement of the compressor [m?]
width [m]
compressor power [W]

Greek Symbols

o thermal diffusivity [m? s 1]

B expansion coefficient [K™]
) melt layer thickness [m]
0 the difference of temperature: T-Tm [K]
nis isentropic efficiency

nv  volumetric efficiency

U dynamic viscosity [Pa s™]

) density of material [m® kg ]

9 kinematic viscosity [m? s1]

AH latent heat of fusion [J kg™]

Ax  axial space step [m]

Ar  radial space step [m]

At time step [S]

AT temperature difference (°C)

Subscripts

Is Isentropic

Sol Solid

I Liquid

g Gas

M Melt

sh Superheat
tp two-phase
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sc sub-cooled
f  fluid in the tube (refrigerant)
Air ambient air

i Inner

o Outer

e expansion valve

ev Evaporator

con Condenser

C Compressor

Eff Efficient

PCM the phase change material
COP the coefficient of performance
Inl  Inlet

R Refrigerator

w,e, n, s west east, north and south faces of control volumes
inlet to compressor or outlet of the evaporator

the outlet of compressor or inlet to the condenser

the outlet of condenser or inlet to the expansion valve

the outlet of expansion valve or inlet to the evaporator

A WNPF

-

. Introduction
1.1 Importance of Phase Change Material

New renewable energy sources, such as refrigeration and air conditioning, solar,
marine and wind energy, are inherently stochastic and intermittent, necessitating the
development of energy storage devices. Thermal energy storage via sensible and latent
heat has garnered a lot of press in recent years, and it now has a variety of practical
applications. Conversion of solid-liquid phase-change materials (PCMs) for melting
latent heat is a successful technology that has gotten a lot of interest because of its high
heat storage density and low temperature fluctuation behaviour compared to other visible
solutions.

1.2 PCM as a tool for solving energy crises

Refrigeration and air conditioning systems are directly or indirectly contributing to the current
energy crisis, as their use in the home, business, and transportation sectors is fast expanding.
Nowadays, power outages are frequently caused by accidents, or by the implementation of
demand side management schemes (DSM) by the electricity supplier to shift power usage to
avoid high loads, or by the user to shift their electricity usage to off-peak pricing periods
(electrical load shifting), and it is critical to maintain consistent temperatures inside cold
storage facilities and cold transport vehicles [3]. The majority of frozen and refrigerated foods
are temperature sensitive. Heat infiltrating the walls contributes significantly to the heat
loadings in a cold store. The refrigerated system removes the heat burden, however the stored
product is not cooled if there is a power outage [1]. Phase change materials (PCM) will be used
in thermal energy storage systems (TES) to store heat and cold at a shifted time. While in the
transition state, phase change material (PCM) melts within a restricted temperature range and
absorbs a considerable amount of energy, reducing the temperature rise in the environment. In
the event of a power outage, PCM with an appropriate melting temperature can be employed
to supply thermal capacity and maintain a safe internal temperature. [2] PCM can also be used
in load shedding to move electricity usage to a more efficient time.
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1.3 Commendation of PCM Application

In recent years, many Cold Thermal Energy Storage (CTES) devices have gotten a lot of
attention. Cold storage is a unique type of space in which the temperature is kept extremely
low using equipment and accurate sensors. Because of its unique geographical location and
diverse soil, India produces a vast assortment of fruits and vegetables, including apples, grapes,
oranges, potatoes, chillies, ginger, and other spices. Because of the huge coastline areas, marine
items are also produced in great amounts. [4]. Fruit and vegetable output is currently over 100
million MT, and given the rate of population increase and demand, the production of risible
commaodities is increasing every year. For perishable goods, cold storage facilities are the most
important infrastructure component.

Aside from stabilizing market pricing and equitably distributing goods based on demand and
timing, other advantages and benefits are provided by the cold storage sector to both farmers
and consumers. Although, if we focus on household electric tariffs, we can see that refrigerators
and air conditioners take a significant portion of it. According to recent study, PCM can be
utilized to reduce power consumption.

1.4 Refrigeration cycle Vapour Compression Refrigeration System (VCRYS)

A circulating liquid refrigerant is used as the medium in vapour compression, which collects
and removes heat from the place to be cooled before rejecting it elsewhere. A typical single-
stage vapour compression system is shown in Figure 1. A compressor, a condenser, a thermal
expansion valve (also known as a throttle valve), and an evaporator are all part of such a
system. Circulating refrigerant enters the compressor as a saturated vapour and is compressed
to a higher pressure, resulting in a higher temperature.

Vapour Compression Refrigeration System
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Figure 1. Schematic Diagram of a VCRS.

The hot, compressed vapour is now a superheated vapour, and it is at a temperature and pressure
where it can be condensed with either cooling water or cooling air. The hot vapour is directed
to a condenser, where it is cooled and condensed into a liquid by passing through a coil or tubes
with cool water or cool air flowing over them. This is when the circulating refrigerant rejects
heat from the system, which is then transported away by either water or air (whichever may be
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the case). The condensed liquid refrigerant, which is in the thermodynamic state of a saturated
liquid, is then passed via an expansion valve, where the pressure is abruptly reduced.

The adiabatic flash evaporation of a portion of the liquid refrigerant occurs as a result of the
pressure drop. The adiabatic flash evaporation's auto-refrigeration effect decreases the
temperature of the liquid and vapour refrigerant combination to below the temperature of the
enclosed space to be refrigerated. The cold mixture is subsequently passed through the
evaporator's coils or tubes. Warm air in the enclosed space is circulated by a fan through the
coil or tubes carrying the cold refrigerant liquid and vapour mixture. The liquid fraction of the
cold refrigerant mixture evaporates as a result of the heated air. The circulating air is cooled at
the same time, lowering the temperature of the enclosed space to the appropriate level.

The circulating refrigerant absorbs and eliminates heat in the evaporator, which is then rejected
in the condenser and moved elsewhere by the water or air that is employed in the condenser.
The refrigerant vapour from the evaporator is directed back into the compressor to finish the
refrigeration cycle as a saturated vapour.

1.5 Classification of Phase Change Material (PCM)

A phase change material (PCM) is a substance that releases/absorbs enough energy to generate
useful heat/cooling at phase transition. In most cases, the transition will be between one of the
first two fundamental states of matter, solid and liquid. The phase transition may also occur
between non-classical states of matter, such as crystal conformance, in which the material
transitions from one crystalline structure to another, which may have a higher or lower energy
state.

In comparison to sensible heat storage, a PCM may store and release huge amounts of energy
by melting and solidifying at the phase change temperature (PCT). When a material transitions
from solid to liquid or vice versa, or when the internal structure of the material changes, heat
is absorbed or released; PCMs are hence referred to as latent heat storage (LHS) materials.
Organic (carbon-containing) compounds originating from petroleum, plants, or animals, and
salt hydrates, which often utilise natural salts from the sea or mineral deposits or are by-
products of other operations, are the two main types of phase transition material. Solid to solid
phase change is a third type. Figure 2 depicts more investigation on PCM.
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Figure 2. Characteristics properties of a latent heat storage material (PCM).
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2. Literature Survey

2.1 Introductory of Survey

Because of the extreme summer temperatures in many northern Indian states, where the
outdoor ambient temperature can exceed 45°C during the summer, air conditioning consumes
75 percent of total power plants during the summer (AC). The performance of the air
conditioner is directly proportional to the temperature outside. The performance of the
condensers degrades as the ambient temperature rises, lowering air conditioner efficiency.
When the ambient temperature exceeds 35°C, AC performance might be reduced by 20%,
necessitating an increase in power to provide the same amount of cooling to an area. Another
disadvantage is that the compressor's life expectancy is reduced. As a result, the possibility of
lowering peak-period electrical demand by modifying HVAC controls has been confirmed [5].
Pre-cooling of the refrigerant entering the condensers could be a feasible solution for better
AC system performance during the hot summer months while also saving energy [6].

In the literature, various types of pre-cooling procedures have been proposed. In Alabama, a
three-ton split AC unit was used to test evaporative cooling by spraying water straight onto the
condenser. A maximum improvement of 19% and 9% in energy efficiency and electrical
conservation, respectively, has been obtained [7].

Mineral deposits and scaling on the condenser coils, on the other hand, have been cited as
major issues. To prevent such issues, a 2.5-ton household AC system with an indirect
evaporative pre-cooling approach employing a media pad evaporative cooler has been
developed. The technology has improved its energy efficiency by up to 22 percent [8]. On a
7.5-ton DX unit, more research on evaporative cooling utilising a media pad evaporative cooler
was done, controlling the water flow as a function of the ambient dry bulb temperature. A
yearly water consumption rate of 99 000 gal/yr was used, resulting in a reduction in energy
consumption from 14 334 to 2930 kW h/yr [9]. Using an evaporative pre-cooling condenser
system and an average ambient temperature of 43.8°C, an experimental investigation on a
proposed system of package unit and two air cooled chillers was conducted. For the packaged
unit and the air-cooled chiller, effective power savings of 1.42kW and up to 4.6kW were
realised, respectively [10]. Although, evaporative cooling (EC) is a cost-effective and
environmentally beneficial technique that employs water evaporation to absorb heat from the
environment and create cooling air. Because of its modest cooling capacity, EC has a limited
application in hot and humid climates [11]. The effect of various parameters such as building
location, mass level, and time-of-use utility rate on the potential of pre-cooling technigues on
reducing energy cost savings strategies has been studied to develop general guidelines for
operators and designers to assess the potential of pre-cooling techniques on reducing energy
cost savings strategies [12].

2.2 The Use of Phase Change Material (PCM)

Scientists are primarily interested in new energy uses, such as thermal energy storage (TES).
PCM (phase change material) has been widely used in a variety of industries as a typical
ecologically acceptable energy-saving material [13—14]. Thermally activated building systems,
as well as Refrigeration and Air Conditions for temperature control (TABS) [15], suspended
ceilings [16], external facades [17], and the ventilation system (AC system) [18], have all used
PCM-based-TES for cooling.

2.3 PCM stores Sensible as well as latent heat
Due to its high energy density, thermostatic effect, and low cost as compared to traditional

cooling approaches, PCM is known as an effective technology that retains larger amounts of
thermal energy per unit mass. The latent heating/cooling of the environment is provided by
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PCM's absorption/release of heat during its physical phase transition [19-20]. The use of PCM
storage systems in air conditioning, heating, and ventilation systems to store thermal energy
from the evaporator or condenser can improve interior thermal comfort and improve building
energy efficiency. Paraffin waxes (n-alkanes) are the most widely utilised and recognised
PCMs [21-22].

2.4 PCM for Refrigeration and Air Conditions for temperature control

AC systems paired with PCM-TES have been shown to improve operating performance [23].
During the summer in Tunisia, a numerical research on a solar-driven AC system with
integrated PCM cold storage was conducted using the Transient System Simulation programme
(TRNSYS). Solar loop, ejector cycle, PCM cold storage, and air conditioned space make up
the proposed system. The non-cold system was found to surpass the comfort temperature more
than 26% of the time, whereas the ideal storage volume of 1000 L PCM-cold storage resulted
in great indoor comfort 95% of the time with a room temperature below 26°C [24].

2.5 Numerical Studies on PCM

Another numerical analysis using PCM in a desiccant AC found average increases in electrical
energy savings of up to 55 percent [25]. The charging and discharging temperatures of the
PCM, as well as the air outlet temperature of an air-PCM unit, have been calculated using a
numerical model. The thermal performance enhancement caused by different unit sizes and
charging/discharging air mass flow rates has been documented, with the best design of RT20
and RT25-based PCM being 0.03* 1.5 m2 unit with 0.25 kg/s air mass flow rate [26]. The
influence of multi-PCMs with low PCM melting points of 5.3 °C, 6.5 °C, and 10 °C has been
investigated numerically in traditional AC systems using a 3-D ANSYS FLUENT model to
explore the effect of multi-PCMs with low PCM melting points of 5.3 °C, 6.5 °C, and 10 °C,
The effect of fluid inlet temperature and flow rate on the TES unit's charging process.
According to the simulation results, the total charging capacity of the multi-PCM TES unit
increased by 32.22 percent when compared to the single-PCM unit. For a flow rate of 0.3 kg/s,
lowering the input temperature increased charging capacity and significantly reduced the TES
unit's overall charging time. The entire charging capacity, however, was unaffected by the HTF
inlet temperature [27]. The goal of this study is to investigate the pre-cooling based PCM of
air delivered to split AC units in the UAE during hot weather. Due to high outdoor ambient
temperatures of up to 55°C during the summer daytime, power plants operate under peak
electricity demand conditions. As a result, the development of more power plants will be
required. In an attempt to lower peak demand, a PCM-based air pre-cooling approach is
suggested, which absorbs ambient cooling during the night and delivers it to the fresh air
supply stream during the day.

3. Theory Methodology

3.1 Numerical Modeling

Grald and MacArthur [33,34], He et al. [35,36], and Willatzen et al. [37] have also done
a lot of work on refrigeration system simulation. The following are the basic assumptions
of the transient model based on these studies:

i. In heat exchangers, liquid and vapour refrigerants are in thermal equilibrium.

ii. Pressure wave dynamics have negligible effects.

Expansion is isenthalpic in nature.

iv. There is no adiabatic compression.

v. Metallic elements in the system have low thermal resistances in contrast to other
thermal resistances, but their capacitance is significant.
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This section describes the overall system and makes assumptions for mathematical
modelling for each component independently. The compressor, evaporator,
expansion valve, PCM heat exchanger, and condenser are the five components of
the system. The PCM heat exchanger under investigation is placed between the
compressor and the condenser. Figure 1 shows a schematic view of the simulation
system.

:WJ’
~ Tev Compressor C
L { Condenser PCAMIA |

Figure 3. Schematic view of system compartments.

Equation 1 can be used to calculate the amount of energy (cooling or heating) that the
system produced when compared to a room with a conventional thermocouple using a
mathematical model.

The amount of energy required to create a temperature change.
Q =mcAT 1)

Mass of the material can be found by
m=pV )

Volume of the material can be found by
V =AL (3)

3.2 Compressor modeling

Compressors draw gases into themselves quickly and compress them by
expending mechanical energy. The pressure and temperature of the gas rise as
a result of this process.

At high pressure, the vapour refrigerant transforms from a saturated condition
to a superheated state.

For modelling the compressor, the following assumptions are taken into
account [28]:

* Both the volumetric and isentropic efficiencies are maintained.
» Heat dissipation in the compressor shell and the refrigerant charge are
regarded as insignificant.
* An adiabatic compression process is expected.
As a result, bellows [28] can be used to determine isentropic efficiency:

hy, i —h
Nisen = ﬁ (4)
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[28] determines the refrigerant mass flow rate:
. RPM
g = pVriy X — (®)

60

where V is the compressor's volumetric efficiency and com- pressor displacement is
defined by [28]:

n, = 0.851 — 0.0241% (6)
v=nlxs )

The following equation [28] is used to compute compressor power:

W, = mg(hy — hy) (8)

3.3 Condenser modeling
The condenser receives high-pressure, high-temperature refrigerant vapour,

which subsequently condenses. Figure 2 depicts the situation.

A AYA
o i1

Sub cooled Two Phase Super Heat

Figure 4. Different regions in the condenser.

The condenser is separated into three zones: a superheated zone, a two-phase
zone, and a sub-cooled zone.

Equations must be extracted individually in one phase and two phase states for
modelling condenser heat transfer [28]. The condenser is modelled using the
following consumptions:

« It's a one-dimensional flow.

» Refrigerant pressure drop is ignored, as is heat transmission between refrigerant
and pipes in the axial orientation.

Thermodynamic heat transfer in the superheated zone

The condenser's incoming refrigerant is in a superheated state. This area’s heat
transmission is computed as follows [28]:

Qcond,sh = m(hz - hz,g) = UspAsn (Tsh - Tair) (9)
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where Ash is superheat area, Tsh is average temperature in superheat area and Ush
is total heat transfer coefficient and iscalculated as [29]:

1 1
Ush = i RN . (10)
1 R; 1
m‘i‘ 21kL +A0u0

where uj is heat transfer coefficient in refrigerant tubes in which flow is superheat
and in one phase. Also U, is heat transfer coefficient of air passing over pipes
which is obtained from [30]; [31]; [28].

3.4 Heat transfer in two-phase region
Heat transfer in the two-phase region is equal to the heat gained by reaching
refrigerant from superheat to saturated liquid at condenser pressure and is
calculated from equation 8 [28]:

Qcond,tp = m(hz,g - hZ,l) (11)
Subsequent to calculating Q cond, tp , the length of superheated area can be
calculated as [28]:

Qcond,tp = Utp Atp (Tsat - Tair) (12)

in which Ay is two phase regions area and Uy, is two phase regions heat transfer
coefficient and calculated as follows [29]:

1 1
Up = 14
P A\, ) (14)
Aiui' 21kL IAouo

3.5 Heat transfer in subcooled region

Heat transfer value and condenser outlet temperature, T3, are
Calculated as below [28]:

Qcond,sc = UscAsc(Tsc — Tair ) = mcp (Teat — Tair)  (15)

Age = md;Lg, (16)
Lse =L — (Lsn + Lyp) 17)
Tsc = TsattTs (18)

2
Thus heat transfer in condenser part is the sum of heattransfer in three regions
[28]:

Qcond = Qcond,sh + Qcond,tp + Qcond,sc (19)
3.6 Expansion valve modelling
The expansion valve is a mechanical device that regulates the volume of fluid

that enters the evaporator.
A fixed orifice, capillary tube, and thermostatic expansion valve can all be used
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to model it.
The expansion valve is modelled as a fixed orifice in this article.
As a result, the following assumptions are taken into account for this model [28]:

« In a one-dimensional flow, gravity force and refrigerant charge are considered
negligible and the flow coefficient is fixed.

» The expansion process is described by constant enthalpy.

mass flow rate in the orifice is [28]:

me = Codi~/pin (P2 — P1) (20)

where Ce is the mass flow factor which depends on geometry of orifice tube
and d; is inner tube diameter.
As it is assumed, enthalpy is constant, thus [28]:

ha=hs (21)

3.7 Evaporator modeling

The evaporator is a device that uses heat to transform fluid from a liquid to a gas.
The following assumptions are taken into account when modelling an evaporator:
* Flow is a one-dimensional phenomenon.

» Axial heat transfer between the refrigerant and the tube is not taken into account.

PCM

PCM

(a)

PCM

Refrigerant

(b)

Figure 5. Schematic view of the PCM heat exchanger (a) axial (r,x) view and (b)
radial (1,0) view.

* There is no pressure decrease along the evaporator.
» The evaporator's superheating refrigerant is ignored, and heat transfer includes
two phases and is calculated as [28]:

Qev = m(h; — hy) (22)
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3.8 Coefficient of performance

The COP’is calculated from equation (23) [28]:

_ Qe _ Qev
COP - w N Qcond_Qev (23)

3.9 Geometry of PCM heat exchanger

Figure 3 shows a schematic depiction of the PCM heat exchanger, which includes
a heat storage unit. The inner and outer tubes are 5 and 20 mm in diameter,
respectively. The main refrigerant flows through the inner tube after PCM is filled
in an annular gap. In PCM, heat is transferred by both conduction and convection
methods. This geometry was chosen for greater heat transfer as well as ease of
application. Figure 2 depicts the refrigerant's temperature variation trend at three
different axial points. It should be emphasized that all outcomes and comparisons
for all cases are during the first hour of the process. The refrigerant temperature rises
rapidly with the steep slope in the curve due to the large temperature difference
between the refrigerant and the PCM. As time passes and the PCM temperature falls,
the thermal potential of the refrigerant falls, resulting in a smaller temperature
difference between the two mediums.

As a result, at the end of the process, the temperature differential between the
refrigerant and the PCM is nearly constant, and the temperature of the refrigerant is
nearly constant.

In addition, the refrigerant temperature at the exit is lower than at the intake due to
heat transfer between the refrigerant and the PCM at the early stages of the PCM
heat exchanger. Building a system transient model entails first creating transient
models of separate components, which are then combined to simulate the entire
system. Each model's specifics are listed below.

3.10 Mathematical description of PCM model in the form of flowchart

In order to mathematically describe the PCM model, a number of assumptions have
been made. These are the ones.

(1) In the PCM, axial conduction is low, and the axial temperature gradient is tiny
in comparison to the radial temperature gradient.

(2) The Stefan number Ste 1, which indicates that the sensible thermal storage
capacity is negligible in comparison to the latent thermal storage capacity and may
thus be ignored.

(3) The heat transfer fluid's (refrigerant) capacitance is modest and can be ignored.

(4) In the liquid PCM, natural convective heat transfer is assumed to be part of the
equivalent conductive heat transfer, which, according to the test data, enhances
thermal conductivity by 50%.

(5) There is no consideration for heat storage in the metal tubes.

The energy balance equation for the PCM is expressed as follows using the
aforementioned assumption:

Figure 4 depicts the variation in refrigerant temperature along the axis over time. It
can be observed with the help of mathematical model tool.
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Condenser

Qcona,sh = M(ha = Ry g) = UspAsy (Tsh — Tair)
Qeond,tp = Me(hag — hay)

Qeoniise = Usehoe (Tee = Toe) = me, (Tsaturate — T3)
L=Lg+Lp+Ls

Qcond = Qcond,sh + Qcond,tp + Qcond,sc

Compressor
PCM Heat Exchanger X At . RPM
T T e =PV X g
(pCp)smR; T =Gy ¢ ot Upch ¢ (Tocu,r=r, — Tf)2MR; hys — Ry
4 Nisen =
o _10( OH\ oo\ L Of i . hy —hy
ot ror\Yar) T ax\"ax) P W (Tecu ~Tair) W= . (hy — h;)

me = Cedg\/pin (Pz - pl)

h; =h,

Expansion Valve

Qevap =m(h; — hy)

Evaporator

Figure 6. Overview of relations in refrigeration cycle utilising PCM [32].
Because more heat is transferred from the refrigerant to the PCM, the temperature drop
at the heat exchanger's outlet is greater than at the heat exchanger's middle. As a result, the
refrigerant exits the heat exchanger at a lower temperature than it entered, which is
beneficial throughout the cycle.

The COP of the system employing PCM vs the COP of the system without PCM is
obviously high and low, respectively, indicating a slight increase in percentage by installing
a PCM heat exchanger in the system. In general, utilising a PCM heat exchanger lowers the
condenser outlet temperature, resulting in a higher COP.
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Figure 7. Simulation algorithm in refrigeration cycle utilising PCM heat
exchanger.

Figure 8 shows temperature variation of refrigerant via time for different tube
lengths It may be deduced that extending the tube length lowers the refrigerant temperature.
Also, because of higher heat transfer between the PCM and the refrigerant, the refrigerant
temperature drops more at the outlet than in the middle of the tube.

Because the refrigerant temperature remains constant for half an hour and is 37 °C, PCM
lowers the temperature of the refrigerant for a short time before melting completely, keeping
the refrigerant at 37 °C. Temperature drops 1 °C for every meter added to the length. All of
these figures are based on numerical simulation.
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Figure 8. Graph of sensible heat and latent heat of PCM.

The refrigerant temperature results for varied PCM heat exchanger lengths at different times
are presented with curve slope for better comparison. Temperature fluctuation by location at a
certain time is shown by the slope of the curve. The values of curve slope in Figure 8 show that
refrigerant temperature fluctuation by site is considerable at the start of the operation and
diminishes as time passes. It can be argued that as the length of the heat exchanger rises, so
does the heat transfer surface, resulting in increased heat transfer between the refrigerant and
the PCM, lowering the refrigerant temperature.

4. Results & Discussions

4.1 Effect of Different PCMs on Compressor On-Off Cycling.

The thermostat, which is placed between the compressor and condenser compartment, activates
the compressor on-off mode. To keep the evaporator cabinet temperature around -5°C, the
thermostat setting point has been modified such that it begins the compressor at - 3.9°C and
stops at -5°C. When PCM is utilised, it absorbs too much heat because of its phase shift nature
(solid to liquid), which prevents the compartment temperature from rising quickly, resulting in
a longer compressor off cycle. During the whole melting phase of PCM, a low enough
temperature near the target point inside the cabinet is maintained, and the compressor is not
triggered into on mode soon by the thermostat. As a result, the compressor's off mode is
extended. For a limited time, this longer off mode of the compressor reduces the number of on-
off cycles dramatically.

4.2 Effect of PCM on Temperature Fluctuation inside the Cabin of Air Condition Condenser
Coil.

At no load, the influence of PCM on the average air temperature inside the cabin. The average
temperature fluctuation for a certain time is greatly reduced for the system with PCM compared
to the system without PCM, according to the Mathematical Solution. The numerical solution
clearly shows that power consumption is caused by differences in phase change temperature
and latent heat of fusion.

4.3 Effect of PCM on Compressor Running Time at Different Thermal Load.
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At various thermal loads, the percentage of average compressor running duration each cycle.
The important findings are as follows:

* Using PCM, the average compressor running time per cycle was greatly lowered, resulting in
lower energy usage.

* When compared to running without PCM, average compressor running time each cycle is
reduced by around 5-30%, depending on the thermal load and the type of PCM used.

Because of their greater melting point of around (-100°C), which enhanced higher heat transfer
rate and finally lengthened the off cycle of the compressor as compared to the on cycle, the
reduction of compressor running time for the better values as compared to other PCMs.

As a result, the percentage of running time was lowered. [38] designed and created a model of
an enhanced refrigerator utilising PCM, and discovered that using PCM reduced compressor
running time by 25% compared to not using PCM. According to the findings of this study,
depending on the PCM and thermal load, the PCM reduced compressor running time by
roughly 2-36 percent as compared to when the PCM was not used, which is almost identical to
the findings of [38] ,which indicate good consistency.

5. Conclusions

The performance increase of a cold storage with and without PCM panels was investigated
using numerical simulation. The amount of phase transition material utilised in various
ratios. To assess the performance of the air conditioning unit, numerical simulations were
run at various loads. Based on the findings of the experiment, the following conclusions were
formed.

1. Using phase change material (PCM) panels in the air conditioner condenser coil can reduce
temperature rise and keep the temperature stable for up to 8 hours.

2. A temperature drop of 1°C per hour was reported in the air conditioning system employing
phase change material panels.

3. Depending on the PCM and heat load, the phase change material improved COP by 11 to
20% as compared to no phase change material.

4. Depending on the heat load, the average compressor running time per cycle with phase
change material is lowered significantly, ranging from 17 to 30% less than without phase
change material.

5. The coefficient of performance (COP) of the refrigeration cycle with PCM is significantly
higher than that of the refrigeration cycle without PCM panel, according to numerical results.
The coefficient of performance (COP) is calculated at various loads, and it is discovered that
the COP is optimum at 1.5Kg of thermal load, and that it drops as thermal loads increase.

6. As the PCM melts, it absorbs the thermal load that enters the air conditioning area, limiting
the rise in cold storage temperature and maintaining a constant temperature inside the cold
storage during power outages, which may occur accidentally or on purpose to meet electrical
load sifting requirements.

6. Further Scopes
When selecting PCMs for a certain application, three crucial elements to consider are

melting temperature, latent heat of fusion, and PCM thermophysical issues. A high heat
of fusion and a precise melting/solidification temperature are two of the most important
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criteria in the selection process (without sub cooling).

2. Erythritol, Hydroquinone, and Dmannitol are three Heat Transfer Fluids HTFs that
have undergone substantial research and are appropriate for absorption refrigeration
systems operating at temperatures between 140 and 200 degrees Celsius.

The degree of subcooling (of inorganic materials) is a significant factor that impacts the
system's thermal capacity, in addition to melting point temperature. Eutectic mixes, on
the other hand, can be used if the problems have been identified and treatments have been
tried.

3. The storage tank design is crucial for maximising the heat intake and output of the
LHTSS. The shell and tube design has shown to be the most efficient, albeit at the cost
of PCM volume capacity.

4. Another proven efficient design is the multitube design, which allows for complete charging
and discharging in a small amount of time. There hasn't been any research into a good heat-
exchanger that takes into account PCM's thermo-physical behaviour. The temperature
behaviour of the PCM while charging and discharging is an important aspect to consider. It is
determined by the container design and the PCM's heat transmission rate.

5. The temperature of the absorber and condenser is nearly identical. Despite this, no attempt
has been made to combine them into a single unit with PCM. The use of PCM at the condenser
should be handled with caution, as the PCM's thermal conductivity is crucial for dissipating
energy in the process.

The effect of PCM with condenser in hot weather (> 40 °C) on compressor run-time has never
been investigated, which is surprising given how widely refrigeration is used in hot regions.
6. Materials with sub-zero temperatures are identified in cold storage, but their thermal
reliability, phase separation, and sub-cooling concerns are not thoroughly investigated.
Thermal cold storage phase transition materials are rarely studied and observed at the industrial
(large scale) level.

7. However, combining Nano particles with various PCMs opens up an infinite number of
options and tests, resulting in a new generation of enhanced PCM. Property customization is
an excellent technique to make application-based PCM properly suited to the operational
conditions of the system.

8. Although there is less work on phase segregation and high temperature cycling in the
literature due to the time required to investigate this phenomena, this attribute determines the
product's reliability and should be given greater attention. Many salt hydrates have good
thermal properties, but they need better techniques to improve them and avoid the problems
they're known for.

Author Contributions: Arun Kumar Sao.; writing—original draft preparation, Dr. Arun
Arora & Dr. Mukesh Kumar Sahu.; writing—review and editing.
Dr. Arun Arora - supervision & project administration, Dr. Mukesh Kumar Sahu — co-supervisor.

Conflicts of Interest & Funding: The authors declare no conflict of interest. Apart from
author’s no one has contributed their work in the design of thestudy; in the collection,
analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results & no funds were received.

Acknowledgement
Author would like to thank the Centre of Research Government Engineering College Jagdalpur,
Chhattisgarh 494001 for the support to conduct this research.

4248



Arun Kumar Sao'", Dr. Arun Arora?, Dr. Mukesh Kumar Sahu?®

7. References

[1] Dr. Manoj Kumar Chourasia, Reader, PROF. Tridib Kumar Goswami, December 2009
- Efficient design, operation, maintenance and management of cold storage

[2] Benjamin Gin, Mohammed Farid, Pradeep K. Bansal, 2010, Modelling of phase change
material implemented into cold storage application

[3] International High Performance Buildings Conference at Purdue, July 12-15, 2010.

[4] International Journal of Modern Engineering Research (IJMER) www.ijmer.com Vol.2,
Issue.3, May-June 2012 pp- 1001-1005 ISSN: 2249-6645 www.ijmer.com 1001 | Page,
Amit M Patel, Prof. R | Patel Optimization of Different Parameter of Cold Storage for
Energy Conservation.

[5] Xu, P. Haves, J. Braun and L. Hope. Peak demand reduction from pre-cooling with zone
temperature reset in an office building. Proceedings of ACEEE, (2004).

[6] May Waly, Walid Chakrounn,y and Nawaf K. Al-Mutawa, Effect of pre-cooling of inlet
air to condensers of air- conditioning units. Int. J. Energy Res. (2005) 29:781-794

[71 Guinn GR, Novell BJ. Operating performance of a water spray on an air type condensing
unit. ASHRAE Transactions (1981) 87(2):373-381.

[8] Goswami DY, Mathur GD. Experimental investigation of performance of a residential
air-conditioning system with an evaporatively cooled condenser. Journal of Solar Energy
Engineering, Transactions of the ASME (1993) 115(4):206— 211.

[9] Waterbury SS., Allen TE., Young R., The application of three different evaporative
cooling strategies to a quick service restaurant. ASHRAE Transactions (1999)
105(1):1152-1167.

[10]Al-Tagi H, Maheshwari GP. Feasibility of pre-cooling of condenser air. The 3rd
IASTED International Conference on Power and Energy Systems, Marbella (2003).
[111Yi CHEN, Yimo LUO and Hongxing YANG. Fresh air pre- cooling and energy recovery
by using indirect evaporative cooling in hot and humid region — a case study in Hong
Kong. The 6th International Conference on Applied Energy- Energy Procedia 61 ( 2014

) 126 — 130 The 6th International Conference on Applied Energy — ICAE2014

[12]1 Morgan and M. Krarti. Impact of electricity rate structures on energy cost savings of pre-
cooling controls for office buildings. Building and environment, (2007) 42, 2810- 2818.

[13]1Y. Ma, X. Chu, W. Li, G. Tang, Preparation and characterization of poly(methyl
methacrylate-co- divinylbenzene) microcapsules containing phase change temperature
adjustable binary core materials, Sol. Energy 86 (2012) 2056-2066.

[14]F. Ascione, N. Bianco, R.F. De Masi, F. de’ Rossi, G.P. Vanoli, Energy refurbishment
of existing buildings through the use of phase change materials: energy savings and
indoor comfort in the cooling season, Appl. Energy 113 (2014) 990- 1007.

[15] Saelens D, Pays W, Baetens R., Energy and comfort performance of thermally activated
building systems including occupant behavior. Build. Environ. 46 (2011) 835- 848.
[16]Weinla“der H., Ko™ rner W., Strieder B., A ventilated cooling ceiling with integrated

latent heat storage—monitoring results. Energy Build. 82 (2014) 65-72.

[17]1De Gracia A, Navarro L, Castell A, Ruiz-Pardo A, A" lvarez S and Cabeza LF., Thermal
analysis of a ventilated facade with PCM for cooling applications. Energy Build. 65
(2013) 508-515.

[18] Monodraught Ltd. Natural Cooling and Low Energy Ventilation System. Monodraught
Ltd.; 2014: Available in hhttp://www.cool-phase.net/(October 2014).

[19]E. Guenther, S. Hiebler, H. Mehling and R. Redlich, Enthalpy of phase change
materials as a function of temperature: required accuracy and suitable measurement
methods, Int. J. Thermo-phys. 30 (2009) 1257-1269

[20]P.B. Salunkhe and P.S. Shembekar, A review on effect of phase change material

4249


http://www.ijmer.com/
http://www.ijmer.com/
http://www.cool-phase.net/(October

Incorporation of Numerical Analysis for Improving the Performance of a Condenser Unit in an Air Condition by
Employment of Phase Change Material as a Latent Heat Storage Medium

encapsulation on the thermal performance of a system, Renew. Sustain. Energy Rev.
16 (2012) 5603-5616.

[21]1R.L. Zeng, X. Wang, H.F. Di, F. Jiang and Y.P. Zhang, New concepts and approach
for developing energy efficient buildings: ideal specific heat for building internal
thermal mass, Energy Build. 43 (2011) 1081-1090.

[22]Mao, D.M. Pani, M.J. Song, Z. Li and S.M. Deng, Operating optimization for
improved energy consumption of a TAC system affected by night time thermal loads
of building envelopes, Energy 133 (2017) 491-501.

[23]R. Parameshwaran and S. Kalaiselvam, Energy conservative air conditioning system
using silver nano-based PCM thermal storage for modern buildings, Energy Build. 69
(2014) 202- 212.

[24] Allouche Y., Varga S., Bouden Ch. and Armando C. Oliveira, Dynamic simulation of
an integrated solar-driven ejector based air conditioning system with PCM cold
storage. Applied Energy 190 (2017) 600-611

[25]A. E. Kabeel and M. Abdelgaied, Solar energy assisted desiccant air conditioning
system with PCM as a thermal storage medium. Renewable Energy 122 (2018) 632-
642.

[26] Shuli Liu, Muriel Iten and Ashish Shukla, Numerical study on the performance of an
air—Multiple PCMs unit for free cooling and ventilation. Eng. and Build. 151 (2017)
520-533.

[27]1 Xiao-Yan Li, Yang L., Xue-Lei Wang, X. Yue Miao, Yu Yao and Qiu-Qiu Qiang,
Investigation on the charging process of a multi-PCM latent heat thermal energy
storage unit for use in conventional air-conditioning systems. Energy 150 (2018) 591-
600.

[28]Wang, F., Maidment, G., Missenden, J., Tozer, R., 2007. The novel use of phase
change materials in refrigeration plant. Part 2: Dynamic simulation model for the
combined system. Appl. Therm. Eng. 27, 2902-2910.

[29]2. Bergman, T.L., Incropera, F.P., Lavine, A.S., 2011. Fundamentals of Heat and Mass
Transfer. John Wiley & Sons.

[30]3. Chunnanond, K., Aphornratana, S., 2004. Ejectors: applications in refrigeration
technology. Renew. Sustain. Energy Rev. 8 (2), 129-155.

[31] Ding, G.L., 2007. Recent developments in simulation techniques for vapour-
compression refrigeration systems. Int. J. Refrigeration 30 (7), 1119-1133.

[32]S. Bakhshipour, M. S. Valipour, Y. Pahmali. Parametric analysis of domestic
refrigerators using PCM heat exchanger, International Journal of Refrigeration, Vol.
83, 2017, pp 1-13.

[33]1J.W. MacArthur, E.W. Grald, Unsteady compressible two-phase flow model for
predicting cyclic heat pump performance and a comparison with experimental data,
Int. J. Refrigr. 12 (1989) 29-41.

[34]E.W. Grald, J.W. MacArthur, A moving Boundary formulation for modelling time-
dependent two-phase flows, Int. J. Heat Fluid Flow 13 (3) (1992) 266-272.

[35]X.D. He, S. Liu, H. Asada, Modeling of vapour compression cycles for advanced
control in HVAC systems. in: Proceedings of the American Control Conference,
Seattle, Washington, 1986.

[36]X.D. He, S. Liu, H. Asada, A moving interface model of two- phase flow heat
exchanger dynamics for control of vapour compression cycle heat pump and
refrigeration system design, analysis and applications. ASE Vol. 32 ASME, 1994,

[371M. Willatzen, N. Petit, L. Ploug-Sorensen, A general dynamic simulation model for
evaporators and condensers in refrigeration: Part 1-moving boundary formulation of
two-phase flows with heat exchange, Int. J. Refrigr. 21 (5) (1998) 398-403.

4250


http://refhub.elsevier.com/S0140-7007(17)30294-3/sr0115
http://refhub.elsevier.com/S0140-7007(17)30294-3/sr0115
http://refhub.elsevier.com/S0140-7007(17)30294-3/sr0115
http://refhub.elsevier.com/S0140-7007(17)30294-3/sr0115
http://refhub.elsevier.com/S0140-7007(17)30294-3/sr0115
http://refhub.elsevier.com/S0140-7007(17)30294-3/sr0115
http://refhub.elsevier.com/S0140-7007(17)30294-3/sr9000
http://refhub.elsevier.com/S0140-7007(17)30294-3/sr9000
http://refhub.elsevier.com/S0140-7007(17)30294-3/sr9000
http://refhub.elsevier.com/S0140-7007(17)30294-3/sr0030
http://refhub.elsevier.com/S0140-7007(17)30294-3/sr0030
http://refhub.elsevier.com/S0140-7007(17)30294-3/sr0030
http://refhub.elsevier.com/S0140-7007(17)30294-3/sr0030
http://refhub.elsevier.com/S0140-7007(17)30294-3/sr0035
http://refhub.elsevier.com/S0140-7007(17)30294-3/sr0035
http://refhub.elsevier.com/S0140-7007(17)30294-3/sr0035
http://refhub.elsevier.com/S0140-7007(17)30294-3/sr0035

Arun Kumar Sao'", Dr. Arun Arora?, Dr. Mukesh Kumar Sahu?®

[38]Azzouz, Kamel & Leducg, Denis & Gobin, Dominique. (2008). Performance
enhancement of a household refrigerator by addition of latent heat storage.
International Journal of Refrigeration. 31. 892-901. 10.1016/j.ijrefrig.2007.09.007.

[39]Arun Kumar Sao and Dr. Yamuna Prasad Banjare, “Analysis of Thermal

Characteristics of Transient Heat Conduction through Long Fin and Comparison with
Exact Fin Theory and Quasi Steady Theory”, International Journal of Emerging
Technology and Advanced Engineering, ISSN 2250-2459, Volume 4, Issue 11,
November, 2014.

[40] Vikrant Tapas, Arun Kumar Sao and Pankaj Sharma. “Two-Dimensional
Computational Analysis of Turbine Blade Cooling Duct”. International Journal of
Emerging Technology and Advanced Engineering. ISSN 2250-2459, Volume 4, Issue
10, October, 2014.

[41]1Vikrant Tapas, Arun Kumar Sao and Pankaj Sharma, Computational Analysis of an
artificial roughened surface of Solar Air heater, International Journal of Innovative
Research in Science, Engineering and Technology, ISSN(Online): 2319-8753, Vol. 4,
Issue 12, December 2015.

[42]1Vikrant Tapas, Arun Kumar Sao and Pankaj Sharma, The Scenario Of Flyash
Generation From Thermal Plants (Coal Based) In Chhattisgarh State, Global Journal Of
Multidisciplinary Studies, ISSN: - 2348-0459, Volume-5, Issue-2, January- 2016.

[43] Vikrant Tapas, Pankaj Sharma ,Arun Kumar Sao, M.S. Excel An Effective Tool For
Maintenance Department Records, Global Journal Of Multidisciplinary Studies, ISSN:
- 2348-0459, Volume-5, Issue-3, Feburary- 2016.

[44] Vikrant Tapas, Pankaj Sharma ,Arun Kumar Sao, “Study Of Bio Diesel Fuel To Be
Used In Chhattisgarh State”, Global Journal Of Multidisciplinary Studies, ISSN: -
2348-0459, Volume-5, Issue-4, March- 2016.

[45] Vikrant Tapas, Pankaj Sharma ,Arun Kumar Sao, “Study of Inflation in OTR tiers with
Nitrogen Filling”, 3rd DAV NATIONAL CONGRESS Science, Technology,
Engineering, Humanities & Management Transforming India into a Knowledge
Economy, ISBN: 978-93-5254-976-4, Volume-2,May 20-21, 2016,page 110-114.

[46] Vikrant Tapas, Pankaj Sharma ,Arun Kumar Sao, “Study The Absorption Of Waste
Heat Recovery From Kitchen Utensils”, Global Journal Of Multidisciplinary Studies,
ISSN: - 2348-0459, Volume-5, Issue-6, May- 2016.

[471M. Rezaei et al., Performance and cost analysis of phase change materials with
different melting temperatures in heating systems, Energy 53 (2013) 173-178.

4251


http://refhub.elsevier.com/S0017-9310(18)34976-7/h0670
http://refhub.elsevier.com/S0017-9310(18)34976-7/h0670
http://refhub.elsevier.com/S0017-9310(18)34976-7/h0670
http://refhub.elsevier.com/S0017-9310(18)34976-7/h0670

