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ABSTRACT

Thermal energy storage system using phase change materials (PCMs) has a potential for a wide range of
applications, particulary dealing with the mismatch between energy demand and supply. The work reported in
this PhD thesis concerns the use of PCM in temperature regulation in cabins of rail transportation.

The focus of the work is on: (a)enhancing the heat transfer from heat exchanger side by using extended
surfaces(fins), and (b)PCM side by using additives. Air was used as heat transfer fluid as such a fluid can be
used for air circulation. Both modelling and experimental work was carried out on the PCM based heat
exchanger.

The modelling results show that the heat transfer coefficient can be significantly improved by the presence of
fins with the charging and discharging durations reduced by ~ 85% and 74% respectively. The modelling results
revealed that the use of fins in airside is more efficient than that in PCM side. In the absence of the fins in the
PCM side, the same level of enhancement of heat transfer can be achieved by increasing thermal conductivity of
the model PCM by 4-5 times. The modelling results were validated by experimental data. Based on the
experimentally validated modelling results, an air-conditioning system consisting of a PCM heat exchanger was
designed, constructed and tested in the lab. The results show that, for both charging and discharging processes,
the heat transfer performance of the system is significantly improved with fins used in both air and PCM sides,
leading to the increased thermal comfort, decreased outlet temperature fluctuation, an excellent heat transfer rate,
a large energy storage capacity and a long working time.

Based on the above work, a novel compact thermal energy storage (TES) device containing a commercial PCM
(RT 18 HC) was designed and experimentally investigated with an aim to improve thermal comfort and smooth
cooling load of a rail air conditioning system. Two different types of fins were employed to in the TES device
for the thermal performance enhancement, one is with serrated fins used in the air side and other is perforated
straight fins employed in the PCM side. The time evolutions of PCM temperature during the discharging
process of both in the axial and radial directions were presented. The discharging time, discharging depth,
discharging power, thermal efficiency and exergy efficiency were studied as function of inlet air temperature
and velocity. The results showed that hot air in the cabin could be cooled down to the desired temperature range
of 16-20°C in seconds. Both the energy and exergy analyses revealed that the designed device performed

excellent discharging depth, higher than 97%. The results also showed favourable air temperature around 18°C



for extended period of time, a flexibility for cooling load adjustment and had an ability to smooth out the
frequent fluctuations of cooling load of transport compartments.

The charging behaviour was then investigated and the effects of charging time, transient charging rate, overall
thermal efficiency and exergy efficiency at different inlet air temperatures and velocities were examined. The
time evolutions of PCM temperature in both the axial and radial directions were also measured. The dynamic
exergy efficiency was studied for the first time to assess the optimal charging depth and charging time. The
experimental results showed that the designed storage device had a flexible charging rate with the maximum
rate at 1.3 kl/s, a high thermal efficiency of 87% and an overall exergy efficiency of 70%. Decreasing the inlet
air temperature or increasing the air velocity shortened the whole charging time, which varied from 50 to 174.2
mins. The analysis of the dynamic exergy efficiency showed that the maximum exergy efficiency was around 90%
with the optimal charging time varying from 10 to 52 mins. The corresponding optimal charging depth increased
with increasing inlet air temperature or velocity, ranging from 46% to 58% under the studied conditions.

Further analyses were performed on the heat transfer characteristics of the storage device for transport air
conditioning systems. The charging and discharging times, the transient heat flux and the heat transfer
coefficient were obtained. Comparison of the overall heat transfer coefficient for the charging and discharging
processes was used to explain the difference between the charging and discharging kinetics. The variation in
Nusselt number with Reynolds number under different Prandtl number for the discharging and charging
processes were established.

Such an empirical relationship was experimentally validated. Validations between the empirical and
experimental Nusselt number were carried out. The average error for the charging and discharging processes
between the empirical and experimental Nusselt is 2.33% and 1.65% respectively which shows a good reliability.
This indicates that the obtained equations can be used for the design of such novel TES device for transport air
conditioning application.

Finally, the PCM based storage device integrates with a conventional air conditioner(AC). Comparisons were
carried out between the AC and PCM-AC, with respect to the space temperature fluctuation, the coefficient of
performance (COP), energy savings, and emergency ventilation/cooling. The experimental results show that,
compared with the AC, space temperature fluctuation of the PCM-AC is decreased to 2.56°C; the ON-OFF
cycles of the compressor in the PCM-AC are reduced by 27%; the overall COP is increased by 19.05%; the

emergency ventilation and cooling time is prolonged by up to 9 times. What’s more, the economic evaluation



shows that the electrical cost of the PCM-AC could be saved by up to 17.82%; the payback period is around 3.3

years and can be reduced to 1.83 years when using industrial grade PCM.
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¢, Specific heat of capacity (kJ/(kg-K)) o Humidity ratio kg kg™
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ici max Maximum
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num Numerical
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LHTES Latent heat energy storage
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General description

Rail transport has played a vital and rising role in urban development. Mechanical air-conditioning systems are
usually employed to provide thermal comfort for people. However, passenger load is always flexible, and the
peak load can surpass 30% of the designed condition[1]. What’s more, the fast-changing operating ambient due
to the train movement causes frequent fluctuation of the cooling load of the air-conditioning systems. Besides,
the unstable cooling load will be brought in by air infiltration during opening and closing of rail transport doors
[2]. The traditional air-conditioning systems could not be sufficient to handle such frequent load changes, which
causes comfort degradation and even healthy concern. On the other hand, the general air conditioning system is
designed to deal with the expected worst weather. However, the average cooling load is much lower than that of
the peak period, which means that the air conditioning system is overdesigned in most cases [3]. Hence, the
effective method is urgently needed to smooth the cooling load, eliminate the mechanical overdesign and back

up the inadequate capacity of the rail transport air-conditioning systems.

PCM based cold energy storage

Latent heat thermal energy storage systems (LHTESS) which benefit from the natural characters of phase
change materials (PCMs) have been employed to shift peak and off-peak energy and show great potentials in
various fields. The large energy storage capacity to store energy at a relatively constant temperature[4][5][6] is
particularly attractive for solving the existing fluctuations and the backup problem of transport air-conditioning

systems.

Disadvantages of previous research

Firstly, previous research on PCM based cold energy storage for air conditioning systems is mostly for building
applications. There are only a few papers on the utilization of PCM for transport air conditioning system. The
past work mainly focuses on the performance in building applications without considering the compactness. For
the transport application, it has a strict requirement of the compactness of the system with suitable volume and
weight. Hence, it’s important to develop the compact TES device for transport application.

Secondly, there is still no work published to reveal the heat transfer coefficient of such a novel TES device for
transport air conditioning system. This work endeavours to determine the heat transfer characteristics including
the charging and discharging time, heat flux and especially the heat transfer coefficient of the PCM based TES
device. The charging and discharging characteristics including time and heat flux under different inlet air

temperature and velocity were compared. Besides, the charging and discharging transient heat transfer
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coefficients with various inlet air parameters were revealed. The overall heat transfer coefficients for both the
charging and discharging process were concluded. The innovative results of this study can be used as the
guideline for the future design of the novel PCM based device for transport air conditioning system.

Finally, emergency ventilation and cooling is another problem which the transport air conditioning is facing.
Currently, only fresh air from ambient can be blown to the carriage when the sudden accident of the electricity
supply occurs. This is due to that the emergency battery can only drive the emergency fan without enough
power for the compressor. This leads to a shortage of emergency ventilation and cooling which can cause
thermal comfort reduction and even the health concern. When the ambient temperature is high, the fresh air will
bring more heat load into the carriage. Hence, it’s quite necessary to develop the emergency ventilation and

cooling for the rail transport field. There are still no sufficient publications to involve the proposed system.
Feasibility of integration with cold energy storage

In order to introduce cold energy storage to a traditional air conditioning system, a real case was cited to show
the feasibility of integration. The mechanical unit is designed with a cooling power of 44Kw. The inlet air
flowrate is 5000 m*h which consists of two parts. The first part is new air from the ambient with the flowrate at
1600 m?/h, the other part is recycling air from the carriage. Table 1.1 gives the operating and mechanical
parameters of the traditional air conditioner used in a rail carriage.

Aspen plus was employed to simulate the whole process. With the cooling power of 44kW, when the new air
temperature changes between 35 °C and 25 °C, the outlet air temperature varies from 20 °C to 14 °C, shown in
Figure 1.1 a-d. It can be seen that the cooling power is designed according to the highest ambient temperature.
Obviously, the ambient temperature is lower which will lead to excess power. This will further lead to the cooler
outlet air temperature which can cause thermal comfort reduction and even health concern. Hence, the excess

cold energy needs to be absorbed when the outlet temperature is lower than the 18 °C.
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Table 1.1: Operating and mechanical parameters of the traditional air conditioner in a rail carriage.

Catalogue Highest Lowest
New air temperature ("C) 35 25
New air flowrate (m%h) 1600

Recycle air flowrate(m®/h) 3400

Recycle air temperature(°C) 28

Cooling power(kW) 44

Outlet temperature requirement(°C) 20 18
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Figure 1.1: The outlet air temperature simulated by Aspen Plus under different inlet new air temperature

(a:35°C,b: 30 °C, ¢: 28 °C; d: 25 °C).

When setting the outlet temperature between 18 °C and 20 °C, the actual cooling power needed with the new air
temperature of 28 °C is 36 kW and 26 kW which is only 82% and 59% of the designed capacity respectively,
given in Figure 1.2 a-b. With the new air temperature decreases to 25 °C, the real power is 61% and 39% of the
full capacity, which can be found in Figure 1.3 a-b. This furtherly indicates the excess design of cooling power

which shows the feasibility of using energy storage which can absorb the excess cold energy to ensure the

desired outlet air temperature.
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Figure 1.2: The actual cooling power for different outlet air temperature (a: 20 °C, b: 18 °C) with new air

temperature at 28 °C.
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Figure 1.3: The actual cooling power for different outlet air temperature (a: 20 °C, b: 18 °C) with new air

temperature at 25 °C.

A Newly Proposed Air conditioning system

In this study, a compact TES device filled with PCM was introduced to the air conditioning system which has a
great potential in transport application. The TES device was designed and optimized through modelling and

experimental methods.
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The experimental rig shown in Figure 1.4 is set up to test its performance. The whole system is mainly
consisted of an air conditioner, a TES device, and an insulated room. The heat load inside the room is generated
from an electrical heater. A centrifugal fan with a frequency converter is added to ensure the required air
velocity. Cold air provided by the air conditioner flows through the TES device and then enters the room for

cooling. The return air from the room enters the air conditioner.

z
-@=
=

' Thermocouple Return duct

Insulation room

Y Humidity sensor Valve B

? Velocity sensor

SR eamee

S0 o B

3 £ Data logger
Air conditioner Energy logger ]

Computer

Figure 1.4: Schematics of the experimental rig for the PCM-AC.

Aims and objectives

The primary aim of this study is to apply phase change material based cold energy storage in transport air
conditioning system, including the design and performance of the device and system. Both mathematical

modelling and experimental are used to achieve the aim.

The specific objectives of this work are to develop the newly proposed technology for transport air conditioning
applications. The comparison of the effects of fins on air or PCM sides with the modified PCMs of different
conductivities, the charging and discharging performance of the TES device including the discharging and
charging time, the transient discharging charging rate, thermal efficiency and exergy efficiency at different inlet
air temperatures and velocities combined with the thermo-economic analysis and emergency cooling effect of
the PCM added system are expected to achieve. All these results to be obtained can provide guidelines for the
design and optimum operating conditions for air conditioning system integrated with the compact TES device in

transport applications.

Methodologies
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Both experimental work and mathematical modelling are carried out to investigate the discharging and charging
performance of the TES device. Numerical modelling combined with experiments has been employed to

optimize the configurations of the compact TES device.

Firstly, numerical models were applied to simulate the energy storage system with 4 different configurations: no
fins on both sides (no fins), serrated fins on the air side (air fins), straight fins on the PCM side (PCM fins), both
serrated fins on air side and straight fins on PCM side (both fins). The results were compared with those when
using model PCMs with different thermal conductivities. Secondly, the modelling results were used as
guidelines for the design of the phase change TES device and a both fins type was designed and manufactured
based on the numerical results. Finally, an experiment rig consisted with the TES device-air conditioner system

was built up and its thermos-economic performance was tested.

Organisation of the Thesis

The thesis is organized in the following manner. Chapter Two reviews the literature relevant to this study
including applications of energy storage technology, existed problems of the PCM and device, modelling and
experimental design of TES device, energy storage for cold applications, cold energy storage for air
conditioning systems. Chapter Three explains the theoretical background and details of the mathematical
modelling used in the present study. The characterizations and thermos-physical properties of PCM,
experimental set-up and procedure are described in this chapter as well. Modelling results and experimental
validation are discussed in Chapter Four. Chapter Five presents the experimental results for the charging and
discharging of the TES device. The heat transfer characteristics especially the heat transfer coefficient was also
discussed in the Chapter Six. Chapter Seven shows the thermos-economic analysis of the PCM air conditioning

system. Finally, a summary of the main conclusions is given in Chapter Eight.
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This chapter reviews previous research relevant to the PCM based cold energy storage. Section 2.1 generally
reviews the current cold energy storage applications, mainly includes free cooling and refrigeration. Section 2.2
shows the limit applications of cold energy storage due to low heat conductivity, and the two methods including
composite PCM and solid mesh to enhance the thermal conductivity. Section 2.3 examines the modelling and
experimental research on the cold TES devices. Section 2.4 provides the work of the PCM based air
conditioning system in the past. Finally, Section 2.5 summarizes the problems of past work on PCM based air

conditioning systems and indicates the importance of the current study revealed by this thesis.

2.1 Energy storage for cold applications

Latent heat energy storage (LHES) techniques based on phase change materials (PCM) present innovative
potential for the thermal management. A great amount of past work has revealed the advantages of LHES,
which includes high energy storage density and constant temperature during phase change period. PCM
integrated applications have been applied in many fields including solar energy systems [7][8], building heating

and cooling systems [9][10], and heat recovery systems[11][12] .

2.1.1 Free cooling

Free cooling is referred to the cooling supply during the day by coldness stored during the night. It enables to
capture and store the night-time sensible free-cooling which can save the power consumption of conventional air
conditioning system. Many approaches have been conducted using PCM to store the night time coolness which
is then used for cooling the hot ambient air during daytime.

Chiu et al [13] employed the latent heat thermal energy storage for active free cooling. The cold energy stored
during night time was used as a heat sink for cooling when the cooling capacity was not sufficient.
Techno-economic feasibility was studied with multi-objective optimization in comparison to a conventional air
conditioning system. The results obtained through techno-economic feasibility study show that the proposed
system can make the indoor comfort range meet 75% of the cooling requirement under half of the electricity
consumption combined with less than half of the conventional air conditioning cost. Barzin et al [14]
experimentally used the low-temperature outdoor air to charge the PCM-impregnated gypsum boards which was

then used for building free cooling purposes. Two identical fully instrumented test huts with interior dimensions
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of 2.4*2.4*2.4 m were designed. PT20 from PureTemp company was used as the PCM. A 20W fan was
employed to blow outdoor cold air into the Hut through the entrance door during night period which was
between 9 pm until 7 am. It was concluded that impressive electricity saving of 73% over a one-week period
was achieved. Medved et al [15] studied the potential of latent heat thermal energy storage in building
application. The energy savings and thermal comfort improvement was achieved. The thermal response of the
packed-bed PCM unit was numerically modelled using an experimentally verified model. A mechanical
ventilation system with an integrated PCM unit and an advanced control unit was set up as Figure 2.1. The
ventilation system was operated by the control unit according to the air temperature at the PCM unit’s inlet
(ambient air temperature, T,) and outlet T,. When T, > T, (mostly during the nights), the PCM unit was
ventilated directly using the cold ambient air, the PCM was charged. When T, > T, (normally during the
daytime) the building was ventilated through the charged PCM unit, then the building was cooled down by
releasing the coldness stored inside the PCM. The results showed that the optimal size of the LHTES for the free

cooling of buildings was between 1 and 1.5 kg of PCM per m*/h of fresh ventilation air.

Figure 2.1: Outline of the free-cooling system: (a) air flow when T, > T, (daytime); (b) air flows when T, <

T, (night-time)[15].

Takeda et al[16] developed a ventilation system containing the PCM. A schematic diagram of the experimental
apparatus is shown in Figure 2.2. The dimensions of the air unit are 140*140*900 mm with a PCM unit packed
in the centre at a height of 300 mm. The PCM granules consist of 65% ceramic materials and 35% paraffinic
hydrocarbon by weight. When outdoor air temperature T, is below 26 °C, cold air from ambient was blown

through the PCM and cold energy was stored inside the PCM. While when T, was above 26 °C, the ambient air
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was cooled down and then was supplied into the room. By integrating the PCM unit with the air duct, it could be
found that a 62.8% reduction of ventilation load was obtained. The cooling load was also decreased by the

ventilation system.
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Figure 2.2: Schematics of the experimental apparatus for the ventilation system[16].

Arkar et al[17] presented the free cooling of building using a latent-heat thermal TES device integrated into a
mechanical ventilation system. It showed that the free cooling with PCM is an effective cooling technique for
suitable thermal comfort. Zalba et al[18] technically and economically evaluated a real free-cooling system
using PCM. The system was proven to be not only technically feasible, but also economically advantageous
with a pay-off period of 3-4 years. Walsh et al[19] applied PCMs based free cooling to an evaporative cooling
system installed in a chemical plant. The obtained results showed that the new system was able to reduce energy
costs by improving demand-side management. The salt hydrate with a freezing temperature of 17 °C which was
encapsulated in the blow-moulded High-Density Polyethylene containers was used for the PCM unit. Cold water
passed through the PCM unit and freezed the PCM inside while the water was cooled down by the coldness

stored in the PCM during the following day. Subsequently, the cooled water passed through the absorber where
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it dissipated the heat load. The chiller was run as a supply of coldness when the temperature was not low enough
to charge (freeze) the PCM. In this way, the reduction of chiller peak-time operation could be achieved by up to
67% combined with a saving of less than 2% in electrical cost.

A PCM free cooling system using cold stored during nights to reduce day cooling load was presented by
Osterman et al[20] numerically and experimentally. Plates with outer dimensions at 30 cm x 45 cm x 1.5 cm
were vertically installed in the storage tank. The longer side of the plates were parallel to the air flow direction.
The average mass of filled plate was 1361 g, with 1003 g of paraffin RT22HC from Rubitherm Company inside.
The energy consumption in an office could be annually reduced by approximately 142 kWh. Sun et al[21]
developed a free air cooling system using PCM to reduce the cooling energy consumption of the
telecommunications base stations. PCMs were used to absorb excess cold energy from the ambient air. The
stored coldness would be released when the conventional air conditioners could not meet the cooling
requirements of the telecommunications base stations. The cooling capacity of the PCM unit was 3 kW with a
dimension of 68 cm x 65 cm x 1.68 m. It was concluded that the energy savings ratio could reach a maximum
value of 67% with replacement of the operation of conventional air conditioners from 82.6% to almost 100%.
What’s more, the authors indicated that the PCM unit could be powered by portable energy suppliers such as the
batteries inside the stations. This would increase the feasibility and security of the PCM based system for free
cooing of the telecommunications base stations. Gracia et al[22] investigated the potential of night free cooling
in reducing the cooling loads of a building. The ventilated facade presented an air channel with a thickness of 15
cm which represented a 0.36 m? of channel area. The cold air was pumped by mechanical fans through the
channel from the environment to solidify the PCM during the night time. For the cooling process, the hot air
from ambient was blown through the fully charged PCM and was then pumped to the inner environment. The
macro-encapsulated CSM panels containing salt hydrate SP-22 from Rubitherm company was employed as
PCM in this study. This PCM presented a heat storage capacity of 150 kJ/kg in a temperature range from 15 °C
to 30 °C with the melting and solidification temperature at 22 °C and 18 °C, respectively. A total number of 112
PCM panels (1.4 kg of SP-22 each) were distributed inside the facade which formed 14 air flow channels.
During night time, typically from 2 to 8 a.m., the PCM was solidified. When the demand requires a cooling
supply, the coldness inside the PCM was released to the air with mechanical ventilation. The conclusions
showed that the free cooling could produce a reduction in the energy consumed by the heat pump of the building.
The cooling capacity varied under different conditions with a maximum capacity at 42.8 MJ per day in the study.

Mosaffa et al[23] numerically studied the performance enhancement of a free cooling system using a TES unit
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with multiple PCMs. It was concluded that the COP (coefficient of performance) of the proposed system could
achieve up to 7.0 which is significantly better than that of the traditional air conditioning systems. The
conclusions obtained could be used for the guideline of optimum design for PCM free cooling air conditioning.

It can be easily concluded that by introducing the PCM to free cooling applications, a reduction of energy
consumption of the mechanical air conditioning system was observed obviously. The potential of thermal

comfort improvement and reduction of equipment size was noticed as well.

2.1.2 Refrigeration

Refrigeration is necessary for maintaining the quality and prolonging the shelf-life of fresh, frozen and
perishable products. The predominant technology in refrigeration is mechanical vapor compression refrigeration.
This method performs low energy efficiency and contributes to global warming. It was analyzed that the
greenhouse gas emissions from conventional diesel engine driven vapor compression refrigeration systems used
in food transport refrigeration can be as high as 40% of the greenhouse gas emissions from the vehicle’s engine.
PCM based energy storage systems used for refrigeration applications can offer energy savings and greenhouse
gas emissions by replacement of the mechanical refrigeration system combined with a decrease of the frequency
of on/off cycling. Several studies[24][25] have been done to compare the performance of PCM based and
conventional refrigeration system.

Liu et al.[26] [27] simulated a PCM based refrigeration system using a proposed TRNSYS model for mobile
transport application. The refrigerated space was set up with a size of 3 m x 2m x 1.8 m and insulated with 50
mm polyurethane. The PCM used for the refrigeration has a discharging (melting) temperature of -26.7 °C and a
latent heat of 154 kJ/kg. The PCM was encapsulated into thin flat containers and parallel stacked. For charging
process, the PCM unit was solidified by an off-vehicle refrigeration unit when the vehicle parked. When cooling
was needed, the cold energy stored inside the PCM was released to cool down the refrigerated space. The brief
configuration of the refrigeration system was shown in Figure 2.3. The charging process is expected to be
accomplished in 8 h during the off-peak electricity tariff period from 11:00 p.m. t07:00 a.m.. The fully charged
PCM unit could discharge the stored cooling capacity when it moved. Results showed that in order to maintain
the temperature of the products at -18 °C for 10 h, a total of 250 kg and 390 kg of PCM was needed. When
compared with a mechanical system, the proposed system incorporating PCM consumed less energy and

produced significantly lower greenhouse gas emissions. Besides, the authors indicated that due to the stationary
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operation, the electrically driven refrigeration units are highly efficient, extremely quiet and highly reliable. The

energy cost for the refrigeration system was up to 86.4% less than conventional systems.
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Figure 2.3: Configuration of the refrigeration system[26].

{

192
5
1€

refrigerated space

!

Glouannec et al.[28] developed a design of an insulation wall consisted of reflective multi-foil insulation,
aerogel and PCM for refrigerated vans. It was concluded that the peak heat transfer and energy consumption
during the daytime period could be reduced. Yusufoglu et al.[29] compared four kinds of PCMs in two different
refrigerator models on the household refrigerator. By incorporating PCM on the evaporator tubes, the energy
saving can be increased by a maximum of 9.4% when using only 0.95 kg of PCM. It also revealed that using
PCMs in household refrigerators was economically beneficial combined with reducing harmful emissions. The
performance of a PCM-based cooling system for automotive refrigerated containers under different ambient
conditions was carried out by Shukla et al.[30].1t was found that the newly developed container containing PCM
plates could maintain the required inside temperature between -8 and -5 °C for 40 hours after charging 10 hours.
The main advantage of this system was to eliminate fuel consumption for cooling and making a green system
with zero pollution. What’s more, a saving of 68 % of the cost was observed with the use of this application.
Azzouz et al.[31] introduced an experimentally validated model for the dynamic behaviour of a refrigerator
using a PCM storage system. A eutectic aqueous solution was used as PCM which was added on the outside
face of a refrigerator evaporator. The location of PCM was shown in the Figure 2.4. It was found that by adding
a phase change material (PCM) slab, a higher evaporating temperature was allowed, which increased the energy
efficiency of the system. Besides, the energy stored in the PCM released to the refrigerator cell during the off
cycle could provide the duration of several hours of continuous operation without power supply. A 5-15%
increase in the coefficient of performance was achieved, a significant decrease in the number of ON/OFF cycles

of the compressor and the temperature fluctuations inside the refrigerated cell was noticed as well. For a 5 mm
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thick PCM slab, the refrigerator allowed safe food preservation without electrical supply ranges for up to 8

hours.
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Figure 2.4: The description of PCM location on the evaporator of a household refrigerator[31].

Ahmed et al.[32] constructed a PCM insulation wall to decrease the heat load input to the refrigeration
compartment. The paraffin-based PCM with a melting point at 7 °C was selected. Two test truck trailer
simulators with a dimension of 1.22 m x1.22 m x 1.22 m were built, with one was set-up with standard trailer
walls, while the other one was outfitted with the PCMs inside the walls. The obtained results revealed that the
peak heat transfer rate could be reduced by 29.1%, with overall average daily heat flow reductions into the

refrigerated compartment at 16.3%. It would lead to energy savings and pollution abatement from mechanical
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refrigeration units. The reduction of the refrigeration equipment size and extension of the equipment operational
life was expected to be achieved due to the enhanced stability of operation of the compressor. Zarajabad et
al[33].modelled the performance of PCM based household freezer. NaCl-H,O was selected as PCM. The cold
could be released to the freezer’s cabin when the compressor was off. The proposed system could keep the
freezer’s cabin in the standard thermal condition for 4.5 hours, without using a compressor. A considerable
reduction in energy consumption (45.7 kWh/year) was obtained. This reduction, not only diminished fossil fuel
consumption about 13.7 liters/year, but also decreased CO, emission from 165.5 to 135.52 kg/year. Wang et
al.[34] investigated the performance of applications of PCMs in refrigeration systems at different positions of
the refrigeration cycle circuit with a shell and tube structure. It was observed that the refrigerant temperature
entering the compressor was stabilized which caused a reduction on the peak compressor inlet temperature.

Gin et al.[35] installed the PCM panels on the internal walls of a freezer. A eutectic composition of water and
ammonium chloride with a melting and freezing point of -15.4 °C was selected. For the conventional freezer,
the product temperature rose to -3 °C caused by 3 h power loss, while the peak temperature could reach -11 °C
when using the PCM. Meantime, the lower temperature fluctuations could be achieved due to PCM which was
able to guarantee better food quality. For two weeks, the drip loss of product was 10%, which was nearly halved
than that of the conventional one. Cheng et al.[36] set up a household refrigerator with PCM energy storage
condensers. The experimental results show that the energy efficiency could be increased by approximately 12%
with smaller starting power and shorter time to obtain the operation stability. Fioretti et al.[37] used PCM in a
refrigerated container to improve the thermal performance. The paraffin wax with a melting temperature of
35°C was used as PCM. PCM acted as an energy storage medium which absorbed and displaced the incoming
heat flux during its melting phase. Through the insertion of the PCM in a reefer container envelope, the heat
transfer rate coming from the outside environment was reduced. It was observed that 1-2 °C reduced internal
surface temperature compared with the conventional container. A reduction in peak heat transfer rate of 5.55%
and 8.57% was concluded respectively as well. The results obtained from the above research show that when
using PCM for the refrigeration system, the peak heat load can be reduced with stabilized temperature, energy
saving, system efficiency improvement combined with a prolonged operational life of equipment can be
achieved as well. Sepe et al.[38] installed twelve eutectic plates with six was placed on the ceiling and the other
six on the right of a 20 feet an International Organization Standardization (ISO) container. The eutectic with a
melting temperature at —26°C was selected as the phase change material. The air passing through the plates was

cooled and transported cold air through a shaped duct placed in the upper part of the container for both fresh
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(+4°C—- £1°C) and frozen (—18°C— —20°C) products. It was found the PCM based refrigeration container could
maintain the required temperature values for almost seven days. Khan et al.[39] experimentally studied the
effects of PCM on temperature fluctuation inside the cabinet of a household refrigerator during the door opening
and power failure. The Polyethylene glycol-400 with a phase change temperature at 5-6°C was packaged inside
a stainless steel container which was then placed inside the refrigerator cabinet. It was found that when
integrating PCM, a significantly lower temperature fluctuation (about 2°C) was achieved. Under the door
opening condition, the rise of air temperature in the cabinet decreased by about 3-5°C with PCM compared with
that of the traditional system. During power failure time, PCM could work as a backup for up to 2 hours to
maintain the lower temperature inside the chamber. Kilic et al[40]. used PCM for refrigeration room kept at
-18°C to deal with the operational failure or electricity shortage problem. The results showed that the PCM load
covering 10% of the total heat transfer surface area provided significant temperature maintenance under all
ambient conditions. Elarem et al[41]. carried out experiments to improve the energy efficiency of a household
refrigerator by integrating a PCM with the phase change temperature at 4 °C. It was shown that when using
PCM, the power consumption was reduced by 12% and the COP was increased by 8% compared to the
refrigerator without PCM. Raja et al[42]. designed the cold storage plant of the cascade refrigeration system
using ethylene glycol as PCM. Compared with the conventional system, the max COP of the refrigeration
system using PCM was increased by 16.4%. Bruno et al[43]. designed a PCM thermal storage system
incorporated with an ammonia refrigeration system for a farm. The PCM could provide heat transfer fluid
temperatures of around -6°C to -8°C which made it possible for food storage which temperature requirement
was typically around -1°C to 3°C. It showed that the refrigeration system integrated with the energy storage
system achieved a peak demand reduction during the summer period. The system was able to shift the electricity
load from the peak to off-peak electricity period using PCM. It demonstrated that a PCM thermal storage system
could be used to shift the electricity load for cold storage from peak to off-peak periods.

From the mentioned above, PCMs placed at the evaporator section provided slower fluctuation of compartment
temperature and more stable conditions against thermal load variations. A higher COP, lower energy
consumption, lower condensation temperature and lower condensation pressure was achieved. When
incorporating PCM inside the food storage compartment, a stable temperatures inside the compartment were

observed[44].
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2.1.3 Other cold applications

Beyond the applications on the free cooling and refrigeration, approaches in cold applications using PCM on
other fields were also made in recent years. Krishnan et al.[45] proposed a hybrid heat sink which was consist of
a parallel-plate heat sink with a portion of the fin tips immersed in the PCM. When the air cooling was reduced,
the heat was absorbed by the PCM. It was observed that the performance of the hybrid heat sink can be
improved compared to a finned heat sink without PCM. Hasan et al.[46] used the PCM to improve heat sink
performance for cooling electronic packaging. Under natural ventilation for the same heat load up to 6 W, when
using PCM, the time for the device to operate under safety temperature (below 60 °C) extended from 5min to 15
min. While under the forced ventilation, the operating time increased from 15 min to 60 min. Behi et al[47].
introduced a new PCM-assisted heat pipe module to improve the cooling process and avoid inside system heat
dissipation in electronic devices. It was revealed that the module could contribute 86.7% to the cooling
application and 11.7% avoidance of heat dissipation by providing additional heat absorption. In this way, the
proposed module could eliminate or at least minimize thermal damage in electronic components. Krishna et
al[48]. experimentally tested the cooling performance for electronic cooling using a heat pipe containing
nano-enhanced PCM. The PCM was prepared by dispersing Al,O3; nanoparticles (50 nm) in Tricosane using
ultrasonic methods. The evaporator temperature of the heat pipe with nano-enhanced PCM was reduced by
about 25.75%, which was able to save 53% of the fan power compared to a conventional heat pipe. It was also
found that the nano enhanced PCM could store almost 30% of the energy supplied at the evaporator which
contributed to the reduction in fan power consumption. Yang et al. [49] developed a passive thermal
management system using paraffin as PCM for LiFePO, battery modules. Comparison between the thermal
response of battery packs with and without PCM was carried out. Figure 2.5. illustrated the heat fluxes in the

battery pack with the PCM cooling method.
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Figure 2.5: Schematic diagram of the heat flux in the battery pack with the composite PCM[49].

The experimental results revealed that under constant current discharges, the presence of PCM was able to
reduce the temperature of the battery module by 37%. The thermal uniformity on the battery was far more than
5°C which could meet the real requirement. The proposed cooling system could effectively maintain the battery
within its optimum operating temperature for a long period.

Commercial PCM RT42 from Rubitherm was used by Sharma et al[50]. to regulate the thermal performance of
Building-Integrated Concentrated Photovoltaic systems. An increase in relative electrical efficiency of 7.7% and
an average reduction in module centre temperature by 3.8 °C was observed when incorporating with the PCM.
Karthick et al[51]. used the inorganic glauber salt (Na,SO,4-10H,0) with melting temperature at 32 °C for the
thermal regulation of the Building-Integrated Concentrated Photovoltaic systems. The experimental results
showed that PCM based system had an electrical efficiency increase by 10% and temperature reduction up to
8°C. Duan et al.[52] experimentally studied thermal management of battery modules using PCM with a phase
change temperature at 18 °C. A battery cell was experimentally simulated by an electric heater. It indicated that
the PCM system can realize good effectiveness in maintaining the heater within the desired temperature range.
The passive cooling component utilizing PCM was added by Fathabadi et al. [53]with the active part of the
hybrid thermal management system to optimize the thermal performance of the battery pack. Paraffin wax with
melting temperature at 58.9°C was employed as PCM. The simulation results showed that the proposed battery

pack could operate below 60°C for ambient temperature until 55°C. Lu et al.[54] studied the performance of a
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new hybrid personal cooling system incorporating both ventilation fans and phase change materials. The cooling
uniform set consisted of two ventilation units and 24 PCM packs. The main ingredients of PCMs are sodium
sulfate and water with a melting temperature at 21°C. The total mass of each PCM pack was 86 g with the total

weight of the hybrid unit at 3589g. The hybrid personal cooling system was illustrated in Figure 2.6.
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Figure 2.6: The hybrid personal cooling uniform contained PCMs and ventilation fans[54].

Compared with existing portable air ventilation systems, the PCM based system performed better cooling effect

at the initial working stages. The newly proposed system could be used for pre-cooling or post-exercise cooling

athletes to improve thermal comfort, reduce the recovery time and thereby to improve the exercise performance.
Yazdi et al[55][56][57]. employed a cooling garment using PCM with melting temperature at 18-20 oC on the
body’s thermal situation. The surface covered by PCM packets was 26% of the torso. The simulation results
showed that the PCM bags could increase the efficiency of cool-vest up to 20% and 34% in case of using an
ordinary insulating layer or a reflective coating, respectively. Itani et al.[58] incorporated phase change material
packets into vests to improve the comfort of workers in hot environments. A polyester cooling vest equipped
with 20 equally-sized PCM packets was used in the study. The experiments results showed effectively improved
thermal comfort. Park et al.[59] experimentally investigated the electrical performance improvement a vertical
PV module with the phase change material. With PCM attaching onto the rear side, the overheating of the PV
module was prevented because the excess heat was absorbed by the phase change material. The obtained results

showed that the PV cell temperature of the PV/PCM module was lower by up to 5 °C compared to the
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conventional PV module. What’s more, the electric power output of the PV module was increased by 3.1%
when using the PCM. Atkin et al[60]. used the paraffin wax PCM with an approximate melting point of 40 °C
for the thermal regulation of the PV panel. It was found that the overall efficiency of the PV panel could be
increased 12.97%. Luo et al.[61] developed a PV-PCM system to control the temperature of a PV panel by
applying paraffin/expanded graphite composite PCM. Compared with the temperature of the conventional PV
panel, the temperature of the PV-PCM panel was maintained below 50 °C for 200 min which was extended by
146 min. The output power was averagely increased by 7.28% in heating process. The output voltage of the
PV-PCM panel kept above 20.55 V for 128 min with the maximum value of 20.99 V, which was 0.51 V above
the maximum output voltage of the conventional PV panel. The output power of the PV-PCM panel kept above
that of the conventional PV panel for 230 min with the maximum increment of 11.50% and an average
increment of 7.28%. Nada et al[62]. set up an experimental rig using PCM to regulate the thermal performance
of the PV. By integrating the PCM to the back side of the building integrated PV module, the improvements of
the module power and efficiency was increased. The obtained results showed that when integrating the PV with
PCM, the temperature of the modules dropped 10.6 °C with efficiency rising by 13.2%. Hasan et al[63].
compared the temperature drop and power savings of the PV panels using CaCl,-6H,0 and a eutectic mixture of
fatty acids, capric acid-palmitic acid. It was found that CaCl,-6H,0 achieved a 3-4 °C higher PV temperature
drop and resulted in a 3% more power saving than that of capric—palmitic acid. Stropnik et al[64].using organic
paraffin as PCM for the improvement of the electric generation performance of the PV panel. The PV cell
temperature of the PV-PCM panel was lower by a maximum of 35.6 °C compared to the conventional PV panel,
confirming the effect of a decrease in the temperature by the PCM. The obtained results showed that the
generated electrical power output increased by 4.3%-8.7% and energy generation efficiency increased by
0.5%-1%, compared to the conventional PV module. The annual increase for production of electric energy was
7.3% and for energy generation efficiency was 0.8%, compared to the traditional PV panel. Aelenei et al[65].
studied an innovative building integrated system made of photovoltaic panels and PCMs. The thermal and
electric efficiencies were calculated to reach about 10% with the overall system efficiency (electrical and
thermal) at about 20%. Hasan et al[66].selected five different PCMs to regulate the building integrated
photovoltaics. When integrating with PCMs, the temperature of the PV front surface was reduced to a maximum
of 18 °C for 30 min. The temperature could keep a 10 °C temperature reduction for the longest duration of 5 h
with 1000 W/m? insolation. Qiu et al[67]. experimentally investigated into the energy performance of a novel

PV/T thermal and power system using the Microencapsulated Phase Change Material (MPCM) slurry. Paraffin
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wrapped with the polymer shells was used as the Micro-encapsulated Phase Change Material (MPCM) slurry.
The copper serpentine tube attached to the back surface of the PV module which allowed the PCM slurry to
flow across. The heat generated within the PV cells was taken away by the MPCM slurry. It was concluded that
with solar radiation of 500-700 W/m?, the PCM based system could obtain the net overall solar efficiencies at
80.8-83.9%. The authors confirmed that the MPCM slurry based PV/T thermal and power system was superior
to conventional air-sourced heat pump systems (ASHP) and solar assisted heat pump systems (ISAHP), and
could potentially reduce fossil fuel consumption and carbon emission. Gao et al.[68] introduced phase-change
chairs (PCC) and phase-change plates (PCPs) to isolated environments for cooling purposes. It was found that
the combined system had the possibility to improve indoor thermal comfort and reduce the occupied space. With
every 1 °C decrease in the cold storage temperature, the amount of PCPs reduced by 21-44%. Compared to the

PCPs alone, the proposed system had a better performance in terms of temperature control and space saving.

2.2 Heat transfer enhancement

Among the previous studies on PCM cold applications, the overall performance of the new system can be
improved when integrating with PCM. In the previous applications, both the inorganic and organic PCMs have

been used.

2.2.1 Phase change materials

The phase change materials used for cold energy storage are classified into organic, organic materials and
Eutectic, shown in Figure 2.7. The organic materials are generally classified as paraffin and non-paraffin while
inorganic PCMs are generally metallic and hydrated salts. Eutectic PCM is a mixture of two or more PCMs in
order to achieve the desired melting point[69]. The inorganic PCMs have limitations for widespread applications,
it’s mainly due to the corrosion[70][71][72][73][74][75][76], super cooling[77][78][4][79] and phase
segregation under thermal cycling problems[80][81][82]. Compared with inorganic PCMs, organic PCMs have
been widely used due to their outstanding properties such as non-toxicity, low or no supercooling and good

thermal reliability[83][84][85][86][87][88][89].
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Figure 2.7: Classification of PCM for cold thermal energy storage[90].

Paraffin is widely used not only due to the suitable phase change temperature, but also because paraffin is of
chemically inert, stable and recyclable properties and exhibits no supercooling due to the self-nucleating
character [83][91][92][93]. Hence, paraffin is normally used as organic PCM and also used in this study.
However, the relatively low thermal conductivity of paraffin strongly suppresses the energy transfer rate and
limits the widespread utilization of the latent heat energy storage system in transport air conditioning systems.
Hence, efficient measures should be employed to promote the thermal conductivity of the latent heat energy
storage system [94][95].

Hence, various approaches have been attempted to overcome the poor thermal conductivity drawback. Besides,
for the cold applications, the temperature difference between the heat transfer fluid and PCM phase change point
is normally small which leads to a poorer heat transfer performance. Among the existed research, it mainly
focuses on two aspects. The first is adding high thermal conductivity additives and the other is extending the

heat transfer surface area.
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2.2.2 Composite PCM

For enhancing the heat transfer performance of energy storage system by modifying PCMs composite phase
change materials (CPCMs) are normally used, which usually consist of a PCM, a thermal conductivity
enhancement material and a ceramic supporting material for shape stabilization.

Li et al. [96] doubled the thermal conductivity of the PCM by adding 2.7%wt graphite. Karaipekli et al.[97]
employed carbon nanotubes to enhance the thermal conductivity of paraffin which used as PCM for thermal
energy storage system by 113.3%. Atinafu et al.[98] used porous carbons to increase the thermal conductivity of
eutectic PCM up to 117.65%. Zou et al. [99]proposed a composite PCM for battery thermal management system.
By adding multi-walled carbon nanotubes and graphene, the thermal conductivity of the PCM can reach 124%
higher than that of pure PCM. Ji [100] et al. employed continuous ultrathin-graphite foam additives to increase
the thermal conductivity of PCM by up to 18 times. Deng[101] et al. demonstrated that the PCM thermal
conductivity was enhanced by up to 11.3 times through physically adding the polyethylene glycol-silver
nanowire. Sahan[102] et al. concluded that with the addition of Fe;O, nanoparticles, the thermal conductivity of
PCM was improved with a maximum of 60% in their study. Yang [103] et al. revealed that the thermal
conductivity of composite PCM presented 12 times enhancement by adding hexagonal boron nitride. The
reduction of solidification time of the mixture of 60% n-tetradecane and 40% n-hexadecane by embedding with
alumina and aluminum nanoparticles was revealed by Kalaiselvam et al [104]. It was found that the
solidification rate was improved by up to 12.97% which indicated the potential for increasing the energy
efficiency of the conventional LTES system in building cold applications. Xia et al.[11] added the expanded
graphite into carnauba wax to form the composite PCM. It was shown that the thermal conductivity was
increased by 16.4 times by adding one-tenth of expanded graphite which leaded to the reduction of the melting
and solidification time at 81.7% and 55.3% respectively. The composite PCM exhibited good potential for
recovery of condensation heat from cold storage refrigeration systems. Chandrasekaran et al.[105] dispersed
37-59 nm copper oxide nanoparticles into water to generate nanofluid phase change material. A significant
reduction in solidification time at about 35% was noticed. It was proposed that the enhanced heat transfer rate of
the composite PCM had a potential of energy savings of cool thermal energy storage by operating the evaporator
at a higher temperature. Wang et al. [106] put PCM emulsions without and with graphite nanoparticles into two
separated tubes which were placed inside a thermo-scientific bath. The transient temperature inside both tubes

and the bath were recorded by a data logger with thermocouples. Compared with the pure PCM, the thermal
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conductivity of the composite PCM containing 2wt% graphite was increased to 0.578W m™ K™, with an 88.9%
improvement. The enhanced thermal conductivity with excellent thermal reliability of the composite PCM was
advised for using as highly efficient cold energy storage. Parameshwaran et al.[107] embedded Ag-TiO, hybrid
nanocomposite particles into organic ester phase change material to form the composite PCM used for the cool
thermal energy storage in buildings. The scheme for the preparation of the composite PCM was shown in
Figure 2.8. The TiO, powder was dispersed in ethanol using ultrasonicator and silver nitrate was dissolved
subsequently. It was found the nanocomposite PCM exhibited an improvement in thermal conductivity which
was from 0.286 W m™* K™ to 0.538 W m™ K™ without changing the phase change temperature. Besides,
compared to the pure PCM, the freezing and the melting times of the composite PCMs were reduced by 23.9%

and 8.5% respectively.
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Figure 2.8: Scheme for preparation of the composite PCM[107].

A water-based nanofluid phase change material containing the multi-wall carbon nanotubes which has potential
application in cool thermal energy storage was prepared by Kumaresan et al.[108] The solidification time was
shortened by 20.1% and 14% with a volume fraction 0.6% of the multi-wall carbon nanotubes at the
surrounding temperature of -12 °C and -9 °C respectively which was mainly contributed by the thermal
conductivity improvement. An n-tetradecane@polystyrene-silica (Tet@PS-SiO,) composite nanoencapsulated
phase change material for cold energy storage was synthesized by Fu et al.[109]. It was observed that the
thermal conductivity of the composite PCM was improved by 8.4% which could reach 0.4035 W m™* K*

through the grafting of SiO,. The formulation of the composite PCM was illustrated in Figure 2.9.
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Figure 2.9: Synthesis schematic of the -tetradecane@polystyrene-silica composite PCM [109].

2.2.3 Solid mesh

It can be noticed that by adding heat transfer additives, the thermal conductivity can be improved considerably.

However, the formulation processes are most complicated. Hence, some other research focused on employing

metal foam for the thermal performance enhancement[110][111].

Tian et al.[112] embedded metal foam into the PCM. By using metal foams, the heat conduction rate was

improved significantly which could be about 10 times higher. Besides, the authors indicated that with smaller

porosities and bigger pore densities, the better heat transfer performance could be achieved. Yang et al.[113]

experimentally investigated the dynamic thermal performance of a shell-and-tube latent heat thermal storage

unit. Through the vacuum impregnation, a paraffin-copper foam composite was formed with the impregnation

ratio at 96.7%. It was found that the melting time of the paraffin-copper foam composite was shortened over 1/3

compared with that of pure paraffin. Figure 2.10. shows the photos of copper foam and the paraffin- copper

foam composite.
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(b)

Figure 2.10: Copper foam (a) and paraffin-copper foam composite (b) [113].

The influence of aluminum foam porosity and pore size on melting performance of low-temperature paraffin
wax was experimentally studied by Lafdi et al.[114]. It was revealed that both the higher porosity and bigger
pore size could contribute to the greater effect of convection which led to faster achievement of the steady-state
temperature. Xiao et al.[115] used a vacuum impregnation method to prepare the paraffin/nickel foam and
paraffin/copper foam composite phase change materials for solar energy storage applications. The impregnation
ratios of the paraffin/nickel foam composite PCMs can reach the range of 96.0-98.6%. Compared with pure
paraffin, the thermal conductivities of the composite PCMs were drastically improved. The thermal conductivity
of the paraffin/nickel foam composite was enhanced by nearly three times while the thermal conductivity of the
paraffin/copper foam composite PCM was improved by 15 times. Wang et al[116]. experimentally studied the
performance of the paraffinfaluminum foam composite phase change material (PCM) for the Li-ion battery
cooling. It was observed that the addition of aluminum foam could intensively improve the effective thermal
conductivity of the PCM which led to a higher melting rate. The temperature uniformity of the PCM was
increased as well. When the heat fluxes were 7000 W/m? and 12,000 W/m?, the heat storage time of the
composite PCM is 73.6% and 74.4% of that of pure paraffin, respectively. Zhao et al.[117] embedded the
copper foam with 95% porosity into the paraffin wax RT58 to enhance the heat transfer performance. It was
concluded that the overall heat transfer rate was improved by 3-10 times. The effects of copper foam on the heat
transfer on melting performance of paraffin was numerically and experimentally studied by Li et al.[118]. An

experimental apparatus, shown in Figure 2.11, was set up to investigate the melting performance of the
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PCM-copper foam composite. The paraffin-saturated metal foam was put inside a plexiglass cavity to prevent
the leakage of the liquid. An electric insulated film heater was glued to the left side of the metal foam to provide
constant heat flux. T type thermocouples were employed to obtain the temperature distribution of the composite
PCM. It was revealed that the enhancement of heat conduction was more prominent than the suppression of

natural convection of molten liquid by the copper matrix in the foam-PCM composite.
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1: Metal foam+PCM; 2: Film heater; 3: Silicon gel pad

4: Plexiglass cavity; 5: Insulation material; 6: Plexiglass plate

Figure 2.11: Experimental apparatus and test section. (a) Experimental apparatus, (b) Test section[118].

Zhou et al[119]. experimentally studied the heat transfer characteristics of PCMs embedded in open cell metal
foams. The paraffin wax RT 27 from Rubitherm Company and calcium chloride hexahydrate were used in the
study. The foam was composed of interconnected dodecahedral-like cells, which had 12-14 pentagonal or
hexagonal faces. The cells could be considered to be homogeneous in size and shape. The heat transfer rate of
the PCMs was enhanced significantly by adding metal foams with the whole melting time was shortened to a
quarter of that for paraffin and to a third for calcium chloride hexahydrate respectively under the same heat flux.
Li [120]et al. experimentally employed the copper metal foam to the PCM based cooling system for the Li-ion
battery package. The obtained results show that when compared with pure PCM system, the foam-PCM
composite can furtherly decrease the battery's surface temperature and perform a more uniform temperature
distribution due to the thermal conductivity improvement. Hussain [121] et al. employed a PCM based thermal

management system for lithium-ion batteries. It was observed that the surface temperature could be reduced by
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PCM significantly. The effect was enhanced by inserting the nickel foam which showed a 24% reduction
compared to pure PCM. Research by [122] et al. showed that copper foam could decrease the total energy

storage time of PCM by 40%.

2.3 TES device for cold applications

As reviewed above, adding thermal enhancement additives and solid mesh can improve the thermal performance
of the PCMs. However, it’s obvious to notice that the manufacture processes of composite PCM are complicated,
and will lead to segregation and cost concern. It’s also difficult for realizing widespread applications through
inserting solid mesh. This is mainly due to that the shape of mesh can restrict the geometries of the TES devices.
Hence, it will be more feasible by designing devices with high heat transfer performance, as the manufacture
can be easily achieved without any geometry limit for various applications. The previous research studies on
heat transfer enhancement of TES devices both by modelling and experimental methods were reviewed in this

section.

2.3.1 Modelling

Numerical simulation is always proven to be an effective method to optimize the design of TES device,
especially for investigating the behaviours of different geometries. El Qarnia et al.[123] employed a numerical
model to simulate the influence of different key parameters on the thermal performance of the PCM-based heat
sink. The conclusion was used for the design of PCM-based cooling systems. Jmal et al.[124] numerically
compared four different geometry configurations of coaxial tubes. Yang et al. [49] modelled the energy transfer
behaviours of an energy storage unit including time, temperature and liquid fraction using the plate-fin device.
Their conclusions revealed that numerical results could give a good estimation of the melting and solidification
processes of PCMs which could provide guidelines for thermal performance and design optimization of the
latent thermal energy storage unit.

Mat [125] et al. used an experimentally validated model to investigate the heat transfer enhancement of fins on a
PCM triplex-tube heat exchanger. It was concluded that the fins could decrease the melting time by up to 56.7%.
Ogoh [126] et al. numerically studied the fins effects on the heat transfer characteristics of a cylindrical latent

heat energy storage system. The obtained results revealed that fins could enhance the heat transfer rate
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significantly by reducing the thermal resistance on the PCM side. Liu [127] et al. experimentally investigated
the effects of copper fins on the heat transfer performance of PCM system. The fins can accelerate the PCM
charging rate by up to 250% through improving both the conduction and the natural convection of the PCM.
Using fins already has lots of approaches in PCM energy storage systems [128][129][130] and performs great
potential for extended applications. Bourne et al.[131] numerically studied performance of the TES device
which was used to shift peak cooling loads to off-peak hours or to periods when intermittent renewable energy
sources were available. The device was a containment tank packed with cylindrical tubes with PCM. It was
concluded that the two-dimensional model could predict the performance of this type of energy storage unit with
sufficient accuracy. Tay et al.[132] used the effectiveness-NTU model to design and optimise a tube-in-tank
phase change thermal energy storage unit for low energy cooling of buildings. Water was used as heat transfer
fluid which flew through the copper tube, while PCM was put inside the tank. The three-dimensional PCM
energy storage unit was shown in Figure 2.12. The optimized parameters obtained by modelling using the

effectives-NTU model could provide a realistic size for the commercial building applications.

Figure 2.12: Tube-in-tank PCM energy storage unit[132].

Wau et al.[133] dynamically modelled the discharging characteristics of a coil pipe unit for cool thermal energy
storage. The rectangular storage tank consisted of horizontal parallel curved pipes which were submerged in
n-tetradecane. The effects of operating and geometric parameters including the inlet temperature and the flow

rate of the heat transfer fluid, and the diameter of coil pipes was studied through the evaluation of the outlet
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temperature of the heat transfer fluid, the melting fraction and cool releasing rate of PCM. It was found that the
higher inlet temperature of the heat transfer fluid and the larger diameter of coil pipes led to higher heat transfer
rate. It was also shown that the inlet temperature and flow rate of the fluid had more obvious effect on the
discharging process than the diameter of coil pipes. Zhai et al.[134] experimentally investigated a fin tube phase
change cold storage unit containing C-L acid (capric and lauric acid) PCM with solidification temperature at
14.97-C which could be used for cooling application. The unit was a 500 mm long cylinder with the diameter of
110 mm. The copper pipe with a diameter of 20 mm was centred which was used for the flow passage of water.
Four annular fins were firstly used to divide the inner space into five identical segments with four rectangular
fins orthogonally welded along the central tube in each segment. All the fins were made of copper with the
thickness of 1 mm. The whole unit was filled with PCM. The schematic diagram of the unit was shown in
Figure 2.13. The structural parameters including annular fin pitch, number of rectangular fins, the height of
rectangular fins and fin thickness were numerically evaluated through the charging performance. Finally, an

optimal scheme of the fin tube phase change cold storage unit was proposed based on modelling results.

Figure 2.13: Schematic diagram of the fin tube phase change cold storage unit[134].

Raj et al.[135] developed a tube and shell heat exchanger for free cooling application with PCM in the shell and
air flowing through the tube channel. Both the transient and steady-state CFD modelling was carried out for a
single module and two air spacers. The study indicated that the flow state and temperature variation of air was
determined which could be used to select the geometrical and flow parameters for given surface temperature and

inlet condition. The transient analysis results which reflected the PCM solidification behaviours could be used to
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verify the suitability of the selected geometrical dimensions. A mathematical model of the PCM air heat
exchanger for building free cooling was developed by Hed et al.[136]. The PCM with the phase change
temperature at 24 °C was packed in the 8 mm thick aluminum pouches which were stacked in layers. The air
flew through the gap between the Al plates with a velocity at 4m/s. The modelling results showed how the
specific heat capacity-temperature curve affected on the cooling power of a PCM heat exchanger. Zhao et
al.[137] numerically studied TES device consisted of a finned inner tube, an outer tube and an insulated
rectangular envelope. The annulus space between inner tube and outer tube was filled with PCM which had a
melting temperature between 19-23 °C. The device was proposed to be used with conventional air-conditioner to
increase the overall cooling coefficient of performance. Water was used for charging loop while air was used for
discharging loop. Optimum fin height, optimum mass flow rate of charging fluid and discharging fluid was
achieved through the modelling. When replacing the conventional cooling tower using the proposed PCM
thermal storage device for a water-cooled air-conditioner, the COP value was increased by about 25.6%. Teggar
et al.[138] numerically studied the plate type TES device containing phase change material for air conditioning.
The device was equipped with a set of parallel plates and had a gap between every two successive plates, shown
in Figure 2.14. The parallel plates were fulfilled with water as PCM. Cold ethylene glycol as heat transfer fluid
was circulated during nights through the parallel plates to charge the PCM. The indoors warm air during days

was cooled down when circulating through the charged parallel plates.
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Figure 2.14: Scheme of the plate type latent heat exchanger[138].

It was concluded that the complete charging time of the cool storage device was within 3 h 37 mins. The
charging rate decreased over time due to the drop of the temperature gradient between the liquid fluid and the

PCM. A proportion of 81% of PCM was charged within 57% of the total charging time.
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Mosaffa et al.[139] numerically studied the solidification process of PCM in a shell and tube device with radial
fins. The geometry of the device was shown in Figure 2.15. The calcium chloride hexahydrate, CaCl,-6H,0,
with a melting temperature of 29.7 -C was selected as PCM and atmospheric air was chosen as heat transfer
fluid which flew through the tube. The outer side was insulated to prevent heat loss. The effects of air velocity
and inlet air temperature on the performance of the thermal energy storage were studied. The obtained results

were expected to determine optimum designs for air conditioning systems for various climatic conditions.
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Figure 2.15: Schematic of the thermal TES device for air conditioning[139].

Hu et al.[140] numerically studied a PCM heat exchanger for ventilated window application. The heat
exchanger was made of a wooden frame, a glazing cover, and parallel vertical PCM boards which contained
paraffin wax with a temperature at 22°C as PCM. The PCM heat exchanger was discharged through cold air
during nights and recharged by high-temperature ambient air. The authors recommended the suitable
correspondence of plate thickness with discharging time. For a 4-5 h discharging time, 10 mm plate thickness
for the heat exchanger was recommended, when the discharging time decreased to 0-3.6 h, 5 mm plate thickness
for the heat exchanger was recommended. For a 10 mm plate thickness heat exchanger, the discharging
efficiency of the heat exchanger was 89.85%, the efficiency increased to 90.32% when the plate thickness
decreased to 5 mm. Dolado et al[141]. simulated the thermal behaviour of a phase change material-air heat

exchanger for a solar cooling system which aimed to increase the COP of the absorption chillers. The PCM-air
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heat exchanger, shown in Figure 2.16. which consisted of a series of microencapsulated PCM plates arranged as
parallel plate-walls, separated by air gaps. The air flow was driven between the PCM plate-walls by a
centrifugal fan and exchanged heat with PCM. The RT27 from Rubitherm Company with melting temperature

at 27 “C was selected.

Air gap width

3

TESunitairinlet

ntri fan \

TES unit air outlet

PCM plate wall: E
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Figure 2.16: Schematic view of the PCM-air heat exchanger[141].

It was found that a COP improvement of 14% was obtained compared to the same system without the air heat

exchanger.

2.3.2 Experimental

Allouche et al.[142] experimentally investigated the performance of the low temperature thermal energy storage
tank which could be used for air conditioning applications. The tank had a capacity of 100L with bundle tube
inside, shown in Figure 2.17. Two parallel tube bundle heat exchangers were put in the top of the tank used for
the charging process. Meanwhile, another two parallel tube bundle heat exchangers located in the bottom of the
tank for the discharging process. Each tube bundle heat exchanger was composed of 7 tubes with a pitch of 22
mm. The comparison of water, PCM tank released cold energy more quickly. It indicated that the tube bundle

storage tank showed a better heat transfer performance than a coil-in-tank configuration.
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Figure 2.17: Longitudinal cross section view of the storage tank[142].

Mari'n et al.[143] designed a plate type PCM-air heat exchanger mainly for free cooling applications and tested

it experimentally. Through embedding the paraffin in the graphite matrix, the flat plate encapsulations were

formed. As can be seen in Figure 2.18, the external shell was made with plates of polystyrene, with an air

chamber in between. When air flew through PCM plates set, heat was transferred between the PCM and air. The

power of fan was decreased by up to 50% by adding graphite matrix into the PCM plates.

OUTLET AIR

PLATES PCM

Figure 2.18: Configuration of the thermal TES device.[143]
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Castell et al.[144] experimentally studied of a PCM tank for cold storage applications. As shown in Figure 2.19,
a coil was inserted in the tank and the tank was filled with the low temperature PCM. The coil was looped to be
evenly distributed through the PCM. Through the study, a new equation of the effectiveness as a function of the
ratio of the mass flow rate over the heat transfer surface was proposed which could be used as the design of the
coil in tank type TES device. It was also shown that the effectiveness of the PCM energy storage unit decreased
with the increasing flow rate of water flow and increased with increasing heat transfer area. The coil in tank
design combined with a low-temperature PCM was advised by the authors as a thermal storage facility for cold

storage.

Figure 2.19: Schematic and photo of the experimental PCM device.[144]

The suitability for the integration of a helically coiled tube device into a low-temperature energy storage system
for solar air conditioning applications was carried out by Diaconu et al.[145]. A helically coiled copper tube
immersed in a tank was built. The helix diameter was 140 mm, consisting of eight turns and a pitch of 37 mm.
The helically coiled tube was inserted coaxially in a tank of 240 mm in diameter and 550 mm in height. Distilled
water was selected as the heat transfer fluid which circulated through the helically coiled tube. It was found that
the values of the heat transfer coefficient for the phase change material slurry were higher than for water. Weng
et al.[146] experimentally studied the thermal performances of a heat pipe with phase change material for
electronic cooling. The flat heat pipe was made of Cu with a length of 120 mm and a diameter of 6 mm. The

photo of the phase change module was shown in Figure 2.20. The working fluid inside the copper tube was
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water. The heat sink has 29 fins with a fin height, width and thickness at 5 mm, 40 mm and 0.2 mm respectively.

The energy storage tank was made of acrylic.

Energy storage tank Heat sink

Heat pipe

Condensation

Figure 2.20: The photo of phase change cooling module[146].

It was concluded that the heat pipe module with tricosane as PCM could reduce fan power consumption up to

46%. Usman et al.[147] experimentally compared the thermal performance of unfinned and finned PCM based
heat sinks for passive cooling of electronics. Thermal enhancement by pin-fins with inline and staggered pin-fin
arrangements was studied. Organic PCM was incorporated inside the heat sink to absorb the heat generated by
the electronics. The obtained results showed that triangular inline pin-fin heat sink geometry was most efficient
for passive thermal management of electronic devices. Garg et al.[148] presented the thermal performance of
encapsulated phase change material based TES device for thermal management of the building. The
high-density polyethylene (HDPE) containers with copper tubes circulating inside were used as the TES device.
The inorganic chemical compound with a melting range of 23-32 °C was used as PCM and water was used as
the heat transfer fluid. PCM was used to absorb heat from air present in the room and water was used to extract
heat absorbed by the PCM. The TES device was placed on the top of the test room for cooling. The schematic of

the TES device and the placement of the device inside the room were shown in Figure 2.21.
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Figure 2.21: Schematic of the encapsulated PCM based TES device cooling system and its placement in
the test chamber[148].

It was found that the encapsulated PCM based TES device could reduce the heat gain of the test room by
approximately 50% with the mean air temperature decreasing by more than 6 °C. It was proposed that the
encapsulated PCM based heat exchanger was beneficial in flattening the peak for longer duration and reducing

the fluctuation in mean air temperature of the test room.

2.3.3 Summary

For the optimal design of the TES device, among the published results, adding fins were very attractive and
effective. For the existed types of heat exchangers, the plate-fin type heat exchanger has been proven to have a
high degree of surface compactness and better thermal performance.

Al-Abidi et al. [149] used fins in a triplex tube heat exchanger for PCM melting and shortened the total melting
time by 34.7%. Peng et al.[150][49] reported that the plate-fin type heat exchanger represented compact
configuration and a good heat transfer performance compared to the traditional ones. The charging performance
of the phase change system with tube and fins was experimentally investigated by Tao et al. [151]. Results
showed that by using two types of enhanced fins, the energy adsorbing time decreased by 71.2% compared with
the system without fins. Sciacovelli et al. [152] employed fins to increase the energy transfer rate of a
shell-and-tube TES device. System efficiency was increased by 24% when using the Y-shaped fins with two
bifurcations. Ye et al.[153] numerically modelled energy transfer characteristic using a plate-fin energy device.

The obtained conclusion revealed that a remarkable vortex of air was formed during the energy release process.
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Stritih[154] experimentally compared the energy transfer behaviours of a TES device with a fin-extended
surface. The results showed that by adding fins, total heat transfer release time reduced by 40%. It was
concluded that the compact finned heat storage exchanger provided superior performance.

Meanwhile, the simplicity in structure, ease in fabrication and low cost of manufacture can contribute to the
widespread and commercial application of fins in latent heat energy storage system. Besides, for transport air
conditioning applications, the limited volume and weight requires the compactness of the device due to the

mobility. Hence, a novel compact TES device with fins was designed and manufactured in this study.

2.4 Air conditioning system performance

Air conditioner used in vehicles or buildings consumes the significant part of the rolling stock’s total auxiliary
energy approximately 20%. However, the frequent heat load causes a low energy efficiency and poor economic
performance of the traditional air conditioning system. Besides, it leads to a thermal comfort reduction. Hence,
effective methods have been employed to solve the current issues.

For the transport applications, the air conditioning system is the essential component which supplies thermal
comfort to the occupants. However, it significantly increases the energy consumption which shortens the driving
range[155][156]. It was reported that the air conditioner unit in small commercial vehicles could consume 12%
to 17% of available engine power, with most of the energy being used by the compressor[157]. Research also
shows that the air-conditioning unit is responsible for the largest proportion of energy consumption of the urban
rail onboard auxiliary systems[158].

Therefore, the reduction in the energy consumption of the air-conditioning unit has become a major concern in
the transport field. Energy storage using phase change materials performs great potential to reduce energy
consumption due to its high latent heat storage capacity and nearly isothermal phase change behaviour
[159][160][161][162][163][36][164]. Utilizations of PCM have been investigated for a long period to reduce air
conditioning system energy usage by maintaining comfortable temperatures[165][166].

Hence, the PCM based energy storage has been performing increasing importance in air conditioning systems.
When integrating with energy storage, the new air conditioning systems are able to provide more stable
operation and lower energy consumption than conventional systems[167][168][169]. The thermal comfort
improvement combined with emission reduction also shows the prospect of PCM based air conditioning systems

[170][171][172][26].
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Hence, the effective method is needed to smooth the heating and cooling power of air conditioners which can
keep the output energy stable. This can increase energy efficiency and reduce the noise, and maintain the output
temperature constant. Latent heat energy storage systems which benefit from the natural characters of phase
change materials (PCMs) have been used to shift peak and off-peak energy and show great potentials in various
applications. It is particularly attractive for solving the existed fluctuations problem of transport air conditioner
owning to its large energy storage capacity to store energy at a relatively constant temperature[4] [5][6].
Attempts using LHTESS to settle the mismatch issues of demand and supply have been made in air conditioning
systems. The gained experience showed that the peak cooling electric demand could be declined by a maximum
of 90% when applying the cold energy storage in a conventional air conditioning system[173]. Research also
revealed that the system efficiency could be improved when integrating the LHTESS with the air conditioning
system [174][175][176].

Previous work has concluded that the LHTESS is an important apparatus to manage and adjust the cold energy
balance and stability. It is feasible for mobile transport leading to the lower temperature fluctuation, large
energy savings, more stable operation and control, reduced pollution and noise, decreased mechanical
equipment size and extended equipment operating time [177][26].

Obviously, the conventional air conditioning systems are proven to be energy intensive with temperature and
power fluctuations. It can even bring a health concern due to gas and noise pollution.

The LHES can store excess energy in off-peak time and release it with a constant temperature in peak time,
which is attractive for relieving the cooling load fluctuations and improve thermal comfort. What’s more, LHES
has a large energy storage density and will not occupy much space in the carriage which has strict spatial
constraints. Attempts using LHES in building air-conditioning have been widely reported, which shows

significant energy and cost savings, and thermal comfort improvement.

2.4.1 Temperature stabilization

Allouchal et al. [167] dynamically simulated an air conditioning system with PCM cold storage. They indicated
that integrating the PCM based latent heat storage with the air conditioning system lead to a more stable system
with higher indoor comfort. Fang et al[178]. experimentally studied the performance of a PCM based
air-conditioning system with separate helical heat pipes. Two groups of parallel inner whorl copper tubes

installed in cool storage tank were used as the evaporation part of a separate heat pipe for cool storage. Water
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was used as the PCM which released cold the heat transfer fluid in the form of ice. It was found that the cool
discharge rate in the cool storage tank stabilized between 3.5 and 3.0 kW during ice latent heat discharging
period with the cooling capacity achieving at 35,000 kJ. The outlet water temperature from the cool storage tank
was kept between 4.2 °C and 5.5 °C, and the outlet air temperature inside the room unit maintained quite stably

between 8 °C and 9 °C when using the PCM energy storage tank.

2.4.2 Energy savings

Al-Aifan et al[179]. applied dimethyl adipate with phase change temperature at around 9.92 °C to the combined
variable refrigerant volume and cool thermal energy storage air conditioning system. It was found that the
indoor temperature was maintained at 24 °C for year-round operational conditions. The reduced cooling
capacities and reduced combined power consumption contributed to the improved performance of the combined
system. The authors concluded that the proposed system would be beneficial to meet indoor comfort cooling
without sacrificing energy efficiency. Sun et al [180]introduced a PCM based air conditioning technique for
telecommunications base stations. The simulations combined with the experimental evaluations showed that the
adjusted energy efficiency ratio of the new system can enhance up to more than 4 times compared with the
normal air conditioner with an estimated energy saving potential at 50%.

Jia [181]et al set up a storage-enhanced heat recovery room air-conditioner test rig containing a PCM based heat
recovery tank. The obtained results showed that the overall performance could be increased by PCM with the
overall coefficient of performance (COP) improving by 6.9%-9.8%. The heat retention time of the tank water
was also extended by 21.1%. Zhao et al[137]. numerically proposed a new air conditioning system integrated
with a finned shell-and-tube based PCM energy storage unit. The general effectiveness of the PCM energy
storage system exceeds 0.5 with the COP of the system increasing by 25.6%. Karaipekli [97]et al. used the
PCMs for building ventilating and air conditioning purposes. The results show that the indoor thermal comfort
can be improved due to the lasting comfortable period. It is also concluded that the energy consumption can be
decreased.

Zhao et al [182] introduced the PCM heat storage unit to the prototype thermoelectric system for space cooling
application. The obtained results show that 35.3% of electrical energy can be saved with the maximum system
cooling COP up to 1.22. Parameshwaran et al[183]. used silver nano-based PCM to improve the thermal

performance and energy efficiency of chilled water-based variable air volume air conditioning system.
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Compared with the conventional system, the proposed air conditioning system achieved an on-peak and per day
average energy savings up t036-58% and 24-51% respectively. Castell [184] et al. applied alveolar bricks with
PCM in building passive cooling field. They revealed that the PCM could reduce the daily temperature
fluctuations with energy savings at about 15%. The PCM-impregnated gypsum boards used for building cooling
were experimentally studied by Barzin [14] et al. They concluded that the daily cost and energy could be saved
up to 93% and 92% respectively with weekly electricity saving of 73%. Zhao et al. [182] proposed a PCM
energy storage system for water-cooled air conditioning application. Results showed that the integrated system
had a general efficiency higher than 50%. Integration of the latent heat energy storage with the conventional
cooling tower can increase the coefficient of performance (COP) value of the conventional water-cooled
air-conditioner by about 25.6%. Chaiyat [185]used PCM to improve the cooling efficiency of an air conditioner
under Thailand climate. The electrical power of the modified system could be saved by 9%. Allouche et al.[186]
presented the simulation of a solar driven ejector cooling system integrating with PCM cold storage for space air
conditioning. The system which was mainly consisted of a solar loop, an ejector cycle and a PCM cold storage
tank was designed to provide air-conditioning for a 140 m® office space during the summer. The obtained
maximum COP and solar thermal ratio (STR) were 0.193 and 0.097 respectively. It was also found that using a
large cold storage tank capacity resulted in a high cooling cycle COP. Said et al.[187] integrated the phase
change material based plates with the condenser of the air conditioning unit. The PCM material with the melting
temperature at 24-25°C was enclosed in a thin aluminum cuboid of 1 mm thickness. By discharging the charged
cold storage energy at night at day, the coefficient of performance (COP) of the air conditioning unit with PCM
plates increased. Through decreasing the condenser pressure and increasing the evaporator cooling capacity, the
PCM based system reduced the consumed power of the air conditioning unit by up to 11.2%. Aljehani et al.[188]
proposed a phase change composite material consisting of paraffin wax (n-Tetradecane) and expanded graphite
based cold thermal energy storage systems for air conditioning applications. The system consisted of a stack of
28 slabs of composite PCM with the size and weight of each slab at 46x26x2.54 cm and 2.79 kg (22% graphite
and 78% graphite) respectively. The copper tubes passed back and forth in between the 28 slabs. A stream of
Ethylene Glycol (EG) was circulated through the copper tubes for charging and discharging the PCM. By
integrating the PCM with the conventional air conditioning unit, the compressor could be designed by a 50%
drop in size, which led to an electricity consumption drop by 30%. This doubled the efficiency during mid and
off-peak hours with lowering CO, emissions by 30%. Chen et al[189]. tested a PCM based air conditioning

system which was proposed to be used for data centre and telecommunication station cooling management. The
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whole system consisted an outdoor and an indoor unit which was illustrated in Figure 2.22. A commercial PCM
with melting temperature at 17-21 °C was selected. The PCM was filled in aluminum panel containers, and a
total number of 30 containers were arranged in 10 layers parallel to each other in a cold storage tank. The total
amount of PCM used in the study was about 58.5 kg. The gap between two adjacent PCM containers was used

for the water channel which acted as heat transfer fluid.

(a) (b)
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Air cooler
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A OE) Compressor Dry filter
Water digital Air-cooled condenser
flow meter 5 %
Air inlet
Pressure )
transducers Air damper
Temperature Cold storage tank with PCMs
Sensors
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Water-cooled

Electromagnetic valve
evaporator

Thermal expansion value Circulating pump

Figure 2.22: Schematic of the experimental system: (a) indoor and (b) outdoor units[189].

It was found when using PCM to release the cold which was extracted from ambient air during nights, the COP
of the air conditioning system could be increased by about 14% compared to that of the conventional system.
Jarzyna et al[190]. used distilled water to store thermal energy in public transport vehicles. Significant reduction
of financial expenses and the total weight of all batteries with the same amount of stored energy were observed.
This cold energy stored by the PCM was from electricity which could be drawn from the network at bus stops. It
was also concluded that the thermal storage tank could be an alternative to electrochemical cells and might

contribute to reducing the cost of transport.
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2.4.3 Economic analysis

Chaiyat [185] employed the experimentally verified model to investigate the PCM integrated air conditioning
system. It was concluded that the cost of the PCM based air conditioning system could perform a 9.10% drop
with the payback period at around 4.15 years. The energy economic performance of PCM integrated air
conditioning system was carried out by Chaiyat [185]. It was found that the electrical and cost savings could be
achieved up to 9% and 9.10% with the payback period at around 4.15 years. Kabeel et al[191].economically
compared a solar energy assisted desiccant air conditioning system with four different kinds of PCMs. The
numerical results showed that the life cycle savings could be achieved at 1727.5, 1997.6, 1766.1, and
1534.6% for using paraffin wax, stearic acid, capric-palmitic and CaCl,-6H,0 as PCM respectively. It was also
concluded that when using the above the PCMs, the payback time was 4.93, 3.19, 3.94, and 4.33years
respectively. Mosaffa et al[192]. studied the economic performance of a PCM based air conditioning system. By
comparing three different kinds of PCMs, the best PCM was selected through the exergoeconomic analysis, with
the lowest total cost rate at 4094 $/year. Navidbakhsh et al[193]. modelled the system performance of an ice
thermal energy storage system (ITES) incorporating a PCM as the partial cold storage. Calcium chloride
hexahydrate was selected as the PCM. When integrating PCM with the system, the annual electricity
consumption decreased by 6.7% and 17.1% relative to simple ITES and conventional air conditioning systems
respectively. Compared to the conventional system and the ITES system, the payback period could be 3.97 years
and 3.39 years respectively.

The thermal performance of cold energy storage integration with solar-assisted air conditioning was carried out
by Diaconu et al[194]. The thermal comfort improvement was observed through the numerical study. Akeiber et
al[195]. evaluated the thermal performance and economy of a PCM based building air conditioning system.
PCM (paraffin) was enclosed inside the aluminum container. It was demonstrated that the room without PCM
encapsulation consumed the highest energy at 24 °C than the one with PCM. A reduced internal heat flux
(38.45%) and temperature fluctuation was achieved with PCM encapsulation in the room. The authors
concluded that the proposed PCM system was advantageous for efficient building construction in hot climate

conditions.
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2.5 Summary

The above applications show that employing the latent heat energy storage based on PCMs have great
advantages and potentials on temperature stabilization, energy savings, cold energy balance and stability,
emission and noise pollution abatement, equipment size reduction, extended operational life, and easier
operation and control compared to the conventional mobile refrigeration systems.

Among the existed approaches, integrating PCM cold energy storage with air conditioning system has shown
great potential for industrial applications due to the advantages of peak energy demand shift and thermal
comfort improvement. Implementation of PCM in air conditioning system shows great potential for increasing
the COP with a reasonable payback period.

However, there are only few industrial applications of PCM based air conditioning system. This is mainly due to
the relative thermal conductivity of PCMs which leads to a poor overall thermal performance of the system. As
mentioned above, it’s much easier and more effective to increase the overall performance by optimizing the
devices instead of increasing the thermal conductivity of PCMs. Besides, the past work in this field mainly
focuses on the performance in building applications without considering the compactness. For the transport
application, it has a strict requirement of the compactness of the system with suitable volume and weight.

Hence, it’s important to develop the compact TES device for transport application. In this study, a compact TES
device filled with PCM was introduced to the air conditioning system which has a great potential in transport
application.

Emergency ventilation and cooling is another problem which the transport air conditioning is facing. Currently,
only fresh air from ambient can be blown to the carriage when the sudden accident of the electricity supply
occurs. This leads to a shortage of emergency ventilation and cooling which can cause thermal comfort
reduction and even the healthy concern. Hence, it’s quite necessary to develop the emergency ventilation and
cooling for the transport field.

There is still no sufficient study to involve the proposed system. In this study, a PCM based air conditioning
system by adding a compact TES device filled with PCM to normal air conditioning system was experimentally
investigated. The device design and performance, system performance combined with economic analysis, and

emergency ventilation and cooling have been carried out in this study.
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Chapter 3 Methodologies
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The effects of utilizing fins in both air and PCM sides were investigated numerically and experimentally
validated in this chapter. The effects of air fins, PCM fins and model PCMs with different thermal conductivities
on the total heat transfer rate during the melting and solidification processes were compared. The charging and
discharging behaviours of air conditioning system with the TES device installed were investigated

experimentally.

3.1 Mathematical modelling

In this part, the four configurations of the PCM based TES device are described first, followed by boundary and
initial conditions. Mathematical model and numerical method are then briefly discussed.

A three-dimensional view of the TES device is shown in Figure 3.1. It consisted of PCM chambers and air
channels. The PCM chambers are rectangular-shaped with vertically oriented straight fins; see Figs 3.1 and 3.2.
Air channels are horizontally arranged with serrated fins with each 10mm long in the flow direction and
orthogonal to the PCM chambers. The air channels and the PCM chambers are periodically arranged and
connected with clapboards. The used of serrated fins in the air side was for disturbing air flow to create
turbulence for enhancing heat transfer while minimizing pressure drop. Air was used as the heat transfer fluid
and flowed through horizontal air channels where serrated fins were installed[196][197].The use of straight fins
in the PCM side was to minimise difficulties in PCM filling process which achieve a required level heat transfer
enhancement for the purpose of his study. As the TES device is large, only a small section (marked with the red

dotted line) was modelling in this study.
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Figure 3.1: TES device for numerical simulation (unit: mm).

3.1.1 Boundary and initial conditions

As mentioned above, only a small section of the TES device was modelled. The main reasons for the only
modelling the small portion are: first, modelling the whole TES device is very time consuming; and second, the
geometrical structure of air channels and PCM chambers are symmetrical and periodically arranged.

Figure 3.2 shows the detailed geometries of the selected portion for numerical simulation, which has a length of
100mm containing a periodical unit of air channels, PCM chamber and clapboard. The height, width and
thickness of fins in both air and PCM sides are respectively 9.5mm, 2.5mm and 0.2mm and the offset length of

air fins is 20mm. The width and thickness of the clapboard are 2.5mm and 0.2mm, respectively.
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Figure 3.2: Geometrical dimensions of the fins and clapboards.

The boundary conditions were set on the basis of a normal operation of a traditional air conditioning system
with air temperature ranging from 284.15K to 312.15K and air velocity 1.20 m/s. During discharging, both the
PCM (in solid form) and straight fins were initially set at a temperature of 289.15K. The inlet air velocity and
temperature of air were given as 1.20 m/s and 312.15K, respectively. During charging, both the PCM (in liquid
form) and straight fins were initially at the temperature of 298.15K. The inlet air velocity and temperature were

initially at 1.20 m/s and 284.15K, respectively. The initial conditions for the simulations are summarized in .

Table 3.1.
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Table 3.1: Initial conditions of the numerical simulation for the charging and discharging process.

Catalogue Charging Discharging
Inlet air temperature (K) 284.15 312.15

Inlet air velocity (m/s) 1.20 1.20

Initial PCM phase and temperature (K) Liquid, 298.15 Solid, 289.15
Initial air fins and clapboard temperature (K) 298.15 289.15

Initial PCM fins temperature (K) 298.15 289.15

3.1.2 Numerical simulation

The numerical simulations were performed in the Ansys Fluent environment. For each of the configurations, the

following assumptions were made with rationales also included:

®* PCM is uniformed distributed in the PCM chambers and homogeneous in terms of thermophysical
properties-this is justified through carefully PCM filling and degassing processes.
® No heat loss from the modelled parts-this could be achieved by carefully insulating the TES device.

* Negligible effect of natural convection-this is due to densely distributed fins within PCM and little space for

PCM to flow [198].

Under the above assumptions, the governing equations for the PCM include the flowing mass, momentum and

energy balance equations:
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op 3.1
—+V-(pv)=0 (31)
P (pv)
ov p _ s (3.2)
p5+p(V-V)V=—Vp+,uV V+pg(T -T,)+S
0 (3.3)
a(,oh)+V-(,ovh):V-(kVT)

Where v represents the velocity vector, p denotes the density, k is the thermal conductivity, h is the specific
enthalpy and T is temperature. Phase change process was accounted by using the enthalpy-porosity method
which allows tracking the presence of solid/liquid PCM by using the liquid fraction. The specific enthalpy h is

written as:

.
+ [ ¢, dT +7H (34)

T

h=h

ref

ref

where H is the latent heat of fusion of the PCM and liquid fraction y is defined as:

0 T <T,
y=117L 17 o, 35
T,-T
1 T>T,

Where T and T, are respectively the solidification and melting temperature. The air velocity and temperature
were obtained by solving continuity, Navier-Stokes and the energy equations. A tetrahedral mesh was used for
the discretisation of the governing equations. The Semi-Implicit Method for pressure —Linked Equations
(SIMPLE) algorithm was employed for velocity-pressure coupling. The Second Order scheme was used for
pressure spatial discretization and the Second Order Upwind was used for the discretization of the momentum
and energy terms. A fine mesh is applied at positions close to walls and the cell size was taken as half of the
fin’s thickness (0.1mm), which was found to be appropriate through sensitivity analyses. The total number of
nodes and corresponding tetrahedral cells of various geometries are list in liquid fraction was monitored.

Table 3.2.
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A time step of 0.1s was chosen to ensure time-step independent results. The convergence was checked with the
scaled residuals less than 10 for the continuity, momentum, and energy equations. The volume average of
PCM liquid fraction was monitored.

Table 3.2: Number of nodes and corresponding cells for different geometries.

Geometries Number of nodes Number of cells
No fins 7261302 41915191
PCM fins 7269132 42047419
Air fins 7264475 41999148
Both fins 7283028 42143549
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Figure 3.3: Grid independency of the simulation.

The mesh independent test(shown in Figure 3.3) for charge process was carried out at first, with 351,059,

2,693.220 and 5,362,100 cells for coarse, medium and fine mesh, respectively. The results are shown in Fig. 1, it

could be confirmed that the mesh effect could be neglectable when the mesh is greater than 5M.

3.1.4 Experimental validation

(1) Phase Change Material

A commercial PCM, RT 18 HC, purchased from Rubitherm Technologies GmbH, Germany, was used in the

work. A Mettler Toledo Differential Scanning Calorimeter (DSC-2) was used to characterise the thermal

properties of the PCM (melting point, latent heat and specific heat capacity). The measurements used aluminum

56



Chapter 11 Methodologies

crucibles containing ~10 mg sample. To obtain reliable and repeatable results, three different samples were
measured with each sample measured for three times. A sapphire standard material was used as a reference to
obtain the specific heat capacity. The measurements were done between 0°C and 50°C with heating/cooling rate
of 1°C min™ under a nitrogen atmosphere. Table 3.3 gives a summary of the measurement data. One can see a
latent heat of 220kJ/kg and a melting and freezing range between17°C and 19°C. The specific heat capacities at
solid (10°C) and liquid (30°C) state were measured to be 1.9 0.2 kJ/ (kg-K) and 2.0 £0.2 kJ/ (kg-K),

respectively.

A laser flash analyser (LFA427, Netzsch) was used to measure the thermal diffusivity of the PCM with a
platinum crucible. The measurements were carried out in an air atmosphere. A three-layer model was used to
determine the thermal diffusivity. One can see that the average thermal conductivity of the PCM for both solid

and liquid phases is 0.2 W/(m-K) (
Table 3.3).

Table 3.3: Thermal-physical properties of RT18 HC for the numerical and experimental investigation.

Density Latent heat Melting range Congealing Specific heat Thermal
(kg/m?) (kJ/kg) (main peak) range (main capacity Conductivity
°C) peak) (°C) (10 °C) (both phases)
(kJ/( kgK)) (W/(mk))
880 220 17-19 (18) 19 -17 (17) 2 0.2

(2) Experiment rig

Figure 3.4 gives a schematic diagram of the experimental set-up, which mainly consists of the TES device as
described in Section 3.1.1, a commercial air conditioner, an air flow and temperature stabilisation chamber and a
data acquisition connected to various sensors. A Leister Hot wind system was used to provide hot air and air
conditioning unit was from Tripp Lite Company. The exterior size of the TES device including insulation was
600mm (length) x300mm (width) x200mm (height). A total of 10 kg PCM was used in the TES unit. The fins,
channels, chambers, and clapboards were made of aluminum. To make the PCM filling easier, some holes with
2 mm diameter were made on the PCM fins to facilitate the PCM filling process.

The air chamber has a dimension of 800mm (height) x 800mm (width) x1000mm (length) to ensure thorough

mixing of cold air from air conditioner and the hot air from the heater for a precise air temperature control
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before entering the TES device. The outer covering was the insulation layer to prevent the heat loss. The whole
device was made of aluminum. Slightly different from the simulated unit (Figure 3.2), perforated straight fins
were used in PCM side with holes of 2 mm in diameter as these holes could keep the liquidity of PCM being
good for natural convection and materials filling.

Ten K- type thermocouples with 0.3% accuracy were installed in the inlet and outlet of the device with five in
each of the ends. This allowed an average inlet and outlet air temperatures to be obtained from the
measurements of the five thermocouples. Ten extra K-type thermocouples were inserted into the PCM chambers
to track the PCM temperature at different positions as a function of time. The locations of the thermocouples
inside the PCM are shown in Figure 3.5, where the axial distances from the inlet were denoted respectively by
T1land T2 (50mm), T3 and T4 (150mm), T5 and T6 (300mm), T7 and T8 (450mm), and T9 and T10 (550mm).
The thermocouples were interfaced to an Orchestrator data logger with 64 channels, which included a 7320
measurement module and a 7020 Analog I/P module. The data-logging unit was connected to a desktop
computer, allowing all the measurement data to be recorded. A thermal anemometer with 1% accuracy (Air flow
Instruments) was employed to measure the inlet air velocity. The anemometer measured air velocity at different

positions at the inlet plane enabling accurate estimation of the average air velocity. °

AL L

|Thermoanemometer

-
. 4 | RH: Relative humidity meter |
| T:Thermocouple |

Air heater | :

|

l

|

|

|

Energy storage unit

Air conditioner Chamber Rk S SELCe ./
Data logger \,.

Computer

Y

Figure 3.4: Brief schematics of experimental rig for testing the TES device.
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Figure 3.5: Distributions of the thermocouples inside the TES device, the number i in the cycles

corresponding to the Ti in the text (i=1-10), (unit: mm).

(3)Validation of the model

Figure 3.6 shows a comparison of modelling and experimental results of the outlet air temperature for the
charging and discharging processes under a constant inlet air temperature of 11 °C and 39 °C, respectively. One
can see the modelling results capture the main feature of experimental results though the experimental curve is
more diffusive, which could be attributed to two reasons with one being that the axial thermal conduction via the
aluminum wall of the PCM chambers was not accounted in the modelling, and the other being a wider phase
change temperature range of the PCM than the DSC measurements. To quantify the derivation of the modelling
results from experimental data, a relative maximum error (dnax) and average error (dawe)[199] are introduced

here:

5. (100%) = max 4| | 222 —Ymm | | 100 (36)
1,2,..N y
exp
_ Yoo ~ Youm 3.7)
e (100%) = D 4| [Z2—" 1100 ¢/ N
1,2,..N exp

Where y represents a measurement parameter; the subscripts exp and num denote respectively the experimental

data and modelling results; and N is the number of positions where the parameter is measured or calculated. One
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finds that the .. and d.ye Values are less than 9.67 % and 4.24 % respectively for the charging process with an
inlet air temperature and 11 °C and an inlet velocity at 1.20m/s , and are lower than 12.37 % and 6.56 % for the

discharging process with an inlet air temperature of 39 °C and an inlet velocity of 1.20m/s.
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Figure 3.6: Comparison of the results between simulation and experiment for discharging (a) and charging

(b) processes.
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3.2. Experiments

This part gives details of design and inside structure of the devices. The experimental system design and
construction, data-logging, experimental procedure, the materials used in the experiments and their

characterisation were also discussed in this part.

3.2.1 Phase Change Material

The commercial PCM (RT 18 HC) was used in the TES device, the characterisations and thermal-physical
properties of the PCM were indicated in Section 3.1.3. The outside dimensions of the device were 300 mm
(length)x400 mm (width)x300 mm (height), and all parts were made of aluminum. The device was covered by
the insulation layer to prevent the heat loss to the environment. The mass of PCM is 10 kg, and the mass of
aluminum is 18 kg.

The device consisted of PCM and air channels as shown in Figure 3.7. Each PCM channel consisted of
rectangular shaped passages formed by straight perforated fins. PCM was filled and stored in these channels.
In air channels serrated fins were installed. One air channel was connected to one PCM channel with clapboard
as a separation. The unit of one air channel and one PCM channel was repeatedly installed until it was filled the
whole chamber of energy stage device. In both channels, the height of fins and the pitch between fins were 12.8
mm and 2.5 mm respectively, with the thickness of 0.2 mm. The offset length of the serrated fins in the air flow
direction is 10 mm. Both fins were used to enhance heat transfer. Besides, holes on perforated fins could keep

the liquidity of PCM, which would be definitely good for natural convection and materials filling.
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PCM fins Clapboard

\

Figure 3.7: Inside structure of the device.

3.2.2 Discharging experiments

For the real operation of the rail carriage, the inlet air temperature for the charging process is selected between
11-15 °C, as the temperature of the cold air after the evaporator locates in this range. The discharging
temperature is chosen based on the real ambient which varies from 25 to 30 °C. The inlet air velocity is also

selected due to the real operating conditions which is between the 0.75 and 1.2 m/s.
(1) Experimental rig

An experimental rig was set up mainly with the TES device, a commercial air conditioner and a data acquisition
instrument as shown in Figure 3.8. The air heater was used to provide hot air. Cold air was acquired from the

commercial air conditioner. In order to acquire the stable properties of the inlet air, a chamber with the size of
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800 mm (height) x800mm (width) x1000 mm (length) was employed to uniformly mix the air from the air

conditioner and air heater. Then, the mixed air with a given temperature was blown through the TES device.

Air heater

M Thermocouple

[RE]RH transmitter x

Oy

Centrifugal fan

anemometer Energy storage device

_E
_@
_E

N

Air conditioner Data acquisition instrument PC
Chamber

Figure 3.8: Schematics of the experimental rig for testing the TES device.

In order to monitor the air and PCM temperature through the TES device, 8 K-type thermocouples were placed
at the inlet and outlet of the device, with 4 at each side, and 20 K-type thermocouples were placed inside the
PCM to determine its melting and solidification temperatures. The thermocouples were installed in 4 layers
along air flow direction with 5 thermocouples in each layer as shown in Figure 3.9(a). The depth of the
thermocouples, which was the distance from the top surface of the device to the position of the thermocouples,
for T6-9, T10-13, T14-17, T18-21 and T22-25 was 250 mm, 200 mm, 150 mm, 100 mm and 50 mm

respectively, as shown in Figure 3.9(b).

64



Chapter 11 Methodologies

Layer 1
Layer 2
Layer 4

)
®
®
®

Air inlet

% e e @ @ | Aroutet

- o6 0 0| —>

350 o

g | @ @@ @

~——100—

- 50
} 414? 4?1 ]
ANZ A N f
)

150

200
250

300

Figure 3.9: The locations of thermocouples in the TES device, (a) Top view and (b) cross section, unit: mm.
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An orchestrator data logger system with 64 channels, including a 7320 Measurement module and a 7020 Analog
I/p module, was used to collect all the data. Two RH transmitters (of 3.0 % accuracy) were used to measure the
inlet and outlet air relative humidity. A thermal anemometer (of 1% accuracy) was employed to measure the

inlet air velocity. Air velocities at different positions were measured to acquire the average value.
(2) Performance indexes

(a).The working period

For a rail carriage, the supply air temperature is required to be in the range of 16-20 °C. Therefore, the working
period, t, is defined as the period when the air outlet temperature of the TES device is between 16 and 20°C
during the discharging process.

(b).The discharging power

The discharging power of the TES device, W,, is defined as the amount of cold energy absorbed by the air, and

can be calculated as follows.

Wa = n.‘]a (i Ha,in _12 Ha,outj (38)

where, m, is the average air mass flow rate; t is the discharging time; Ha,inand Ha,ou are the inlet and outlet air

enthalpies, respectively.
(c).The discharging thermal efficiency

The total energy absorbed by the air during discharging, Q,, is calculated using Eq. (3.9).
Q.- [wia 69
whereas total energy released by the PCM, Qpcy, is calculated using the Eq. (3.10).
Qecn = Macur | Coe (T =T ) ¥AH oy +C, (T ~Trin) | (310)

where, the first part is the subcooling capacity; the second part is the latent heat capacity and the third part is the

superheating capacity. The mpcy and AHpcy are the mass and latent heat capacity of PCM, respectively; ¢, and
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Cps are the liquid and solid specific heat capacities respectively; T.and T; are the end temperature and initial
temperature of PCM respectively. Tp ow @and Trpign are the low (17 °C) and high (19 °C) melting temperatures.

The total energy released by the aluminum (frame of the TES device), Qa, can be calculated by Eq. (3.11).

QAI =MyCy (Te _T.) (311)

where, my and ¢, are the mass and specific heat capacity of aluminum, respectively. The discharging thermal

efficiency, #y, is defined by Eq. (3.12).

Q. (3.12)

==, ~
Qeem +Qu

(d).The discharging exergy efficiency

The specific flow exergy of the moist air, e, is given by Eq. (3.13).

Ta.out _Ta,in
TO

I ey (3.13)

a,in

ea = (Cp,a +wcp,v)T0(

where, ¢, , and ¢, are the specific heat capacity of dry air and vapor, respectively. Ty is the ambient temperature.
Tain @nd Ty oy are resepectively the air temperature at the inlet and outlet of the TES device.

The total flow exergy of moist air, E,, is given by
t
— (3.14)
E,=m, IO e, dt
The total exergy released by PCM, Epcy, is acquired by Eq.  (3.15).

T, T, Tohi
EPCM = mPCM Cp,s [(T| _Tm.low) _To In(i)] + mPCM AH PCM [(70) _1] + mPCM cp,l [(Tm,high _Te) _To In(y)] (3'15)

m,low m,ave e
where, the first part is the subcooling exergy; the second part is the latent heat exergy, and the last part is the

supheating exergy. T ave iS the average melting temperature, 18 °C.

The total exergy released by the aluminum (frame of the TES device), Ep,, is calculated in the following.
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T-T
Ea = mAICp,AITO[( T
0

T
—In(—L (3.16)
) |”(.|_e )|

The discharging exergy efficiency, 7., is defined by Eq.(3.17).

E. (3.17)

N == =
Epem + En

(e). The discharging depth
Given the air temperature requirement of 16-20 °C for the rail cabins, the discharging process will stop when the
air outlet temperature of the TES device is equal or higher than 20 °C. This can occur due to two cases-either or
both of insufficient cold energy in the TES device and the heat transfer process does not allow the exit air to be
cooled down the air to below 20 °C. Considering that there may still be cold energy left, it is therefore of interest
to understand the amount of cold energy remaining in the TES device. The discharging depth, D, is defined as
the ratio of exergy released for cooling the air to the exergy stored in the TES device.

The total exergy stored in the PCM, Epcwm store, 1S determined by,

T
EPCM,store = mPCMCp,s[(Ti _To) _TO In(T_)] (318)
0

The total exergy stored by the aluminum (frame of the TES device), Ea swore, IS calculated as follows.

T
EAI,StOre = mAICp,A| [(T| _TO) _TO |n(_|_—')] (319)

0

The discharging depth, D, is,

D= EPCM + EAI (3_20)
E +E

PCM ,store Al,store
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3.2.3 Charging experiments

(1) Experimental rig

Experimental rig included the compact TES device, a commercial air conditioner and a data acquisition system
as shown in Figure 3.10. Cold air was acquired from a commercial air conditioner. To acquire inlet air with
stable properties, a chamber with the size of 800 mmx800 mmx1000 mm was employed as an air reservoir.

After the air was stabilized, it flowed through the TES device for charging.

! I
1] Thermocouple : :
! I
[FH]RH transmitter : EF EP EP E‘Ij Dlj :
; I
! I
| Dlj T
{00 | ;
; I
! Thermal : .
| anemometer Energy storage device | Centrifugal fan
; I

)

Air conditioner Data acquisition instrument PC
Chamber

Figure 3.10: Schematics of the experimental rig for testing the TES device.

6 K-type thermocouples were fixed on the inlet and outlet of the device, with 3 at each side to acquire the inlet
and outlet air temperatures. To study the internal temperature changes, another 20 K-type thermocouples were
placed in 5 layers with 4 thermocouples in each layer along air flow direction. The thermocouples in each layer
were located at different depths: 50 mm for T4-T8, 100 mm for T9-T13, 150 mm for T14-T18, and 200 mm
T19-T23, shown in Figure 3.11.

An orchestrator data logger system with 64 channels including a 7320 measurement module and a 7020 Analog
I/p module was used to record all the data. Two RH & T transmitters were used to measure the inlet and outlet
air relative humidity and temperature. A thermal anemometer was used to measure the inlet air velocity. Air
velocities at different points were measured to acquire the average value. The uncertainties of the measurement
were 0.3% for thermocouples, 3.0% for RH &T transmitters and 1.0% for thermal anemometer, which indicated

the good reliability of the experimental data.
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Figure 3.11: Top view (a) and cross section (b) of the TES device, the number i in the cycles corresponding

to the Ti in the text (i=4-21), unit: mm.
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(2) Performance indexes

(a).Transient charging rate

Charging rate, W,, is the amount of cold energy released per second by air, and could be calculated as follows.

Wa = ma (Ha,out (t) - Ha,in (t)) (321)

where, m, is the average mass flow rate of air; t is the time; Ha,i, and H,,q are the inlet and outlet enthalpy of

air, respectively.
(b).Charging thermal efficiency
The total cold energy released by air (Q,) and total cold energy absorbed by the PCM (Qpcy) are calculated

using Egs. (3.22) and (3.23), respectively.

Q,= J.;Wadt (3.22)

QPCM = Mecy |:CP,I (TI _Tm,high ) +AH pcm T Cps (Tm,low _Te )] (3.23)

where, mpcw and AHpey are the mass and latent heat capacity of PCM, respectively; ¢, and ¢, are the liquid
and solid specific heat capacities; T.and T are the end and initial temperatures of PCM. Ty, o and T nign are the
low (17 °C) and high (19 °C) congealing temperatures, respectively.

The total cold energy absorbed by the aluminum frame of the TES device, Qa, can be calculated by Eq.(3.24).

QAI =MyC, (T| _Te) (3.24)

where, my and ¢, 4 are the mass and specific heat capacity of aluminum, respectively.

The charging thermal efficiency, ny, is defined by Eqg. (3.25).

_ Qeem +Qu (3.25)

Tl Q.
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(c).Charging exergy efficiency

The specific flow exergy of air, e, is given by Eq.(3.26).

Ta,in _Ta,out —In Ta,in ) (326)
TO

a,out

e, =(C,, +ac, )T

a

where, ¢,, and c,, are the specific heat capacity of dry air and vapor. T is the ambient temperature. T,;, and
Taout are the air temperatures at the inlet and outlet of the TES device.

The total flow exergy of moist air, E,, is given by Eq. (3.27).

E, =, [ e,dt (3.27)

The total exergy absorbed by PCM, Epcy, is acquired by Eqg. (3.28).

T, 1 (3.28)

i m,ave m,low

Tm i T
EPCM = Mecy Cp,| [(Tm,high _Ti ) _To In( -th )] + Moy AH PCM [(70) _1] + My Cp,s[(Te _Tm.low) _To In(

where, the first part is the supheating exergy, the second part the latent heat exergy, and the last part the
subcooling exergy. T ave is the average congealing temperature 18°C.
The total exergy lose from the aluminum (frame of the TES device), E,, is calculated in the following.

T,-T, T
Ep =MyCy Ty~ —In(2)] (3:29)
Al Al“p.allo To Ti

The charging exergy efficiency, 7., is defined by Eq. (3.30).

_ Erem + Ea (3.30)
Tex

(d).Optimal charging depth
During the charging process, exergy efficiency will vary with time. When the dynamic exergy efficiency

reaches the maximum value, further charging will not be energy-efficient. The optimal charging depth (D) is
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defined as the ratio of exergy stored in PCMs at the maximum exergy efficiency to that when the TES device is

fully charged.

o, _ Erou () @
EPCM (te )

where, tna represents the time when the maximum exergy efficiency is obtained; t. is the time when the TES

device is fully charged.
3.2.4 Heat transfer experiments

(1) Experimental rig

The experimental rig is mainly consisted of an air conditioner the TES device, and a data acquisition instrument
as shown in Figure 3.12. Hot air and cold air are provided by an air heater and an air conditioner respectively.
In order to get the desirable inlet air temperature, an insulated chamber with the size of 800 mm
(height)*800mm (width) *1000 mm (length) is used to uniformly mix the air from the air conditioner and air
heater. Then, the stable air was blown through the TES device. A centrifugal fan with a frequency converter is

used to obtain the required inlet air velocity.

Air heater

S
Thermocouple >‘<__' I | | | |
| | | (.
i i

&

Data logger Computer

©

Air conditioner Chamber

Figure 3.12: Schematics of the experimental rig for the heat transfer experiments.
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An orchestrator data logger system was used to collect all the data. Forty-Two T-type thermocouples (of 0.3%
accuracy) were employed to reflect the temperature distribution and the phase change period. A thermal
anemometer was employed to measure the inlet air velocity (1% uncertainty). Different points of air velocity
were measured to acquire the average value.

The device was divided into 6 layers along the air flow direction, with a length of 50mm for each layer. In order
to obtain the temperature difference between the air flow and PCM, 42 T-type thermocouples were distributed
over overall seven axial locations inside the device. These axial locations are Omm, 50mm, 100mm, 150mm,
200mm, 250mm and 300mm from the front of the device. Each location contains six thermocouples. For
thermocouples T1-T7, T15-T21 and T29-T35, they were inserted in the air flow channels to record the air
temperature. The other 21 thermocouples marked as T8-T14, T22-T28 and T36-T42 were installed in the PCM
channels to obtain the corresponding PCM temperature. The distribution of thermocouples is shown in Figure
3.13 a. The depth of thermocouples from the top surface of the device for T1-14, T15-28 and T29-42 is 250 mm,

150 mm and 50 mm respectively, as shown in Figure 3.13 b.
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Figure 3.13: Top view (a) and cross section (b) of the TES device, unit: mm.

(2) Performance indexes

(a). Charging and discharging times
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The charging time is defined as the period when the temperature of PCM drops from 19°C to 17°C, while the
discharging time is given as the lasting time for PCM temperature increasing from 17°C to 19°C.

(b). Heat flux

The transient heat flux between the air flow and the PCM is evaluated through air side using the Eq.(3.32) as

follows:

Qtj,layerl = mcp,a(Ta,tj,layeri,e - a,tj,layerl,i) ] =1,2,,nl=12",6. (332)

where Q j iayert iS the transient heat flux of layer | calculated by air flow, m m is the mass flow rate of air flow,
Cp.a IS the specific capacity of air, T, iayerre and Ty ayer,iare the transient air temperatures at the end and inlet of
layer | and time tj.

(c). Transient heat transfer coefficient

The transient heat transfer coefficient between the air flow and PCM is calculated through Eq. (3.33)as

expressed below.

(3.33)

Qtj layerl .
tjlayerl AATLMTD,tj,layerl' ] )4, N, 2Lyttt

where, Ky ayen IS the transient heat transfer coefficient at layer | and time tj; A is the surface area of the TES
device on the air flow side of each layer; AT wrp ayer IS the transient logarithmic mean temperature difference

at layer | and time t; calculated using Eq. (3.34),

AT¢jla erle‘ATt'layerli .
AT, - = e Ay =1,2,nl=12",6. 3.34
LMTD,tjlayerl In(AT¢j1ayerte/ATtjlayerl,i) J r b ( )

where, the ATy jayerie @Nd ATy aen,i  are the temperature differences between the air flow and the corresponding
PCM at the end and inlet of layer | and time tj respectively.

(d). Average heat transfer coefficient

The transient average heat transfer coefficient Ky is defined as the average of transient heat transfer

coefficient of the total six layers by using Eq.(3.35).
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Ktj,layerl + Ktj,layerz + +Ktj,layer6 ,
Kijave = - , j=1,2n (3.35)

where Ky jayers 10 Ky 1ayers iS the transient heat transfer coefficient corresponding to the layer 1 to layer 6
respectively.

(e). Overall heat transfer coefficient

The overall heat transfer coefficient K,, between the air flow and PCM for the whole device is given by

assessing the average of all the transient heat transfer coefficients, as shown in Eq.(3.36).

K. = Kt1,avetKez,avet " +Kinave (336)
ov n

3.2.5 System experiments

(1) Experimental rig

An experimental rig was designed and constructed for studying the performance of the PCM based
air-conditioning system (PCM-AC) and comparing its performance with that of a traditional air conditioning
(AC) unit. Figure 3.14. shows schematically of the PCM-AC system, which consisted mainly of a conventional
air conditioner, a PCM-based TES unit(see Section 3.2), a temperature-controlled room(testing space), a fan,
various piping and valves, and a data-logging unit. The testing space had an internal dimension of 2.0
m(length)x2.0 m(width)x2.2 m(height) for simulating a transport vehicle carriage.The room was insulated all
around with polyurethane foam panels with a thickness of 10mm. The heat load inside(testing space) was
generated from an electrical heater. The fan was a centrifugal type equipped with a frequency converter for air
velocity control. In a typical experiment, the electrical heater was switched on to warm up the testing space to
30°C. The air conditioner and centrifugal fan were then started with the outlet temperature of the air conditioner
set at 22°C.The cold air from the air conditioner went through the TES unit before entering the room for
providing cooling.The air from the testing space was then returned to the inlet of the air conditioner to close the
loop.

The data-logging unit consisted of various sensors, for measuring temperature, humidity, velocity and electrical

power, interfaced to a computer via Orchestrator data-loggers. The temperature measurements were done by 26
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T-type (all 0.3% accuracy): three installed I the air duct between the air conditioner outlet and TES unit inlet to
obtain the outlet ait temperature of the air conditioner; three in the air duct between the TES unit and the room
to determine the testing space inlet air temperature, twenty in the interior of the PCM side of the unit(see
Section 3.2) to investigate the transient temperature of the PCM; and ten on the walls and ceilings of the
room(see Figure 3.16 for the locations). Two relative humidity sensors(3.0% accuracy) were installed in the
experimental rig with one inserted into air duct between the TES unit and the room to determine relative
humidity of the air entering the testing space, and the other in the center of the testing space. A velocity
meter(1.0% accuracy) was located at the inlet of the room to measure the air velocity into the testing space. The
transient input electrical power of the air conditioner was recorded by an energy logger(1.0% accuracy). Figure

3.15 shows a photograph of the whole experimental testing rig.

z
-©—
o=

' Thermocouple Return duct

Insulation room

' Humidity sensor Valve B

? Velocity sensor

S srmmmee ||

+ B

Air conditioner

Data logger
Energy logger B8

Computer

Figure 3.14: Schematics of the experimental rig for the PCM-AC.
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1: Air conditioner; 2: Energy storage device; 3: Centrifugal fan;

4: Insulation room; 5: Return duct; 6: Data logger.

Figure 3.15: The photograph of the experimental testing rig.
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Figure 3.16: Locations of the sensors inside the insulation room (a: Cross section, b: Top view, unit: mm).

The polyurethane foam panels with a thickness of 100 mm are used for the insulation walls and ceiling. Ten
T-type thermocouples (of 0.3% accuracy) are installed on the walls and ceiling of the insulation room. One
relative humidity sensor (of 3.0% accuracy) is used to determine the relative humidity of the room. The
locations of the sensors are shown in Figure 3.16. The PCM based TES unit is shown in Section 3.2. As
mentioned , there are twenty thermocouples inserted in the interior of PCM based TES unit for measuring the

transient responses of the temperature and their locations are shown in Figure 3.17.
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Figure 3.17: Locations of the thermocouple positions inside the TES unit(numbered between 4 and 23): Top view (a);
and cross-sectional view (b).

(2) Performance indexes

(a). Electricity saving

The electricity saved by the use of PCM-AC, EC,, is defined by the following:

81



Chapter 11 Methodologies

Ec, = EC\or — EChen (3.37)

Where ECyor is the consumed electricity by the AC; ECpcy is the electricity consumed by the PCM-AC.

The percentage of electricity saving percent is therefore calculated by:

£, % = {Eor ~ECeou) 10995 (3.39)

CNOR

(b). Coefficient of performance (COP)

The system COP is defined by:

Q.

AC

COP = (3.39)

Where Q. is the heat flux transferred by air flow; Wxc is the power consumption of the air conditioner. The heat

transferred by air flow is given by:

Qa =m, 'Cp,a : (Ta,i _Ta,e) (3.40)

Where m, is the air mass flow rate; ¢, . is the specific heat capacity of the air; T, and T,;are the air temperature

at the exit and inlet of the TES unit, respectively.

(c). Emergency cooling time

In case of the breakdown of the air conditioner and/or electrical power supply fault, cooling cannot be provided
by the air-conditioning unit and the room temperature will increase if there are no cold sources. Assuming that
the cooling supply must be on when the room temperature is higher than 28°C, the emergency cooling time is
defined as the period from the point when the air conditioning stops working and the point when the room
temperature rises at 28°C.

(d). Economic analysis
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We use the Net present value (NPV) to evaluate the economic feasibility of an investment project. The NPV
examines costs and revenues while taking into consideration the time value of money. Considering a project of
intel examines costs and revenues while taking into consideration the time value of money. Considering a
project of integrating a PCM based TES into a conventional air conditioning system, its NPV can be written as

Eq.(3.41),

litetime  C,,
NPV = Zy:]_ (1+ r(.j)y _Cinv (341)

Where the superscript lifetime denotes the service life of the TES unit and r is the discount rate. In this study,
the discount rate is chosen as 4%, which is a reasonable value to evaluate the economic performance of
decoupled energy storage technologies in the UK[200]. C;,,, in Eq.(3.41) denotes the total initial investment
cost, which consists of two parts: the cost for the TES unit without PCM, Cggp; and the cost for PCM, Cpcpy-
Creq N EQ.(3.41) represents the annual cost reduction by the application of PCM-AC system (the cost reduction
per day is equal to the cost variation before and after the application of storage system), which, if we assume the

system operates 200 days per year, can be given by:

Cred = Dope *(ECNor - ECPCM ) (3.42)
Where Ecy,, represents the daily electricity cost of the normal system and Ecpcy, means the electricity cost
of the system integrated with the PCM based TES. With the C;,,and Cq4, One can estimate the static payback
period as:

payback period = Cin

(3.43)

red

Where the cost reduction is assumed to be the same every year.
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3.2.6Uncertainly analysis

The overall uncertainty of the measurement results, JR , is due to uncertainties of measurements of various

parameters denoted as 0.X, [201], which can be calculated by Eq.(3.44).

N 2
SR = Z(jTR] (6X,) (3.44)

n=1 n

Under the conditions of this study, the calculated overall uncertainty of the working period is 6.47%, the
discharging depth is 9.25% and the discharging power is 8.28%. The overall uncertainty of discharging thermal
efficiency and discharging exergy efficiency is 8.98% and 8.64% respectively.

The maximum uncertainty of the transient charging rate is 7.28%; the maximum uncertainty of charging thermal
efficiency and exergy efficiency is 8.98% and 7.64% respectively; the maximum uncertainty of the optimal
charging depth is 7.91%. The maximum uncertainty of the heat flux is 5.28%; the maximum uncertainty of
transient heat transfer coefficient is 5.64%; the maximum uncertainty of the overall heat transfer coefficient is
5.91%. The maximum uncertainty of the COP is 7.6 %.All the maximum uncertainty is within 10%. Therefore,

the experimental data is reliable and acceptable. These indicate the reliability of the experiment results.
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Chapter 4 Results and Discussions (1): Modelling

and experimental validation
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4.1 Numerical simulation

Having established confidence in the numerical modelling, the TES device with four fin configurations were
simulated. PCMs with different thermal conductivities were also studied for comparison with eh use of fins.
Based on the modelling results, a TES device was designed and tested. The results are presented and discussed

in the following subsections.

4.1.1 Comparison of TES performances between different fin configurations

During charge, the inlet air velocity and temperature were set at respectively 1.2m/s and 11°C(284.15K). The
measured PCM thermal conductivity was used. Figure 4.1. As can be seen, the axial air velocity distribution is
parabolic in the no fins configuration(Figure 4.1d). This indicates a laminar flow regime-consistent with the
low Re number (~325) condition. In both fins case, however, the air flow pattern changes significantly, showing
regions with increased velocity and flow disturbance(Figure 4.1c). Correspondingly, the air temperature
increases quickly in both fins case (Figure 4.1a) compared to that in the no fins situation (Figure 4.1b) due to

heat transfer enhancement induced by the air flow turbulence.

Figure 4.2.shows the PCM temperature and liquid fraction contours. One can see that the PCM temperature
decreases fast in the both fins case with(Figure 4.2a) than that without fins (Figure 4.2b). The solidification
starts from regions close to the clapboard in no fins case (Figure 4.2d), whereas it starts in areas close to the
clapboard and the fins in the both fins case (Figure 4.2c). The liquid fraction of the PCM reduces around 40%
in 58s in both fins case, while it only reduces by ~10% in 295s in the no fins configuration. These results clearly
demonstrate a significant heat transfer enhancement by using the both fins configuration due to the increased

heat transfer area and air flow disturbance.
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Figure 4.1: Air temperature and velocity contours of the charge process: (a). Air temperature for the both
fins configuration, (b). Air temperature for the no fins configuration, (c). Air velocity for the both fins

configuration, (d). Air velocity for the no fins configuration.
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Figure 4.2: PCM temperature and liquid fraction contours during charge: (a). PCM temperature for the
both fins case; (b). PCM temperature for the no fins case;(c). PCM liquid fraction for the both fins

scenario; (d). PCM liquid fraction for the no fins case.
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During discharge, the inlet air velocity and temperature were set at respectively 1.2m/s and 39 °C
(T4=312.15K). The simulated results are shown in Figure 4.1 and Figure 4.2. Similar to the charging
behaviour shown in Figure 4.1 and Figure 4.2, more turbulent air flow (Figure 4.3d) and faster air
temperature reduction (Figure 4.3b) can be clearly seen in both fins case than that in no fins situation (Figure
4.3a & Figure 4.3 ¢). The PCM starts to melt from areas surrounding fins and the clapboard in both fins case
while the melting process starts only from locations close to the clapboard in on fins case. The liquid fraction

of PCM increases at a much quicker rate in both fins case (Figure 4.4c) than that in the no fins configuration.
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Figure 4.3: Air temperature and velocity contours of discharging process: (a).Air temperature for the no
fins case; (b). Air temperature for the both fins case; (c). Air velocity for the no fins case; (d). Air velocity

for the both fins case.
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Figure 4.4: PCM temperature and liquid fraction contours of discharging process: (a). PCM temperature
for the both fins case; (b). PCM temperature for the no fins case; (¢). PCM liquid fraction for the both

fins case; (d). PCM liquid fraction for the no fins case.
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Figure 4.5: Evolution of the liquid fraction during the discharge (a) and charge (b) process with various

configurations.

The liquid fraction data in the charge and discharge process shown graphically in Figure 4.1 to Figure 4.4 are
respectively plotted in Figure 4.5a and Figure 4.5b. as a function of time. One can see that discharge (melting)
process takes ~625s in the no fins case without fins (Figure 4.5a); this reduces to 164s for the both fins case.
The discharge times for the air fins only and PCM only configurations are 180s and 430s, respectively. In other
words, the discharge time reduces by approximately 74% with both fins, 715 with air fins and 31% with PCM
fins, in comparison with the no fin case. These data also clearly demonstrate that the air fins are more effective
that the use of PCM fins under the conditions of this study (typically used in air conditioning operations).
Figure 4.5b. shows the change of liquid fraction during the charge (solidification) process. The total charge
time is found to be 1095s without fins, 168s with both fins, 234s with air fins only and 487s with PCM fins
only. Correspondingly, the charge time reduces by approximately 85% with both fins, 79% with air fins and 56%
with PCM fins. Clearly, the air fins are more effective than the PCM fins in the charging process. These results

are similar to the discharge process discussed above.
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4.1.2 Effects of PCM thermal conductivities

From the discussion above, both the air fins and PCM fins contribute to TES device performance enhancement
to a significant extent and the air fins are more effective. A question is raised-can we enhance the PCM ide
performance through modifying the thermal conductivity of the PCMs? To answer this question, PCMs with
different thermal conductivities were examined through modelling and the results were compared with the use
of fins. In the modelling, only air fins were used whereas the PCM fins were not used.

Figure 4.6. shows the results. One can see that the discharge time decreases with the increasing PCM thermal
conductivity. When the PCM thermal conductivity increases from 0.2(the PCM used in this work) to 1.05
W/m:-K, the discharge time reduces to be comparable to the use of the both fins configuration (Figure 4.6a).
Similarly, for the charging process(Figure 4.6b), a PCM with a thermal conductivity of ~0.78 W/m-K would
give the same heat transfer enhancement as the use of PCM fins. These comparisons indicate that a similar
extent of heat transfer performance enhancement can be achieved by either extending heat transfer area
through fins or by using PCMs with a high thermal conductivity(~5 times the PCM thermal conductivity used
in this work).

The use of fins will result in a slightly higher manufacture cost and less space for PCM. However, PCMs with
desirable phase change temperature and latent heat often do not meet the high thermal conductivity
requirement and the modification PCMs by using highly thermally conductive additives also reduces the space
or PCM, increases the costs and in some cases increases the complexity(e.g.phase separation). Therefore, the

use of fins is still a highly effective option.
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Figure 4.6: Discharge time (a) and charge(b) time with PCM at different thermal conductivity.
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4.2 Performance of the TES device with both fins

Based on the results present above, a TES device with both fins was designed and manufactured and integrated
with an air conditioning unit; see Section 3.1.3 for the experiment system. The charge and discharge behaviour

of such system was investigated and the results are presented in the following.

4.2.1 Evolution of PCM temperature during charge and discharge processes

The charge and discharge behaviour was studied at different inlet air temperatures with a constant average air
velocity at 1.25 m/s. Figure 4.7 and Figure 4.8. show the results respectively during discharge and charge
process. One can see that the temperature profiles at T1, T3, T5, T7 and T9 are almost the same as those
respectively at T2, T4, T6, T8 and T10, indicating a rather uniform lateral temperature distribution in the
designed TES device(refer to Figure 3.4).

Figure 4.7.also shows that the melting front of the PCM(denoted by the sudden temperature increase) moves
with time and the front is diffusive due to reasons mentioned earlier. At the inlet air temperatures studied in
this work(30°C and 39°C), the outlet air temperature is seen to be cooled down to around 18°C in seconds and
such a temperature is kept constant for ~3600s and 2300s respectively for the air inlet temperatures of 30°C
and 39°C.

During charge (Figure 4.8), a similar conclusion to the discharge process can be drawn in terms of the lateral
temperature distribution uniformity. One can also notice that the motion of the solidification front of the PCM
with time as well as the diffusive nature of the solidification front at different axial positions. A comparison
between Figure 4.8a and Figure 4.8b also suggests that a significantly increased charge time would be needed

for charges at a high charge temperature; see below for a quantitative comparison.
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4.2.2 TES device operating duration

For normal operation of an air-conditioning system, the outlet air temperature is expected to be between
16-20°C. As a result, we take the operating duration(also termed as the working period) as the period when the
TES device has an outlet air temperature between 16-20°C. In addition, we expect an efficient PCM TES
device should maintain the outlet air temperature stabilised around the phase change point and hence we regard
the PCM based TES device as optimal if the deviation is within 1°C form the phase change point, namely,
between 17°C and 19°C in this study, for a long period.

Figure 4.9. shows the operating duration of the designed TES device. One can see that, with a decrease in the
inlet air temperature from 40°C to 30°C, the operating duration increases by 58.4%. With the inlet temperature
decreases, both the operating duration and optimal operating duration increase, and the optimal operating
duration accounts for 67.3%, 56.0% and 56.1% of the total operating period at inlet air temperature at 30°C,

35°C and 40°C respectively.

38

| —=— Inlet 30°C| |
34+1i—e—Inlet 35°C|-+-—-------/f i@ -1
1 |—a— Inlet 40°C

A

Temperature(°C)
N o
L L

i i
18 + r ia Rt
| 1 | Working
i i | period
i i i :
14 . "2 2 \4 ;
0 1000 2000 3000 4000

Time (s)
Figure 4.9: Operating duration for the designed TES at inlet air velocity at 1.25m/s.
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4.2.3 Comparison of air outlet temperature of the system with and without the TES device

Figure 4.10 compares the air outlet temperature of air conditioning system with and without TES device. It
can be seen that the system with the TES device provides a smooth outlet air temperature, whereas the air
outlet temperature fluctuates significantly between ~0°C and 17°C every ~300s. Such a highly frequent and
high amplitude fluctuation would imply a more frequent start-stop of the compressor, leading to a higher
energy consumption and increased level of noise effect. This also clearly demonstrates that the TES based
air-conditioning system gives a significantly improved thermal comfort, a much lower noise effect and

potentially a lower energy consumption.
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Figure 4.10: Comparison of the air outlet temperature of the system with and without TES device.
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4.3 Summary

The effects of utilizing fins in both air and PCM sides were investigated numerically and experimentally. The
effects of air fins, PCM fins and model PCMs with different thermal conductivities on the total heat transfer rate
during the melting and solidification processes were compared. The charging and discharging behaviours of air
conditioning system with the TES device installed were investigated experimentally.

Both the air fins and PCM fins could contribute to the increase of the heat transfer rate with the total reduction
of charging and discharging times approximately 85% and 74%, respectively. Hot inlet air could be cooled
down by the TES device to the desired temperature range of 16-20°C in seconds showing fast response.
What’s more, the outlet air has a stable temperature around 18°C for a long time, which is favourable to
improve thermal comfort of the transport compartments. The quick thermal response at the beginning of the
discharging (cooling) process and the long-period constant outlet air temperature around the PCM phase
change point indicates the great advantages of employing the compact latent heat TES device. Hence, an

optimum TES device was designed based on the results.
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Chapter 5 Results and Discussions (11):

Discharging and Charging performance

99



Chapter V Results and Discussions (11): Discharging and Charging performance

A novel compact TES device containing PCM (RT 18 HC) was designed, the charging and discharging

performance was experimentally studied in this chapter.

5.1 Discharging performance

In a typical experiment, the TES device was charged by flowing the cold air flow from the air conditioner,
which has a temperature of approximately 110C. The air flow from the TES outlet was vented to the
environment. The air temperature from the outlet of the TES was monitored for controlling the charge process,
which was stopped when there is no change to the air outlet temperature. The discharging process was then
started with all the sensors and data-logging unit checked. The discharging process involved flowing an air
through the TES device with the air temperature controlled by mixing the cold air from air-conditioner and hot
air from the air heater in the chamber. The inlet air from the chamber was cooled down when flowing through
the TES device. To study the performance of the TES device, three different inlet air temperatures (25, 28 and

30 °C) and velocities (0.70 m/s, 0.85 m/s and 1.2 m/s) were examined.

5.1.1 Evolution of PCM temperature over time

Figure 5.1 shows the time dependence of PCM temperatures at two depths of 50mm and 250mm from the TES
device surface in the air flow direction for an air temperature of 25 °C and air flow velocity of 0.85m/s. As
shown in Figure 5.1 a, with time evolution, the first layer (T6), second layer (T7), third layer (T8) and fourth
layer (T9) start melting in turn. At time less than 25 s, only the first layer melts, while the other layers remain in
subcooling; when time is longer than 150, 225, 315 s, the second layer, third layer and fourth layer start melting
respectively. At time 685 s, the first layer becomes superheating, while the others stay in melting. At 1675, 2005
and 2465 s, the second layer, third layer, and fourth layer go into the superheating region, respectively. It can be
clearly seen that the melting time extends along the air flow direction. It is around 660 s for the first layer, 1525s
for the second layer, 1780s and 2150s for the third and fourth layers respectively. This is due to the fact that the
inlet air temperature of the latter layer is lower than that of the former layer, which results in a small temperature
difference of heat transfer between the air and PCM and consequently small heat transfer capacity when the heat
transfer coefficient does not change much. Similar phenomena could be found in all layers and one more

example at the depth of 50 mm is shown in Figure 5.1b.
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Figure 5.1: Evolution of axial temperature of PCM with processing time at inlet air temperature and

velocity 25 °C and 0.85 m/s (a: Depth 250 mm, b: Depth 50 mm).
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Figure 5.2 shows the radial temperature distribution of PCM in the TES device, where thermocouples for T6 (8),
T10 (12), T14 (16), T18 (20) and T22 (24) are located at the depth of 250, 200, 150, 100 and 50 mm,
respectively. As shown, PCM at the bottom (T22 and T24) have longer melting time, compared with that in the
other positions, which is possibly due to the turbulence and convection flows in the air flow channel, where cold
air prefers going down to the bottom and hot air going up to the top, and correspondingly PCM at the bottom

melts slower.
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5.1.2 Outlet air temperature and working period

In the rail carriages, the desired supply air temperature is in the range of 16-20 °C. Hence, the outlet air
temperature will be a key parameter to evaluate the performance of the TES device. As shown in Figure 5.3, the
outlet air of the TES device could reach the desired temperature (16 °C) in seconds for all the studied inlet air
temperature and velocity conditions, illustrating good heat transfer performance of the TES device. With time,
the outlet air temperature is seen to increase first quickly from 16 to 17 °C, then very slowly from 17 to 19 °C,
and, finally quickly again to reach the inlet air temperature. Both initial and final fast increases in the
temperature is mainly due to the release of a small amount of sensible heat in the sub-cooling (solid) and
sup-heating (liquid) regions (specific heat capacity ~2kJ/kg-K over a small temperature difference),

respectively. The slow increase is due to the latent heat of the PCM in the phase change region (220 kJ/kg).

At a given air velocity, the outlet air temperature reaches 20°C more quickly at a higher inlet air temperature.
This is due to the greater temperature difference between the air and PCM, leading to a faster heat transfer.
Given the inlet air temperature, a shorter duration is needed for the outlet air temperature to reach 20 °C at a
higher air velocity. This is mainly due to an increased heat transfer coefficient due to the increased air velocity.
The results indicate that the TES device could supply stable air temperature of ~18 °C for ~1 hour under suitable
inlet air temperatures and/or air velocities, thus enabling an easy control to achieve thermal comfort of

passengers in rail cabins.
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Working period is a parameter showing how long the TES device could work. Figure 5.4 shows the working
period under different air inlet temperatures and velocities. One can see that the higher the inlet air temperature
or the velocity, the lower the working period. For a given air velocity of 0.7 m/s, the working period decreases
from 3080 to 1775 s when the inlet air temperature increases from 25 to 30 °C. This is because a higher inlet air
temperature gives a greater temperature difference, leading to faster consumption of the cold energy stored in
the TES device. At an inlet air temperature of 30 °C, the working period decreases from 1775 to 815 s when air

velocity increases from 0.7 to 1.2 m/s, which results mainly from the increase in the heat transfer coefficient and

air mass flow rate.

5.1.3 Discharging depth

For the TES device, it is valuable to evaluate the degree of the stored cold energy being released during the

discharging process. Figure 5.4 shows the discharging depth at different inlet air temperatures and velocities.
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One can see that the discharging depth is above 97% under all investigated conditions, indicating a high heat
transfer performance of the TES device. At a given inlet air velocity of 1.2 m/s, the discharging depth slightly
decreases from 98.1% to 97.10% when the air temperature increases from 25 °C to 30 °C. Such a trend is also
noticed when the inlet air velocity is increased at a given inlet air temperature. This is because an increase in
either the inlet air temperature or the air velocity increases the air heat load. However, the change in the
discharge depth is small under the conditions investigated in this study. These indicate the high heat transfer
performance of the TES device that can work efficiently over a fairly wide range of operating conditions,
providing relatively high tolerance for the design of the integrated PCM based TES device with the

air-conditioning system.
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Figure 5.4: Discharging depth with different inlet air temperature and velocity.

5.1.4 Discharging power

Discharging power is of great importance to the TES device, which reflects its cooling capacity. Figure 5.5
shows the transient discharging power during the working period at different inlet air temperatures. As shown in
Figure 5.5a, at inlet air temperatures 28 and 30 °C, the average discharging power is 1.10 and 1.30 kW,

respectively. Higher inlet air temperature is favourable to the discharging power. Air velocity also has a large
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effect on the discharging power, as shown in Figure 5.5b. When the inlet air temperature is 28°C, the average
discharging powers are 1.10, 1.20, and 1.70 kW at air velocity 0.7, 0.85 and 1.2 m/s respectively. Larger air
velocity is beneficial to exact more cooling capacity.

The results also indicate that the designed TES device has flexibility in regulating the output cooling power,
with a maximum of 2.6 kW and a turndown ratio of ~2.4 under the conditions of this study. The results also
indicate that the PCM based TES can also be a back-up on top of peak shaving for mechanical refrigeration

systems.
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Figure 5.5: Discharging power during working period with different inlet air temperature and velocity (a:

0.70 m/s; b: 0.85 m/s; ¢:1.20 m/s).

5.1.5 Discharging thermal efficiency

Discharging thermal efficiency is a parameter that assesses thermal insulation performance of the TES device,
which is shown in Figure 5.6. It could be seen that the discharging thermal efficiency is quite high. For the
velocities of 0.7, 0.85 and 1.2 m/s, the thermal efficiencies for the investigated temperature range could reach
86.79% - 99.80%. This indicates good thermal insulation for the designed device and investigated processing

conditions.
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Figure 5.6: Discharging thermal efficiency with different inlet air temperature and velocity.

5.1.6 Discharging exergy efficiency

Discharging exergy efficiency presents the irreversible energy loss due to the temperature difference during heat
transfer. Figure 5.7 shows the influence of air velocity and temperature on exergy efficiency. For all the given
velocities, with the increase of inlet air temperature, the discharging efficiency drops. It declines from 43.34% to
41.23% when the temperature increases from 25 to 30 °C at the velocity of 0.70 m/s. This is due to the larger
temperature difference between heat transfer fluid and storage material.

The obtained results also show that the discharging exergy efficiencies decrease with the increase of the inlet air
velocity. For the temperature at 25 °C, the discharging efficiency declines from 43.34% to 40.32% with the
velocity increases from 0.70 to 1.20 m/s. For the certain amount of energy storage materials and heat transfer

area, the higher air flow rate leads to more exergy loss.
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Figure 5.7: Discharging exergy efficiency with different inlet air temperature and velocity.

5.2 Charging performance

5.2.1 Evolution of PCM temperature with charging time

Figure 5.8shows the temperature distributions of PCM in the air flow direction at the inlet air temperature 11 °C,
velocity 0.70 m/s and the initial PCM temperature 30 °C. As shown in Figure 5.8 a, with time evolution, the
first layer (T4), second layer (T5), third layer (T6), fourth layer (T7) and the fifth layer (T8) begin to congeal in
turn. When time is less than 125 s, only the first layer congeals, while the other layers remain in superheating;
when time is beyond 550 s, the last layer starts to congeal. As time increases to 1275 s, the first layer becomes
solid totally indicating the complete charging, while the other layers finish charging at 2100, 2900, 3420 and
3775 s respectively. It could be clearly seen that the congealing time extends gradually from the first layer to the
last layer. This is due to the fact that the air temperature at the latter layer is higher than that of the former layer,

which results in a lower temperature difference of heat transfer between the air and PCM in the latter layer and
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consequently less heat transfer capacity when the heat transfer coefficient does not change much. Similar
phenomena could be found at different depths of thermocouples and the results at depth 150 mm are shown in
Figure 5.8b.

In addition, the congealing behaviours of PCM in the radial direction/depth are also revealed, through placing
thermocouples at different depths in each layer. As shown in Figure 5.9, taking the first layer and last layer as
examples, it can be found that the bottom part of PCM (T19 and T23) congeals slower than other positions and

has longer congealing time. The reason is not clear right now and remains to be disclosed.
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Figure 5.8: Evolution of axial temperature of PCM with the charging time at inlet air temperature 11°C,

velocity 0.70 m/s, initial PCM temperature 30°C and depths: (a) 50 mm, , (b) 150 mm.
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5.2.2 Charging time

Charging time shows how long the TES device can be fully charged. Figure 5.10 illustrates the variations of
charging time with different inlet air temperatures and velocities. As can be seen, the charging time increases
with the inlet air temperature and decreases with the inlet air velocity. At the air velocity 0.7 m/s, as inlet air
temperature decreases from 15 to 11 °C, the charging time decreases around 50% from 10450 s to 5340 s. This
is due to the fact that the higher temperature difference leads to the larger heat transfer capacity, and
correspondingly the cold energy of the air will be stored in the PCMs faster. At inlet air temperature 15 °C,
when air velocity increases from 0.7 to 1.2 m/s, the charging time decreases around 27% from 10450 s to 7635 s,

which results from the increased heat transfer coefficient and air mass flow rate.
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Figure 5.10: Charging time at different inlet air temperature and velocity.
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5.2.3 Transient charging rate

Charging rate is of great importance to the TES device, which reflects its heat transfer characteristics. Figure
5.11 illustrates the transient charging rate under different inlet air temperature and velocity. As shown, with time
evolution, the charging rate decreases sharply at the beginning (superheating period of PCMs) and then keeps
relative stable for a long time (phase change period of PCMs). Finally, it decreases gradually to 0 kJ/s
(subcooling period of PCMs). What’s more, when the charging temperature decreases, the steady charging rate
will be higher correspondingly. For the given inlet air temperature 11°C, the steady charging rate increases from

0.80 to 1.30 kJ/s as the air velocity increases from 0.70 to 1.20 m/s.
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5.2.4 Charging thermal efficiency

Table 5.1 shows the thermal efficiency of the charging process. It can be seen that the charging thermal
efficiency is quite high, which indicates good heat transfer and thermal insulation. For the air velocity 0.7, 0.85
and 1.2 m/s and inlet temperature 11°C, the thermal efficiency within the studied temperature range could reach

72.91%, 87.01% and 84.72%, respectively.

Table 5.1: Thermal efficiency of the whole charging process.

Inlet air temperature (°C) Inlet air velocity (m/s)
0.70 0.85 1.20
11 72.91% 87.01% 84.72%
13 70.82% 82.22% 79.94%
15 66.74% 77.35% 71.98%

5.2.5 Charging exergy efficiency

Charging exergy efficiency represents the energy utilization effectiveness in the charging process and also
indicates the irreversible energy loss due to the heat transfer. During the charging process, exergy efficiency
varies significantly as shown in Figure 5.12. With time evolution, the exergy efficiency initially increases
significantly and then decreases gradually. There exists the maximum exergy efficiency under studied
conditions. As shown in Figure 5.12 a, at inlet air temperature 11 °C and velocity 0.70m/s , exergy efficiency
rises dramatically from 6.0% to 80.0%, and drops generally from 80.0% to 48.5%. The maximum exergy
efficiency, 80.0%, is obtained at charging time 20.5 minutes. In addition, with the increase of inlet air
temperature, the maximum exergy efficiency increases due to the decrease of the temperature differences of heat

transfer between the air and PCMs. Figure 5.12 b shows the similar phenomena with inlet air velocity 1.2 m/s.
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Figure 5.13 shows the overall exergy efficiency when the charging process is finished, at different inlet air
velocity and temperature. For all the given air velocities, higher exergy efficiency is obtained at the higher inlet
air temperature.

For a given air temperature, with the increase of air velocity, the maximum overall exergy efficiency is obtained.
For the air temperature at 11 °C, the overall exergy efficiency increases from 49.80% to 59.03%, and then
decreases to 56.17% as the air velocity increases from 0.70 to 1.20 m/s, which is due to a combined result from

the decreased charging time and increased air mass flow rate.
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Figure 5.13: Overall exergy efficiency of the whole charging process.

5.2.6 Optimal charging depth and charging time
As shown in Figure 5.13, there exists the maximum charging exergy efficiency. Hence, it is valuable to evaluate

the optimal charging depth, which is defined as the ratio of PCM stored exergy at the peak exergy efficiency to

that when the charging process is finished.
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Figure 5.14 shows the optimal charging depth with different inlet air velocity and temperature. The optimal
charging depth rises with the increases of inlet air temperature and velocities. For the air velocity at 0.70 m/s,
with air temperature increasing from 11 to 15 °C, the optimal charging depth goes up from 47.2% to 55.0%
gradually. For the given inlet air temperature, the optimal charging depth increases gradually with the increase
of inlet air velocity. For example at the air temperature 15 °C, the optimal charging depth increases from 54.9%
to 57.1% as air velocity increases from 0.7 to 1.2 m/s. Under studied conditions, the optimal charging depth

varies between 47% and 58%, which is a vital parameter for the design of charging process.
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Figure 5.14: Optimal charging depth with different inlet air temperature and velocity.

In the charging process, the optimal charging time defined as the time when optimum charging depth is reached
can be used for the guideline of operating management. Figure 5.15 shows the optimal charging time as a
function of inlet air velocity at different temperatures. The optimal charging time decreases with increasing inlet
air velocity and decreasing inlet air temperature. For the air velocity at 0.70 m/s, the optimal charging time is

20.5, 30.0 and 51.7 mins at inlet air temperature 11,13 and 15 °C respectively.
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Figure 5.15: Optimal charging time with different inlet air temperature and velocity.

5.3 Summary

A novel compact TES device containing PCM (RT 18 HC) was designed, the charging and discharging
performance was experimentally studied. Both the energy and exergy analysis reveals that the designed device
has excellent thermal performance with discharging depth higher than 97%. Hot inlet air could be cooled down
by the TES device to the desired temperature range of 16-20 °C in seconds showing fast response. The designed
TES device has flexible charging rates with the maximum value of 1.3 kJ/s, high thermal efficiencies around 87%
and overall exergy efficiencies up to 70%. In summary, the designed TES device is feasible to be used in air

conditioning system to meet the fast-changing cooling load and improve the thermal comfort of compartments.

122



Chapter VI Results and Discussions (111): Heat transfer coefficient

Chapter 6 Results and Discussions (111): Heat

transfer coefficient
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The heat transfer characteristics including the charging and discharging time, transient heat flux and especially

the heat transfer coefficient of the device were revealed in this chapter.

6.1 The time-evolution of air and PCM temperatures

The time-evolution of air and PCM temperatures during the charging process with an inlet air temperature of
11°C and a velocity of 1.00m/s is illustrated in Figure 6.1. In this figure, the temperature of the PCM is initially
kept at 30°C, which ensures all the PCM to be in full liquid state. As shown, after the air is introduced in the
device the temperatures of the air at all layers almost immediately (within seconds) increase to the PCM
temperature because of the hot device (30°C). As the time evolution and continuous air flow through the air
temperatures quickly reduce in the sequence from layer 1 to layer 6 during 20 ~ 400 s (Figure 6.1 a). As a
consequence, the PCM temperature also quickly reduces to phase change temperature (Figure 6.1b) because of
the fast heat transfer from PCM to cool air and smaller sensible heat of PCM. This stage is related to the
sensible heat transfer of PCM and defined as overheating period, After t >20-400s, PCM starts to solidify from
the layer 1 to layer 6 in turn and the PCM temperature keeps at the phase change temperature around 18°C.
Correspondingly, the air temperature also maintains 16-18°C for a relatively long time due to the large latent
heat capacity during phase change period. This second stage corresponds to the phase transition period. After
the phase change complete, the temperatures of both PCM and air gradually reduce to nearly inlet ait
temperature (11°C) showing the third super cooling period. At this stage, the device achieves an approx.
equilibrium where the air and PCM are of similar temperature 11°C and there is almost no heat transfer between
the air and PCM.

The charging time increases with a prolonged axial length. For example, the charging times for the axial length
denoted at 50 and 200mm are 740s and 2095s respectively. Figure 6.2 reveals the time-evolution of
temperatures measured by thermocouples distributed inside the air and the corresponding PCM channels during
the discharging process with an inlet air temperature and velocity at 25°C and 1.00m/s respectively. The initial
temperature of the PCM is kept at 11°C during this set of experiments.

As shown in Figure 6.2 a, after the air is introduced in the device the temperatures of the air at all layers almost
immediately (within seconds) decrease to the PCM temperature because of the cold device (11°C). As the time
evolution and continuous air flow through the air temperatures quickly increase in the sequence from layer 1 to

layer 6 during 20 ~ 400 s (Figure 6.2a). Correspondingly, the PCM temperature also quickly increases to phase
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change temperature (Figure 6.2b) because of the fast heat transfer from air to PCM and smaller sensible heat of
PCM. This stage is related to the sensible heat transfer of PCM and defined as super cooling period, After
t >20-400s, PCM starts to liquefy (Figure 6.2b) from the layer 1 to layer 6 in turn and the PCM temperature
keeps at the phase change temperature around 18°C. Correspondingly, the air temperature also maintains
17-19 °C for a relatively long period due to the large latent heat capacity during phase change period. This
second stage corresponds to the phase transition period. After the phase change complete, the temperatures of
both PCM and air gradually increase to nearly inlet ait temperature (25°C) showing the third overheating period.
At this stage, the device achieves an approx. equilibrium where the air and PCM are of similar temperature 25°C
and there is almost no heat transfer between the air and PCM. The discharging time demonstrates an upward
trend with the increased axial length. For the locations at 50 and 200mm, the discharging time is 515s and 1700s

respectively.
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Figure 6.1: Evolution of axial temperature of air and PCM during charging process at inlet air

temperature 11°C, velocity 1.00m/s and initial PCM 30°C, (a: air temperature, b: PCM temperature).
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6.2 Charging and discharging time

The total charging time is given as the time required for the temperature of the liquid PCM decreasing from the
beginning to 17 °C. The entire discharging time is defined as the period when the PCM temperature increases
from the beginning to 19 °C. Figure 6.3 illustrates the charging and discharging time at different locations and
inlet air velocities. For the given inlet air temperature and location, with the inlet air velocity increases, both the
charging time and discharging time go down. For instance, at the axial position of 300mm the charging time
declines from 2690s to 1965s (Figure 6.3a) and the discharging time decreases from 2415s to 1930s when
velocity changes from 1.00m/s to 1.45m/s  (Figure 6.3b).

More important, the variables to determine charging and discharging times are the temperature difference
between the inlet air and PCM combined with the inlet air velocity. For the inlet air temperature at 11 and 25 °C,
the temperature difference is the same for the charging and discharging processes. However, it can be easily
noticed that the discharging time is obviously shorter than charging time with the given inlet air velocities. For
instance, with the inlet air velocity at 1.45 m/s, the charging and discharging times with the axial length at
250mm are 1810s and 1645s respectively. The charging time is 10.03% longer than the discharging time. Hence,
the heat transfer coefficient for the charging and discharging processes needs to be analysed to explain the time

difference.
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6.3 Transient air temperature difference

The transient air temperature difference between the inlet and outlet of each layer is used to evaluate the
transient heat flux. The results are summarised in Figure 6.4. For the charging process, shown in Figure 6.4a,
after air is introduced the transient air temperature differences at all layers immediately increase within a few
seconds because of the cold air and hot device. Then they quickly decrease (t<20-250s) because of the sensible
heat transfer of PCM at overheating period. After t >20-250s, the air temperature difference of the first layer
shows a relatively constant period and then decreases to near zero. It can be explained by that the air
temperature always keeps relatively stable at the inlet and performs a nearly constant temperature in phase
change period and then decreased temperature gradually down to the inlet temperature after the phase change
complete at the outlet (with axial length at 50mm). Correspondingly, the air temperature difference maintains
practically constant at phase change period and decreases at super cooling stage.

For the other layers, the transient air temperature differences start to increase from the layer 1 to layer 4 in turn
(similar behaviours at layers 5 and 6, data not shown). These can be explained by that the solidification starts
from layer 1 to layer 6 in the sequence. When the solidification complete at the inlet of the layer then the
temperature starts to decrease while the solidification is not complete at the outlet of the layer, which leads to
the increased air temperature difference. After the phase change complete for all the PCM in the layer the
temperatures at both inlet and outlet decrease towards the initial air temperature at the inlet of the device and

then the air temperature difference decrease gradually to zero. This is relating to the super cooling period.
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Figure 6.4: Transient air temperature difference (a) charging process at inlet air temperature 11 °C and
velocity 1m/s, initial PCM temperature 31°C; (b)discharging process at inlet air temperature 25 °C and

velocity 1m/s, initial PCM temperature 11°C.
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The air temperature difference for the discharging process is given in Figure 6.4b. Similar to the charging
process, after air is introduced, the transient air temperature differences at all layers immediately increase within
a few seconds because of the cold air and hot device. Then they quickly decrease (t<20-250s) because of the
sensible heat transfer of PCM at super cooling period. After t >20-250s, the air temperature difference of the
first layer shows a relatively constant period and then decreases to near zero. It can be explained by that the air
temperature always keeps relatively stable at the inlet and performs a nearly constant temperature in phase
change period and then increased temperature towards its inlet value after the phase change complete at the
outlet (with axial length at 50mm). Correspondingly, the air temperature difference maintains practically
constant at phase change period and decreases at overheating stage.

For the other layers, the transient air temperature differences start to increase from the layer 1 to layer 4 in turn
(similar behaviours at layers 5 and 6, data not shown). These can be explained by that the melting starts from
layer 1 to layer 6 and from inlet to outlet at teach layer in the sequence. When the melting completes at the inlet
but not at the outlet of the layer the inlet temperature starts to increase and the outlet temperature still maintains
at phase change temperature. This will lead to the gradually increased temperature difference. After the phase
change complete for all the PCM in the layer the temperatures at both inlet and outlet increase towards the initial
air temperature at the inlet of the device and then the air temperature difference decrease towards zero, which

relates to the overheating period.

6.4 Transient heat flux

The transient heat flux of the charging and discharging processes are shown in Figure 6.5 a and Figure 6.5 b

respectively. It is not surprised that the evolution of transient heat flux with time follows the same pattern as the

air temperature difference because it is calculated according to the air temperature difference between the inlet

and outlet of each layer .
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air temperature 11 °C and velocity 1m/s, initial PCM temperature 26 °C; (b) discharging process at inlet

air temperature 25 °C and velocity 1m/s, initial PCM temperature 11 °C.
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6.5 Transient temperature difference between air and PCM

The temperature difference between air flow and PCM is shown in Figure 6.6. For the charging process which
is shown in Figure 6.6a, the temperature difference at the different axial locations except the inlet point
performs the similar fluctuations. For the axial length at Omm, the downward temperature difference is caused
by the decreasing temperature of the inlet part of the device. For the other locations, the air temperature drops
constantly, while for the PCM side, the temperature undergoes three stages. For the overheating stage, the PCM
temperature drops with the downward of air. Meanwhile, the air temperature decreases faster due to the smaller
specific heat capacity. This leads to PCM temperature approaches to that of air more quickly which causes the
temperature difference to drop. After that, when the PCM phase change occurs, the temperature of PCM keeps
relatively constant while the air temperature drops with the cold absorbed by the liquid PCM. The absorbing rate
slows down with the percent of liquid PCM declines. Hence, a slight upward of temperature difference can be
noticed after axial location longer than 100 mm. For the final stage, the PCM temperature drops due to the
termination of phase transition. During this period, the decreased PCM temperature leads to the drop of
temperature difference.

For the discharging process, indicated in Figure 6.6b, the temperature difference except the inlet also shows the
fluctuated trend. At the inlet point, the temperature difference drops with the device was heated up. For the other
axial lengths, the temperature difference lifts at first because of the faster air temperature increase rate. Then,
with the beginning of the phase change of PCM, the temperature of PCM keeps relatively stable. While for the
air side, the temperature goes up continuously. Due to the excellent heat transfer, the air temperature rises
slightly and then faster with the consumption of solid PCM. Hence, an upward temperature difference was
obtained. Finally, with the end of phase transition of PCM, both the air and PCM temperature rises, a drop of

temperature difference decreases.
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Figure 6.6: Temperature difference between PCM and air at different locations (a) charging process at
inlet air temperature 11°C and velocity 1m/s, initial PCM temperature 26 °C; (b) discharging process at

inlet air temperature 25 °C and velocity 1m/s, initial PCM temperature 11 °C.
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6.6 Heat transfer coefficient

The transient heat transfer coefficient is shown in Figure 6.7. For the charging process (Figure 6.7a), the
transient heat transfer coefficient lifts quickly at first. This is due to the large initial temperature gradient
between the air and PCM. After that, the transient heat transfer coefficient drops fast which is because the PCM
is in overheating period, the PCM temperature is approaching the air temperature fast which leads to the
narrowing air temperature difference between air flow and PCM. Then, the PCM starts to phase change, due to
the good heat transfer performance, the air temperature also keeps relatively stable. Hence, a relative stable
transient heat transfer coefficient can be noticed. The final stage shows a downward tendency which indicates
the end of the phase transition. With the start of the super cooling of PCM, the temperature for both the PCM
and air goes down simultaneously. This causes a drop in the air and PCM temperature difference compared with
that of the phase transition period.

Meanwhile, for the discharging process, given in Figure 6.7b, the transient heat transfer coefficient performs a
quick up and down which is similar with that of charging process. This is also because of the quick heat
exchange between the PCM and air in the sensible period. After that the transient heat transfer coefficient shows
a slowly growing tendency which is also because of the phase transition. The PCM temperature keeps relatively
stable, while the air drops slightly with desorbing heat to the PCM.

The overall heat transfer coefficients for the charging and discharging processes under the given conditions are
revealed in Figure 6.8. For both the charging and discharging processes, the overall heat transfer coefficients go
up with the rise of the inlet air velocity. Besides, the larger temperature difference between the inlet air and
PCM phase change point contributes to a higher overall heat transfer coefficient. The more important thing is
that when compared with the overall heat transfer coefficient with the same inlet temperature difference and air
velocity for the charging and discharging processes, the heat transfer coefficient of the charging process is
smaller than that of the discharging process. For instance, with the inlet air velocity at 1.45 m/s and the
temperature difference between the inlet air and phase change point at 7 °C, the overall heat transfer coefficient
of charging process (inlet air temperature at 11 °C) is 640W m™ K™, while the overall heat transfer coefficient
of discharging process (inlet air temperature at 25 °C) is 920W m™ K™. The difference of overall heat transfer
coefficient for the charging and discharging processes can help to understand why the charging time is longer
than discharging time. With a higher overall heat transfer coefficient value under the same condition for the

discharging process, the discharging rate is faster than the charging speed.
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Chapter VI

6.7 Empirical equations
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An effort has been made to process the experimental data in terms of non-dimensionless numbers for the overall
heat transfer coefficient with an aim to obtain an empirical relationship for using in actual PCM based TES
device design and optimization. Figure 6.9 illustrates the Nusselt number as a function of Reynolds number at
different Prandtl numbers for the discharging and charging processes. Figure 6.9a illustrates the variations of
Nusselt number with Reynolds numbers for the charging process. Similarly, inlet air velocity contributes to the
overall heat transfer performance dramatically. For the discharging process, shown in Figure 6.9b, the Nusselt
number goes up with the increase of Reynolds number at the given Prandtl number. This means that higher
velocity leads to better heat transfer performance.

Experiment results can be modelled by the correlations of the Nusselt number and Reynolds number (Jo et al.
2014). For the charging process, the empirical relationship of Nusselt number with Reynolds number and

Prandtl number is given in Eq.(6.1) with a coefficient of determination equal to 0.9992.

Nu = 3.32012 Re"*%"® pr02%*2 (6.1)

For discharging process the Nusselt number can be expressed by the Reynolds number and Prandtl number in

Eq. (6.2) empirically with a coefficient of determination equal to 0.9994.

Nu =13.59905 Re®*#% pr®20%¢7 (6.2)

6.8 Validation of the empirical equations

The empirical equations are validated by the experimental results with Prandtl number at 0.7012, shown in
Figure 6.10. The average error for the charging and discharging processes between the empirical and
experimental Nusselt is 2.33% and 1.65%, with the largest uncertainly is 5.08% and 4.32% respectively. These
indicate that the empirical equations perform good reliability and can be used as the guide for the design of the

proposed TES device under the given scale.
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Figure 6.10: Comparison of the empirical and experimental Nusselt number during discharging (a) and

charging (b) process.
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6.8 Summary

The heat transfer coefficient of the device was revealed in this chapter. Empirical equations with high
coefficients of determination above 0.99 for Nusselt number with Reynolds number and Prandtl number were
developed. The validations between the empirical and experimental Nusselt number showed good reliability,
with the average error for the charging and discharging process was 2.33% and 1.65% respectively. The
concluded equations can be used as the guideline for the design of such novel TES devices for transport air

conditioning applications under various scenarios.
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Chapter 7 Results and Discussions (1V): System

performance and Economic analysis
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This chapter proposes to add a TES device filled with PCM in the AC (denoted as PCM-AC). Experimental

study was conducted on the PCM-AC and comparisons are made between the AC and PCM-AC.

7.1 Average room temperature changes in the initial transient stage

Before an experiment is started, the TES device is in equilibrium with the surroundings and is unchanged. The
air conditioner is started first to charge the TES device rather than to cool down the room(the testing room)
initilally; see Figure 7. 3. One can see that it takes some ~75 mins for the room to achieve the set
temperature(22°C), which is stabilised therefore with a very low temperature fluctuation frequency and
amplitude. Without the use of the TES device, the room can reach the set temperature quickly, in 15 mins, but

then fluctuates around the set temperature at a high frequency with a large amplitude; see later for more

discussion.
32 1 | 1 1 1
: —— PCM temperature with axial length at 50mm
< ] —— PCM temperature with axial length at 100mm
: = PCM temperature with axial length at 150mm
28 - S T —— PCM temperature with axial length at 200mm | |
: —— PCM temperature with axial length at 250mm
\ | — — Average room temperature without energy storage
L Average room temperature with energy storage
—
O i W ereetb———_ (o8
]
N
(]
S
=
hd
©
h ______________________________________________
O
o
(]
= 164----—-—--"J-———-

Time(min)
Figure 7. 3: Time evolution of average room temperature without (a) and with (b) TES device.
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7.2 Average room temperature changes in the steady state stage

The time evolution of the average room(testing room) temperature for the AC and PCM-AC systems is
illustrated in Figure 7. 4. where the PCM temperatures are also given. One can see clearly that the temperature
fluctuations in the testing space are reduced significantly due to the integration of the PCM based TES unit:
~4.31°C for the AC case vs. ~2.56°C for the PCM-AC case. This represents 40.60% reduction in the

temperature fluctuation and hence an improved thermal comfort.

7.3 Relative humidity in the room(testing space)

Relative humidity is another important indicator to the thermal comfort. Fig. shows the results with the TES
device. One can see the relative humidity in the room fluctuates between a narrow range 27-40%
(33.5%+/-20%). Without the use of the TES device, however, the room relative humidity varies significantly
between 38 and 65%(51.5%+/-26.2%), due to mainly results from the large changes in the room temperature
(see Figure 7. 5).Clearly, the use of TES device can narrow down the humidity fluctuations and provide the
potential for improving the thermal comfort. The results also show that the use of the TES device has a
dehumidification function on the air due to the stored cold energy in the storage device. Note that this work
represents the first effort to demonstrate the PCM-AC in an industrial relevant scale and the humidity range has

not been tailored to meet the optimal thermal comfort needs, which will be a subject for the future work.
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Figure 7. 5: Time evolution of the relative humidity in the testing space with and without the TES device.
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7.2 ON-OFF times and power consumption of the compressor

Figure 7. 6. shows the number of ON-OFF cycles as a function of time for both the AC and PCM-AC scenarios.
The ON-OFF times of the compressor with the AC scenario are 22 over an 8-hour duration, whereas that with
the PCM-AC case over the same operation duration are 16. This represents a 275 reduction in the ON-OFF
times. This is because that, during the OFF period, the return air from the testing space is cooled down by the
TES device.

Figure 7. 6. also compares the power consumptions of the compressor with the AC and the PCM-AC scenarios.
One can find by simple calculation that the daily electrical power consumption of the system with the PCM-AC
is 1.29 kWh lower than that of the system with the AC over the 8 hours of testing operation, which represents a
percent saving of 17.82%. As a result, the decreased ON-OFF times not only contribute to the saving of the
electrical consumption, but are expected to enhance the life-span of the compressor due to the reduced the

start-stop frequency.
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Figure 7. 6: Time evolution of power consumption of the compressor with and without TES device.
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7.3 Transient and average COP

Figure 7. 7. compares the transient COP of the system with the AC and the CPM-AC scenarios. Over the
operating duration of the 8 hours, the average COP for the AC and the PCM-AC cases is respectively 1.47 and
1.75. This indicates that a 19.05% increase in the average COP with the use of the PCM based TES unit,

consistent with the analyses in Section 7.2.

24 I 1 1 1 1 1 1
| - — = Without energy stroage device
. | With energy storage device
204 q----f-m---f-m-m e e
| | 1
! ERER
! TREE
& o i
= | VI I
S 124 | Sl N -
g '. | !
© : l
= ﬁ : '
8 - ﬁ _t_i_ NL_:___
i :'l NSINE
h Y ! '
‘ |
h IR
7 d-? PI
0- 1
0 7 8

Time(hour)

Figure 7. 7: Time evolution of average COP with and without TES device.

7.4 Emergency cooling time

The emergency cooling times with and without the TES device are compared in Figure 7. 8. For the AC
scenario, the room(testing space) temperature rises sharply after the stop of the air conditioner, giving an
emergency cooling duration of only 10.42 minutes(Figure 7. 8a). With the use of the PCM based TES(the
PCM-AC case), the emergency cooling time is seen to prolonged to 95 minutes(Figure 7. 8b), which is almost 9

times of the AC case. The PCM-AC therefore provides a great potential for emergency cooling applications.
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7.5 Economic evaluation

Table 7.1 shows the data for the economic analyses of the AC and PCM-AC scenarios. The electrical power
consumptions for the AC and the PCM-AC cases are from experimental measurements; see Section 4. For
details.

As the PCM-AC system uses 10kgs of PCM, the initial investment is £123.7, and the NPV is £289.37,
demonstrating a high profitability for the investment project. Meanwhile, the payback period of the PCM-AC
system is ~ 3.3 years. Clearly, both the electricity price and the operating strategy affect the economic
performance of the PCM-AC system. More profits could be obtained if the system is applied in a location with
a high electricity price or is operated in a peak-load shifing mode. It should be noted that the PCM used here is
technical grade, which is very expensive. For large scale applications, an industrial grade PCM should be used,

which has a price currently at £2.83/kg and the payback period could be reduced to ~1.83 years.

Table 7.1: Key parameters for the economic analysis.

Properties The normal system The PCM based system
Operating day 200 d/y

Operating time 8 h/d

Lifetime 15 year

Discount rate 4%

Electricity cost 14.4 pence/kWh*

Electrical power consumption 7.24 kwh/d 5.95 kwh/d

TES device cost £0 £40

Technical grade PCM price £0 £8.37/kg

PCM amount 0 kg 10 kg
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7.6 Summary

This chapter experimentally investigated the air conditioning system integration with a TES device filled with
PCM. Compared with the AC, space temperature fluctuation of the PCM-AC was decreased to 2.56°C; the
ON-OFF cycles of the compressor in the PCM-AC were reduced by 27%; the overall COP was increased by
19.05%; the emergency ventilation and cooling time was prolonged by up to 9 times. What’s more, the
economic evaluation showed that the electrical cost of the PCM-AC could be saved by up to 17.82%; the
payback period was around 3.3 years and could be reduced to 1.83 years when using industrial grade PCM.
Economic analyses show that the PCM-AC is profitable and has a payback period of 5.89~3.3 years; hence the

proposed PCM-AC is feasible for real application.
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Chapter 8 Conclusions and Recommendations
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The effects of utilizing fins in both air and PCM sides were investigated numerically and experimentally. The
effects of air fins, PCM fins and model PCMs with different thermal conductivities on the total heat transfer
rate during the melting and solidification processes were compared. An optimum TES device was designed
based on the results. The charging and discharging behaviours of air conditioning system with the TES device
installed were investigated experimentally. The following results are obtained:

Both the air fins and PCM fins could contribute to the increase of the heat transfer rate with the total reduction
of charging and discharging times approximately 85% and 74% respectively. The addition of air fins increases
the charging/discharging rate more significantly than PCM fins. During the charging and discharging processes,
the outlet air temperature could reach the required value in seconds and keep constant at the phase change range
of the PCM with the addition of both fins. Alternatively to using PCM fins, the same heat transfer enhancement
can be achieved by increasing the thermal conductivity of the PCMs to 1.05 and 0.78 W m™ K™ for discharging
and charging processes respectively, which is 5 to 4 times than that of paraffin (0.2W m™ K™). This provides
the guidelines for the selection of PCMs and the design of PCM based TES device.

Evolutions of PCM temperature with discharging time both in the axial and radial directions are investigated.
The discharging performances including the discharging time, discharging depth, discharging power, thermal
efficiency and exergy efficiency are disclosed with different inlet air temperatures and velocities. The designed
TES device is flexible to adjust its output cooling capacity, with the maximum value of 2.6 kW, which
indicates its great potential to match the frequent fluctuations of cooling load in the transport compartments.
What’s more, it has high heat transfer performance, with the discharging depth higher than 97%. Higher inlet
air temperature or velocity will decrease the discharging time, and decreasing the inlet air temperature or
velocity is beneficial to the discharging exergy efficiency, which varies from 34% to 44%. Hot inlet air could
be cooled down by the TES device to the desired temperature range of 16-20°C in seconds showing fast
response. What’s more, the outlet air has a stable temperature around 18°C for a long time.

The charging performances, including the charging time, transient charging rate, charging thermal efficiency,
dynamic and overall exergy efficiency, the optimal charging depth and charging time, are disclosed at different
inlet air temperatures and velocities. PCM at different layers is charged successively in the axial direction (air
flow direction), and the outlet air has almost the same temperature trends as the last layer PCM, which
indicates the designed TES device has excellent heat transfer performance. In addition, the time evolution of
PCM temperature in the radial direction shows that the bottom PCM congeals slower than that at the other

positions. The designed TES device has flexible charging rates with the maximum value of 1.3 kJ/s, high
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thermal efficiencies around 87% and overall exergy efficiencies up to 70%. Lower inlet air temperature or
higher air velocity could shorten the whole charging time, which varies from 50 to 174.2 mins.

The analysis of dynamic charging exergy efficiency shows that with time evolution, the charging exergy
efficiency increases significantly at beginning, and then decreases gradually. The maximum charging exergy
efficiency is around 90% under studied conditions. What’s more, for the given inlet air velocity, the maximum
exergy efficiency increases with the increase of inlet air temperature. The optimal charging depth and charging
time are obtained which can be used as guidelines for real operation optimization. The optimal charging depth
increases with the increase of inlet air temperature or velocity, and varies between 46% and 58% under studied
conditions; the corresponding optimal charging time increases with increasing inlet air temperature and
decreasing air velocity, and varies from 10 to 52 mins.

The heat transfer characteristics including the charging and discharging time, transient heat flux and especially
the heat transfer coefficient of the device were revealed. A difference between the charging and discharging
times under the same inlet conditions was noticed and explained by revealing the overall heat transfer
coefficient for the charging and discharging processes. Nusselt number can be well related to Reynolds number
and Prandtl number using well developed equations. The validations between the experiments and predicted
Nusselt number show good reliability, with the average error for the charging and discharging process is 2.33%
and 1.65% respectively. The concluded equations can be the guideline for the design of such novel TES devices
for transport air conditioning applications.

Finally, Experimental study is conducted on the PCM-AC and comparisons are made between the AC and
PCM-AC. Main conclusions are as follows. The PCM-AC improves the room thermal comfort; the room
temperature fluctuation is reduced from 4.31°C to 2.56°C. The ON-OFF times of the compressor in the
PCM-AC are decreased by 27% with the electrical power consumption of the PCM-AC is saved by ~17.82%,
which contributes to the increase of COP by 19.05%. The PCM-AC has the function for emergency cooling
when there is power off or the air conditioner beaks down; the emergency cooling time of the PCM-AC is 95
minutes, which is almost 9 times of that for the AC. Economic analyses show that the PCM-AC is profitable and
has a payback period of 3.3 years , with potential drop to 1.83 years; hence the proposed PCM-AC is feasible for
real application.

The quick thermal response at the beginning of the discharging (cooling) process and the long-period constant
outlet air temperature around the PCM phase change point indicates the great advantages of employing the

compact latent heat TES device to the air conditioning system. The constant outlet air temperature could
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stabilize the output power of the compressor which could reduce the energy waste and the noise. The long
working periods due to the large energy storage capacity could meet the operational requirements. These
innovative conclusions show the advantages of using latent heat energy storage system in the air conditioning
system.

Hence, in the future, the prototypes of PCM-AC should be designed based on the concluded results. They
should be tested on the demonstration train to obtain the performance under real operating conditions. Firstly,
the cooling performace should be compared with that of the traditional system under the real ambient. Secondly,
The operating strategy should be optimised, especially the charging mode. Thirdly, the charging factility should
be designed according to the operating strategy of the trains. If peak electricity policy applies, the cold energy
used for charging the on-board TES devices should be generated during off-peak period. Finally, the energy

saving, thermal comfort, noise reduction should be evaluated.
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