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HIGHLIGHTS

* Devices of four different configurations were modelled and compared,;

* The air side fins are more effective than the PCM side fins;

* Adding fins and thermal conductivity improvement of PCM is comparable;

* An improved thermal comfort and reduced outlet temperature fluctuations was

obtained.
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Abstract

This work concerns performance enhancement of phase change material (PCM) based
thermal energy storage (TES) devices for air-conditioning applications. Such devices have
numerous potential applications in the building environment. The TES device often uses air
as the heat transfer fluid and, as a result, its performance is often limited by heat transfer in
either or both of the PCM and the air sides. This paper aims to overcome the heat transfer
limitations through intensifying heat transfer using two methods of extending heat transfer
surfaces (fins) in both the PCM and air sides and adding heat transfer enhancement materials
in the PCM. First, a TES device with different configurations (no fins; offset strip fins on the
air side only; straight fins on the PCM side only; offset strip fins on air side and straight fins
on PCM side) and PCM with different thermal conductivities were modelled and compared.
The comparison leads to an advantageous utilization of fins instead of adding thermal
conductive particles. The results also indicated a significant extent of performance
enhancement of the TES device due to the use of fins with the charging and discharging times
reduced respectively by ~85% and ~74%. The airside fins were found to be more effective
than the PCM side fins. The results also showed that the heat transfer enhancement due to the
PCM side fins could be achieved by increasing PCM thermal conductivity. The modelling

results were then validated by experimental data. Finally, a PCM-based TES device was
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designed and manufactured based on the above results. The device was integrated into an air-
conditioning system and experimentally tested. The results showed that, for both charge and
discharge processes, the stabilization of the outlet temperature of the air conditioning system
was significantly improved, leading to an increased extent of thermal comfort and decreased
outlet temperature fluctuations. The obtained results can be used as the design guideline of

the compact TES device for air conditioning.

Keywords: Thermal energy storage device, Phase change material, Air conditioning



Nomenclature

Cp Specific heat of capacity (kJ/(kg-K))
k Thermal conductivity (W/(m-K))
m Mass(kg)

m Mass flow rate (kg/s)

T Temperature ('C or K)

t Time (S)

RH Relative Humidity

H Latent heat (kJ/kg)

V Velocity vector (m/s)

p Density(kg/m®)

h Specific enthalpy (kJ/kg)

/ Liquid fraction

p Pressure(Pa)

7?7 Liquid viscosity (Pa-s)

o Error

Yexp EXperimental value
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Ynum Numerical value
AR total error

oX, error factor

Subscripts

I Liquid

s Solid

e End

m Melting

i Initial

Al Aluminium
ref Reference
max Maximum
ave Average
exp Experimental

num Numerical
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1. Introduction

Energy-related issues such as global warming and environmental pollution have been a rising
concern over the last few decades. The buildings sector contributes a significant portion to
such issues due to the use of air-conditioning for generating thermal comfort [1]. Air-
conditioning systems are typically designed to meet the peak demand, which is considerably
higher than the average demand. This implies that air-conditioning systems are over-sized in
terms of the average load and are often run at sub-optimal conditions[2]. In addition,
standalone air-conditioning units often operate at a high stop-start frequently for temperature
regulation, leading to more energy consumption, a higher level of noise and a shorter life-
span[3]. This work aims to address these issues by using thermal energy storage with phase
change materials (PCMs), which can significantly reduce the difference between the rated
capacity and average capacity of air-conditioning systems and start-stop frequency, leading to
lower power consumption and better consumer experience due to reduced noise. The
reduction in the rated capacity of air-conditioning systems also means a reduced weight,
which is the primary motivation of this work. The use of thermal energy storage can also help

with the peak load shift of power grids[4], creating additional benefits[5].

Some attempts have been made to use PCMs for air conditioning applications. Our recent
work on the PCM based air conditioning system showed that, when integrating with the TES,
the system efficiency and thermal comfort was improved[6][7]. Said et al.[8] employed the
PCM to capture the cold energy from ambient air at night which was then used to cool the air
conditioning condenser at daytime. In this way, energy consumption saving was found to
achieve up to 8.95%. Allouchal et al. [9] 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. Al-

Aifan et al. [10]. applied dimethyl adipate with a phase change temperature at around 9.92 °C
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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. [11] 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 could be enhanced more than 4 times compared to the normal air conditioner with an
estimated energy saving potential at 50%. Chen et al.[12] studied the ventilation systems with
thermal energy storage for space cooling in air-conditioned buildings during the summer. The
overall electricity energy consumption of the TES system was calculated and compared to a
base case without night ventilation and a case with a conventional night ventilation system. It
was reported that with changing the indoor temperature setpoint from 24 to 28 °C, the
seasonal electric energy saving ratio by using the TES system over the base case increased
from 16.9% to 50.8%, while that against the conventional night ventilation system increased

from 9.2% to 33.6%.

These studies also indicated the importance of the properties of PCMs for which numerous
studies have been carried out. PCMs can be classified broadly into two categories of organic
and inorganic materials. Examples of organic PCMs include paraffin wax, high-chain alkane,
fatty acids, and fatty acids esters, which are mostly for applications below 180 °C. Examples
of inorganic PCMs include hydrates (mainly for applications at temperatures below <120 °C),
molten salts and metallic materials (for applications at temperatures over 200-1400 °C).

Among these PCMs, paraffin is considered to be among the most suitable PCMs for building
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applications due to suitable phase transition temperature range, high latent heat, little

supercool[13], being chemically inert[14] and low toxicity [15].

The use of paraffins based PCMs suffers from their low thermal conductivities, which limits
charge/discharge rates needed for effective temperature regulation of an air-conditioning
system [16][17]. This calls for the development of effective measures to overcome the
limitations. As mentioned above, air-conditioning systems often use air as a heat transfer
fluid. Air has a very low thermal conductivity and enhancement of air side heat transfer can
also be rate limited. Two methods have been proposed to address these issues: one is to use
extended surfaces such as fins in both air and PCM sides [18]}[19]and multi-tubes[20][21];
the other one is to enhance thermal properties of PCMs such as the addition of thermal
conductivity enhancer in PCMs[22]. A brief summary of the literature on the effectiveness of

the two methods is given in the following.

The use of extended surfaces Tao and He [23] performed a modelling study on the charging
behaviour of a PCM based heat exchange unit with fins as extended surface and showed that
the use of the fins reduced the discharge time by 71.2%. Sciacovelli et al. [24] employed fins
to enhance heat transfer of a shell-and-tube based PCM storage device and found an
enhancement of 24% with Y-shaped fins with two bifurcations. Ye et al. [25] numerically
studied flow and heat transfer behaviour of a paraffin-based storage device with plate-like
fins and observed small pockets of unsolidified PCM and formation of a vortex of air at the
top of the PCM bed at the end of heat release process. Stritih [26] experimentally studied a
PCM based rectangular heat storage device with a finned surface and showed that the use of
the fins reduced the heat release time by 40%. There are also several numerical studies on the
effects of key parameters on storage heat exchanger performance; see for example El Qarnia

et al. [27], Jmal and Baccar [28] and Yang et al.[29].
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The use of thermal conductivity enhancers A number of thermal conductivity enhancers have
been studied and shown to be highly effective to increase the thermal conductivity of PCMs.
For example, Li et al. [30] added 2.7 wt.% of graphite to a PEG-based PCM and obtained a
100% enhancement in the PCM thermal conductivity. Karaipekli et al. [31] used a small
percentage of carbon nanotubes to obtain a considerable extent of thermal conductivity
enhancement of an-eicosane based PCM. Atinafu et al. [32] used porous carbons to increase
the thermal conductivity of a myristic acid — stearic acid eutectic PCM up to 117.65%. Zou et
al. [33] added multi-walled carbon nanotubes and graphene to industrial paraffin wax-based

PCM and achieved a thermal conductivity enhancement of up to 124%.

It can be seen that, when integrating the PCM-based TES with the air conditioning systems,
the benefits of increasing system efficiency and improving thermal comfort can be achieved.
Besides, various studies have been reported on the use of extended surfaces and thermal
conductivity enhancers, however, no quantitative comparison has been found, to the best of
our knowledge, between the effectiveness of the two methods. This work quantitatively
compared the two methods for enhancing the performance of PCM based heat exchange
systems through numerical modelling with experimental validation for the first time. First,
four configurations were considered: no fins in both the PCM and air sides (no fins); offset
strip fins on the airside (air fins); straight fins on the PCM side (PCM fins); and offset strip
fins on the airside and straight fins on the PCM side (both fins). PCMs with different thermal
conductivities were used to examine the effect of PCM thermal conductivity. Second, the
modelling results were used to guide the design and manufacture of a PCM based TES device
with offset strip fins on the airside and straight fins on the PCM side (both fins). Besides, our
previous work showed that the finned TES device performed the high charging and
discharging exergy and energy efficiency[34][35]. Hence, a finned TES device was

manufactured, and an experiment rig was constructed using the manufactured TES device.
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The charging and discharging behaviour was investigated under different temperatures and
velocities of the airside. These experimental results were then used to investigate the working

duration, thermal comfort improvement, and air outlet temperature stabilization.
2. Numerical modelling

In this section, the four configurations of the PCM based TES device are described first,
followed by boundary and initial conditions. The mathematical model and numerical method

are then briefly discussed.
2.1. Physical models

Fig. 1la shows a three-dimensional view of the TES device which consists of PCM chambers
and airflow channels. The PCM chambers are rectangular shaped with vertically oriented
straight fins; see Fig. 1. Air channels are horizontally arranged with offset strip 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 clapboard
is the aluminum plates that separate the air and the PCM channel. The use of offset strip fins
in the airside was for disturbing airflow to create turbulence for enhancing heat transfer while
minimizing pressure drop [36]. The use of straight fins in the PCM side was to minimizing
difficulties in the PCM filling process while achieving a required level heat transfer
enhancement for the purpose of this study. As the TES device is large, only a small section

(marked with red dotted line) was modelling in this study; see Section 2.2 for more details.
2.2. Boundary and initial conditions

In this case, only a single channel with central symmetry in the TES device with a symmetry
boundary condition 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



Journal Pre-proof

arranged. Fig. 1b 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
chambers, and a clapboard. The height, width and thickness of fins in both air and PCM sides
are respectively 9.5 mm, 2.5 mm and 0.2 mm and the offset length of air fins is 10 mm. The

width and thickness of the clapboard are 2.5 mm and 0.2 mm, respectively.

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

284.15 K, respectively. Tab. 1 gives a summary of these conditions.
2.3. Numerical simulations

The numerical simulations were performed in the ANSYS Fluent. For each of the

configurations, the following assumptions were made with rationales also included:

e PCM is uniformed distributed in the PCM chambers and homogeneous in terms of
thermos-physical 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 [37].

Under the above assumptions, the governing equations for the PCM side include the

following mass, momentum, and energy balance equations:

10
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op
L 4v.(pv)=0
o (pv)

1)
p%+p(v-V)v:—Vp+/N2v (2)
o (ph)+V-(pvh)=V-(kVT)
ot ©)

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

enthalpy h in Equation (3) is written as:

h=h

ref

T
+ J' ¢, dT +yH
Tret (4)

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

0 T <T,
T-T
_ s T <T<T, 5
4 T| T s | ()
1 T>T,

where Ts and T, are respectively the solidification and melting temperature. The air velocity
and temperature were obtained by solving the continuity, Navier-Stokes and energy equations,
which are similar to Equations (1)-(3) and hence are not repeated here. 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.
Second-order upwind was used for convective terms in momentum and energy equations.

The hexahedron mesh strategy was employed in modelling; orthogonal mesh was generated

11
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in PCM and Air domain when the mesh transition was only allowed in the solid domain. As a
result, the conformal mesh was formed at the interface of solid and fluid. The dimensionless
wall distance y+ was lower than 1, so that the enhanced wall function should be supposed to
estimated convective heat transfer. Sensitivity analysis has been done by varying the time
step, 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. In order to satisfy the convergence criteria, the number of iterations for

every time step was 50.
3. Experiments and Validation

To validate the numerical model, a pilot-scale experiment was carried out. PCM was filled in
a TES device with the same structure as mentioned above. Fins were installed on both of

airside and PCM side.
3.1. Phase Change Material

A commercial PCM, RT 18 HC purchased from Rubitherm Technologies GmbH, Germany,
was used in the work. A Differential Scanning Calorimeter (DSC-2) from Mettler Toledo was
used to determine the thermal properties of the PCM (melting point, latent heat, and specific
heat capacity). The measurements used aluminium crucibles containing ~10 mg sample. To
obtain reliable and repeatable results, three different samples were measured with each
sample measured three times. A sapphire standard was used as a reference to obtain the
specific heat capacity. The measurements were done between 0 and 50 °C with a
heating/cooling rate of 1 °C min™ under a nitrogen atmosphere. Table 2 gives a summary of
the measurement data. One can see a latent heat of 220 kJ/kg and a melting / freezing

temperature range between 17 °C and 19 °C. The specific heat capacities at solid-state (10 °C)

12



Journal Pre-proof

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 analyzer (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. Tab.
2 shows the results. One can see that the average thermal conductivity of the PCM for both

solid and liquid phases is 0.2 W/(m-K).
3.2. Experiment system

Fig. 2 gives a schematic diagram of the experimental set-up, which consists mainly of the
TES device as described on Section 2, a commercial air conditioning unit (a fixed-frequency
air conditioner unit from Tripp Lite), an airflow and temperature stabilization chamber and a
data acquisition unit connected to various sensors. The photo of the experimental test rig is
shown in Fig. 3. A Leister Hot air unit was used to provide hot air and the air conditioning

unit was from Tripp Lite Company.

The exterior size of the TES device including insulation was 600 mm (length)x300 mm
(width)x200 mm (height). Liquid PCM was injected into the TES device through 2mm holes.
After PCM in the device became solid, liqguid PCM was injected again. The above injections
were repeated many times to make sure the device was fulfilled. As a result, a total of 10 kg
PCM was filled inside the device. The fins, channels, chambers, and clapboards were made of
aluminum. The air chamber has a dimension of 800 mm (height) x 800 mm (width) x1000
mm (length) to ensure a thorough mixing of cold air from the air conditioner and the hot air

from the heater for a precise air temperature control before entering the TES device.

Ten K-type thermocouples were installed in the inlet and outlet of the TES device with 5 in
each of the ends. This allowed an average inlet and outlet air temperatures to be obtained

from the measurements of the 5 thermocouples. Ten additional K-type thermocouples were

13



Journal Pre-proof

inserted into the interior of 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 Fig. 4, where the axial distances from the inlet are denoted respectively by T1 and T2
(50mm), T3 and T4 (150mm), T5 and T6 (300mm), T7 and T8 (450mm), and T9 and T10

(550mm). The insertion depth of all the thermocouples is 100 mm.
3.6 Uncertainty analysis

The uncertainty analyses were performed by using a method described by Moffat [38] who
derived the following equation for the estimation of the overall uncertainty of measured
parameter, JR, as a function of uncertainty of variables, d.X;:

SR= \/i[;j jz (6%, )’ (6)

n=1 n

Under the conditions of this study, the maximum uncertainty of the charging and discharging

time was estimated at 5.14%.
4. Experimental validation of the modelling results

The mesh independent test for both charge and discharge 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. 5a, it could be confirmed that the mesh effect could be neglectable

when the mesh is greater than 5,000,000.

Furthermore, since the Reynold number, in this case, could be estimated as lower than 500,
which may indicate the flow regime should be laminar. However, the introduction of fins
may generate the turbulent flow, so that difference viscous models, including laminar and k-
epsilon, and different wall heat transfer model, including standard and enhanced, were also

examined. Based on the result in Fig. 5b, it could be confirmed that the k-epsilon turbulent

14
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model with standard wall function model could capture the heat transfer features more

accurately.
5. Comparison of TES performances between different fin configurations

Having established confidence in numerical modelling, the TES devices with four fin
configurations were simulated. PCMs with different thermal conductivities were also studied
for comparison with the 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.
5.1 Effects of fin configurations on TES device performance

During charge, the inlet air velocity and temperature were set at respectively 1.2 m/s and 11
°C (284.15 K). The measured PCM thermal conductivity was used. Fig. 6 shows the
simulation results in the form of air temperature and velocity contours with and without fins.
As can be seen, the axial air velocity distribution is parabolic in the no fins configuration
(Fig. 6d). This indicates a laminar flow regime - consistent with the low Re number (~325)
condition. In both fins case, however, the airflow pattern changes significantly, showing
regions with increased veiocity and flow disturbance (Fig. 6¢). Correspondingly, the air
temperature increases quickly in both fins case (Fig. 6a) compared to that in the no fins

situation (Fig. 6b) due to heat transfer enhancement induced by the airflow disturbance.

Fig. 7 shows the PCM temperature and liquid fraction contours. One can see that the PCM
temperature decreases fast in both fins case with (Fig. 7a) than that without fins (Fig. 7b).
The solidification starts from regions close to the clapboard in the no fins case (Fig. 7d),
whereas it starts in areas close to the clapboard and the fins in the both fins case (Fig. 7c).
The liquid fraction of the PCM reduces ~40% in 58 s in the both fins case, while it only

reduces by ~10% in 295 s in the no fins configuration. These results clearly demonstrate a

15
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significant heat transfer enhancement by using both fins configuration due to the increased

heat transfer area and airflow disturbance.

During discharge, the inlet air velocity and temperature were set at respectively 1.2 m/s and
39 °C (312.15 K). Fig. 8 and Fig. 9 show the results. Similar to the charging behaviour
shown above, more significantly disturbed airflow (Fig. 8d) and faster air temperature
reduction (Fig. 8b) can be clearly seen in both fins case than that in the no fins situation (Fig.
8a & Fig. 8c). The PCM starts to melt from areas surrounding the fins and the clapboard in
both fins case while the melting process starts only from locations close to the clapboard in
the no fins case. The liquid fraction of PCM increases at a much quicker rate in both fins

case (Fig. 9c) than that in the no fins configuration.

The liquid fraction data in the charge and discharge processes shown graphically in Figs. 7-
9are respectively plotted in Fig. 10a & Fig: 10b as a function of time. One can see that the
discharge (melting) process takes ~625s in the no fins case (Fig. 10a); this reduces to 164s
for both fins case. The discharge times for the air fin only and PCM only configurations are
180 s and 430 s, respectively. In other words, the discharge time reduces by approximately
74% with both fins, 71% with air fins and 31% with PCM fins, in comparison with the no
fins 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).

Fig. 10b shows the change of liquid fraction during the charge (solidification) process. The
total charge time is found to be 1095 s without fins, 168 with both fins, 234 with air fins
only and 487 s with PCM fins only. Correspondingly, the charge time reduces by
approximately 85% with both fins, 79% with air fins and 56% with PCM fins, in
comparison with the no fins case. 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.

16
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5.2 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 side performance by 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.

Fig. 11 shows the results. One can see that the discharge time decreases with increasing
PCM thermal conductivity. When the PCM thermal conductivity increases from 0.2 (the
PCM used in experiments in this work) to 1.05 W/(m:K), the discharge time reduces to be
comparable to the use of both fins configuration (Fig. 11a). Similarly, for the charging
process (Fig. 11b), a PCM with thermal conductivity of ~0.78 W/(m-K) would give the same
heat transfer enhancement as the use of the PCM fins. These comparisons indicate that a
similar extent of heat transfer performarce enhancement can be achieved by either extending
the heat transfer area through fins or by using PCMs with high thermal conductivity (~5

times the PCM thermal conductivity used in this work).

The use of fing will result in a slightly higher manufacture cost and limited space drop
(~10.8%) for PCM. However, PCMs with desirable phase change temperature and latent heat
often do not meet the high thermal conductivity requirement. Currently, the thermal
conductivity improvement of PCMs was achieved by using highly thermally conductive
additives[39]. This reduces the space for PCM as well, increases the costs and in some cases
increases the complexity (e.g. phase separation). The limited cycling life is also a big
challenge for the composite PCMs containing thermal conductive particles[40]. Therefore,
by the advantages of easy manufacture and lightweight, the use of fins is still a highly

effective option.

17
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5.3 Performance of the TES device with both fins

Based on the results presented above, a TES device with both fins was designed and
manufactured and integrated with an air conditioning unit; see Section 3.2 for the
experimental system. The charge and discharge behaviour of such a system was investigated

and the results are presented in the following.

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 of 1.25 m/s. Figs. 12 and 13 show the results respectively during discharge and
charge processes. 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. Fig. 12 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 ~3600 s and 2300 s

respectively for the air inlet temperatures of 30 °C and 39 °C.

During charge (Fig. 13), 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 Fig. 13a and Fig. 13b also suggests
that a significantly increased charge time would be needed for charges at a high charge

temperature; see below for a quantitative comparison.

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
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duration (also termed as a 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 stabilized around the phase change point and
hence we regard the PCM based TES device as optimal if the deviation is within 1°C from

the phase change point, namely, between 17 °C and 19 °C in this study, for a long period.

Fig.14 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 the 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 temperatures at 30 °C, 35 °C and 40 °C

respectively.

Comparison of air outlet temperature of the system with and without the TES device
Fig.15 compares the air outlet temperature of the air conditioning system with and without
the 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 and
~17 °C every ~300 s. Such a highly frequent and high amplitude fluctuation would imply a
more frequent start-stop of the compressor of the fixed-frequency air conditioner, leading to
higher energy consumption. This also clearly demonstrates that the TES based air-
conditioning system gives a significantly improved thermal comfort, and potentially lower
energy consumption. Besides, the system work reported by us recently showed that the
system efficiency could be improved with increased thermal comfort, which was caused by

the reduction of the ON-OFF times of the compressor [6][7].

6. Conclusions
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The work presented in this paper concerns the performance enhancement of a PCM based
TES device for air-conditioning applications. The particular focus is on enhancing heat
transfer by extending heat transfer surfaces (fins) in both the PCM and air sides and adding
heat transfer enhancement materials in the PCM. First, TES devices of four different
configurations were modelled and compared. The modelling results were then validated by
experimental data. The results indicated a significant extent of performance enhancement of
the TES device due to the use of fins. The airside fins were found to be more effective than
the PCM side fins. The discharging and charging time reduced by approximately 74% and 85%

with both fins in comparison with the no fin case, respectively.

The results also showed that the heat transfer enhancement due to the PCM side fins could be
achieved by increasing PCM thermal conductivity. When the PCM thermal conductivity
increased from 0.2 to 1.05 W/(m-K) and 0.78 W/(m-K), the discharging and charging time

reduced to be comparable to the use of both fins configuration.

However, improving the thermal conductivity of the PCMs caused the increase in the costs
and in some cases increased the complexity (e.g. phase separation). Therefore, a PCM-based
TES device was designed and manufactured based on the above results. The device was
integrated into an air-conditioning system and experimentally tested. The results showed that,
for both charge and discharge processes, the system level performance was significantly
improved, leading to an increased extent of thermal comfort and decreased outlet temperature
fluctuations. The obtained results can contribute to the design and optimization of the TES

device for an air conditioning application.
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Figs:

Fig.1 The TES device for modelling and experimental validation.

Fig. 2 Schematic diagram of the experimental rig for the TES device measurements
Fig. 3 Photo of the experimental rig for the TES device measurements

Fig. 4 Thermocouple positions inside the TES device (mm)

Fig. 5 Grid independency and model selection

Fig.6 Contours of the charging process: Air temperature for the both fins configuration (a)
and the no fins configuration (b); Air velocity for the both fins configuration(c) and the no

fins configuration (d).

Fig. 7 Contours during charging process: PCM temperature for the both fins case (a) and the

no fins case (b); PCM liquid fraction for the both fins scenario(c) and the no fins case (d).

Fig .8 Contours during discharge: Air temperature for the no fins case (a) and the both fins

case (b); Air velocity for the no fins case (c) and the both fins case(d).

Fig. 9 Contours during discharge: PCM temperature for the both fins case(a) and the no fins

case(b); PCM liquid fraction for the both fins case(c) and the no fins case(d).

Fig. 10 Time evolution of the liquid fraction during the discharge (a) and charge (b)

processes with various configurations.
Fig. 11 Discharge time (a) and charge time for PCM with different thermal conductivities

Fig. 12 Evolution of axial temperature of air and PCM during discharge with air inlet

temperature of 30°C (a) and 39°C (b)

Fig. 13 Evolution of axial temperature of air and PCM during charge with an inlet air

temperature of 11°C (a) and 15°C (b)
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Fig. 14 Operating duration for the designed TES device at inlet air velocity of 1.25m/s

Fig. 15 Comparison of the air outlet temperature of the system with and without the TES

device
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Tabs:
Tab. 1 Initial conditions for modelling the charging and discharging processes

Tab. 2 Thermophysical properties of RT18 HC PCM
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Fig. 12 Evolution of axial temperature of air and PCM during discharge with air inlet

temperature of 30°C (a) and 39°C (b).
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Tab. 1 Initial conditions for modelling the charging and discharging processes

Parameters Charging Discharging
Inlet air temperature (K) 284.15 312.15

Inlet air velocity (m/s) 1.20 1.20

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

Initial PCM side fin temperature (K) 298.15 289.15

Tab. 2 Thermophysical properties of RT18 HC PCM

Density Latent Melting Freezing Specific heat Thermal
3 heat temperature temperature capacity conductivity
kg/m . .
ki/kg °C 5 kJ/(kgK) WI(m'K)
880(s); 1.9 £0.2 (s);
220 17-19 (18) 19-17 (18) 0.2
770(1) 2.0 0.2 (1)
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