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A temperature-sensitive product such as ice-cream may cause the industry to face
several challenges throughout the production, storage, packaging, and distribution
processes. With the purpose to improve the performance of an ice cream container
that acts as cold storage during the delivery process, the integration of a tube-type
phase change material (PCM) thermal storage system was studied. In this work, a
Computational Fluid Dynamic (CFD) method was used to model and analysed eight
designs of phase change thermal storage systems incorporated within the ice-cream
container. The tube type PCM was modeled, with and without the conducting pins,
aiming to maximise the heat exchange within the system. To obtain a proper design,
parametric studies on the number of pins and its diameter were further analysed. For
all simulations, the initial time for freezing simulation was set to 2°C, assuming the PCM
was fully in a liquid state with the ice mass fraction was set to 0. With that, the PCM
average temperature and the total mass fraction was observed and analysed. From the
results, the ice mass fraction percentage of the systems was observed to increase with
the increasing number of pins. Model with (the maximum) 40 pins has improved ice
mass fraction for at least 67.58% when compared to the configuration without pin.
Also, the average temperature of PCM for model with maximum pins, was observed to
be 37.14% lower when compared to the configuration without pins and less pin
numbers. Nevertheless, although the presence of pins has proven to enhance the heat
exchange within the system, the percentage of ice formation was considered to be low
and the average temperature was still as high as 0.66°C after 12 hrs of freezing process.
This indicating that a proper design of TES is inevitably needed, in order to maximise
both heat exchanges and PCM storage ability within the system.

1. Introduction

The global ice cream market size was valued at USD 79.0 billion as in 2021 [1]. The ice cream
industry is expected to experience a continuous uptick in sales due to the increasing in demands for
innovative flavors, types and impulse ice creams. Nevertheless, as a temperature-sensitive product,
the key player in the industries may face several challenges along the supply chain that involves the
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production, storage, packaging, and distribution processes. Koztowicz et al., [2] has listed few
undesirable changes that may occur during the storage, include the loss of product durability, decline
in aeration, crystallisation of lactose, and reduction of probiotic bacteria. Besides, a process named
recrystallisation was highlighted as one of the major problems for ice cream manufacturers [3]. It
was influenced by an abusive-storage conditions, where the recrystallisation rate increased with the
storage temperature and fluctuating temperatures [4]. For instance, refreezing the melted ice cream
was found to affect the quality or texture due to the recrystallization of large chunks of liquid cream
[5]. Besides, Donhowe and Hartel [4] reported that ice cream temperature was found to rise as high
as 6°C due to the on/off regulation of refrigeration systems itself. Subjected to the temperature
changes during storage of 2°C or 3°C and during traveling, the ice cream’s temperature could rise to
3°C to 8°C based on the form of delivery. In order to cope with these demands and challenges,
numerous studies on that subject matter have been conducted, involving the raw materials and
technology improvement along the supply chain. The use of stabiliser with aim to slow down the
recrystallisation was a popular method that being implemented by the industry. Nonetheless, the
stabilizer employment may depend on type of ice cream, storage temperature, ice phase volume and
concentration of stabilizer [6].

On the other hand, the improvement of technologies used along the supply chain of cold storage
have been numerously studied [7-10]. An efficient cold storage is a key factor in frozen food
industries that mostly involves ice cream, dairies, seafood, and ready-to-eat meal. Thermal Energy
Storage (TES) based Phase Change Material (PCM) has been discussed a viable cold storage
technology with the advantages of providing a nearly isothermal storage process and high energy
storage density [11]. The effectiveness of PCM thermal storage systems is highly depending on the
system configurations and the PCM used as the storage material [12]. PCM was categorised into
several materials such as organic materials: paraffin and non-paraffins, Inorganic materials: Salt
hydrates and metallics, and eutectics: a mixture of organics and/or inorganics [13]. The mechanism
of PCM is to store latent heat by absorbing and releasing thermal energy which means charging and
discharging process of liquid-to-solid or solid-to-liquid state [14].

The PCM can be encapsulated inside a cylindrical tube and rectangular wall. In addition, the wall
of encapsulation may attach pins or fins purposely to increase heat transfer rate and efficiency along
the exposed surface area towards surrounding or ambience temperature, in this context, Heat
Transfer Fluid (HTF) [5,15,16].

The thermal energy released into HTF that flows around encapsulated wall known as convection
heat transfer. In cold storage, PCM might help to keep the working temperature without a proper
refrigeration system by using only circulated HTF such as air to provide sufficient working
temperature of the storage during delivery [3]. Acommon method or packaging to deliver ice cream
mostly utilizes dry ice, regular ice, and large mechanical working component such as a refrigeration
system. In such method, it might require a large compartment to ratio the volume fraction between
products and cooling components. This will lead to incapability such as lesser product quantity can
be stored. The integration of PCM thermal energy storage was seen as a viable alternative that could
enhance the performance of cold storage.

The general purpose of this work was to study the effect of tube-type PCM thermal storage being
incorporated within the ice cream container wall, and furthermore, observe the influence of different
PCM thermal storage configurations on the performance. The change in a configuration changes the
amount of heat transfer area system that may yield a better performance heat exchange. In this
paper, 8 system configurations with varied numbers of pins and their dimension were modeled.
Accordingly, the Computational Fluid Dynamic (CFD) simulation method was employed to simulate
and analysed the models under the same condition. The simulation involves freezing simulation, with
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the initial ice mass fraction and temperature was set to 0°C and 2°C, respectively. The outcome of
this work is expected to provide a solution to an optimum design of PCM with pins by using available
products in the market. The long-term aim is for the performance of the ice cream container used in
the supply chain can be improved. Besides, a novel simulation studies of the conducting pins
employment within a thin wall for heat transfer enhancement could be a great initiation and further
be applied to other thermal storage system.

2. Methodology

This section discusses the approach and the procedures used to accomplish the research aims.
For that purpose, a conceptual design for the system was developed by benchmarking the actual ice
cream container from a local ice cream company in Malaysia with the dimensions of 61 x 34 x 49cm
and 3cm thickness (Figure 1(a)). The ice cream container was used to keep the ice cream during the
delivery process.

This ice cream container was then modeled to be integrated with a thermal energy storage
system studied by Amin et al., [17] and Aziz et al., [18]. In this work, the thermal energy storage tank
filled with encapsulated PCM spheres studied by Amin et al., [19] was replaced by an ice cream
container as illustrated in Figure 1(b). The experimental test rig was designed to be similar, including
the type of PCM and HTF and its mass flow rate. For the PCM thermal storage system integrated with
the container to be effectively working, the system will undergo charging and discharging process,
purposely to freeze and melt the PCM within the container wall.

In this work, the ice cream container was assumed to be used for 12 hrs delivery process. During
the delivery process, the ice cream container was assumed to be fully charged, in solid state (ice),
therefore the ice will undergo the natural melting process. On the other hand, after 12 hrs in
operation, the ice was assumed to be fully melted. At this state, the PCM in the ice cream container
wall was assumed to be fully in liquid state thus the charging process would take part. Considering
this scenario, this paper therefore analysed the impact of the conductors to the freezing simulation
of the system.

e
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Fig. 1. (a) Cold storage/Ice cream container sample (b) Ice cream container integrated with PCM thermal
storage system

2.1 Geometry Modeling and Meshing
In order to mimic the system illustrated in Figure 1(b), the CAD model for each part was designed

and simulated using the commercial CAD and CFD software. By using CATIA, three main parts were
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created, which are (1) an ice cream container wall that was assumed to be a well-insulated box filled
with PCM, (2) a straight hollow tube that allows the HTF to flow through in the middle of the ice
cream container wall, and (3) the pin that was pierced outside the straight tube. Overall, eight CFD
models were developed, in which the same 3D model of ice cream container wall was designed with
eight different tube configurations. These include two simulation models for copper tube available
in the market, with the diameter for Tubes 1 and 2 were 6.53mm and 9.525mm, respectively. Both
Tubes 1 and 2 were modeled without any heat conductors. The best tube model was then selected
for the integration with conducting pins.

For the models with conducting pins, the number of pins was varied to two, four (Figure 2), six
and eight pins. As illustrated in Figure 2(c), five sets of pins at a similar distance to each other were
designed along the tube. The details of the model dimension are tabulated in Table 1. The copper
pins used in this study was a simplified model of a flat-round cap and rectangular cross-section
leading to a sharp edge (Figure 3(a)), benchmarked from Aziz et al., [18]. For the simulation, the nail
was simplified and assumed to be a cylinder-shaped pin with the same contact area and length of
25mm as shown in Figure 3(b). Nevertheless, due to the narrow thickness of the container wall, the
25mm in length pins could not be fitted well if the pins numbers are to be increased. Therefore, by
employing the similar simplified method, the simulation was run with a shorter pin design,
benchmarked from 8mm copper nails available in the market.

(a) (b) (c)

Container wall

Tube

Container wall

Fig. 2. (a) 3D model and meshing model (b) front view (c) side view of a tube with 5 set of 4 pins
incorporated within the ice cream container wall
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Table 1

Model specification

Model Tube Model Pins design Total numbers of Pins 3D model
(for 1 set) pins in the system (front view)

1 Tube 1 (d=6.350mm) - -

2 Tube 2 (d=9.525mm) - -

Pins A (dpina=5.4mm, lpina =25.0mm)

3 Tube B (d=9.525mm) 2 10

4 Tube B (d=9.525mm) 4 20

Pins B (dpine=3.0mm, lpins =8.0mm)

5 Tube B (d=9.525mm) 2 10
6 Tube B (d=9.525mm) 4 20
7 Tube B (d=9.525mm) 6 30

8 Tube B (d=9.525mm) 8 40
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(a) (b)

Fig. 3. (a) Benchmarked copper pin, and (b) simplified pin used in the
simulation [18]

These PCM models were then simulated using a commercial computational fluid dynamic
software to determine the best model that could improve the heat transfer within the system. A good
mesh quality is essential for performing a good CFD analysis. Therefore, assessment of the mesh
quality prior to performing large and complex CFD analysis has been done properly. For this modeling
work, the physic and solver preferences are automatically set to CFD and CFX by default, including
the use of default mesh setting combination of tetrahedrons and hex dominant. Nevertheless, due
to the complicated geometry, the edge sizing method was employed to ensure the mesh quality
satisfies the requirement of 0.85 maximum ‘skewness’ and achieve a low ‘aspect ratio’. To observe
the best meshing result, all three-relevance center sizing (fine, medium and coarse) were tested and
the best meshing model was selected for the simulation.

2.2 Simulation Setup

For all simulations, three domains were created, namely the PCM, HTF and Pins. The material for
PCM was set to PCMO (water/ice), while the HTF and Pins were set to Dynalene HC40 and copper,
respectively. Dynalene HC40 was chosen as HTF because it is non-toxic for food and beverages
application, cost-effective, very suitable for low temperature, and more stable in fully liquid form
compared to other low temperature refrigerants such as R134a, R12 and R22 [20]. The PCM and HTF
domains were set as fluid domains, with continuous fluid morphology, non-buoyant buoyancy model,
and stationary domain motion, while tube was set as a solid domain. All simulation setups including
the governing equations were applied exactly as discussed by Aziz et al., [18]. The thermal energy
option was turned on to allow the heat transfer to occur within the CFD simulation model shown in
Figure 4.
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Fig. 4. CFD model of ice cream container wall integrated with tube-type PCM thermal storage
system

0.200 (m)

As shown in Figure 4., the Inlet and Outlet boundary condition were defined at the location where
the HTF enters and leaves the system, respectively. The initial temperature for HTF set as —11.0793
for freezing simulations with the turbulence model was set to k-epsilon with scalable wall function.
The mass flow rate was set to 0.05635kg/s. Tube act as a thermal conductor implemented copper
metal as medium of heat transfer between HTF and PCM. Thus, to set domain, solid domain was
chosen instead of fluid type domain. The material for tube body was a default copper material with
its domain motion set to stationary and continuous solid.

Meanwhile, for PCM domain, the component for Ice and Water was set to equilibrium fraction
and equilibrium constraint respectively. The initial ice volume fraction was set to 0 with the initial
temperature of the PCM was 2°C. The values of ice volume faction of 1 and 0 for melting and freezing
simulation is indicating that the PCM is in ice (solid) and water (liquid) form, respectively. In order to
focus on the heat conductors influence, PCM Outer Wall was set as adiabatic to prevent from any
thermal energy in and/or out from the PCM. The interface models were then defined in between the
domains that allowing the heat transfer to occur. In order to observe the temperature within the
system, a few monitor points were set, including Monitor Points 1 and 3 (MP1 & MP3) that were set
near the inlet and outlet of the system (Figure 4).

3. Results and Discussion
3.1 Effect of Pins to the Ice Mass Fraction

From the simulation, the ice mass fraction was recorded for 12 hrs as shown in Figure 5.
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PCM ice mass fraction for 12 hrs freezing simulation (m=0.056351 kg/s)
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Fig. 5. Graph of PCM ice mass fraction (%) for 12 hrs freezing simulation (m=0.056351 kg/s)

From the graph, it can be observed that the amount of liquid PCM that turns into ice was in the
increasing trend over the time. As shown, the ice mass fraction was increased from 0% at Ohrs to
8.98% and 10.64% at 12 hrs. for the configurations without conducting pins. Meanwhile, for the
model configurations of 3 to 8, the ice was seen to freeze faster, and the total ice mass fraction was
17.83%, with 67.58% increment when compared to Model 2. These data indicating that the presence
of pins was undoubtedly a viable technique to speed up the freezing rate. The ice mass fraction
contour was shown in Figure 6. As previously stated, the initial ice mass fraction was set to 0, and it
was seen to gradually formed into ice relative to the simulation time. From Figure 6, the ice formation
was seen to form following the pin design than the ice formation to the tube without pin.

Fig. 6. PCM ice mass fraction (%) contour at 3, 6, 9 and 12 hrs freezing simulation for Model 3

3.2 Effect of Pins to the PCM Temperature Distribution

From the same simulation, the maximum, minimum and average temperature of the PCM was

observed and presented in Table 2 and Figure 7.
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Table 2

PCM minimum and maximum temperature after 12 hrs freezing

simulation

Model Total pins Min Temperature Max Temperature after
number after 12hrs, T (°C) 12hrs, T(°C)

Pins A (dpina=5.4mm, lyina =25.0mm)

3 10 -3.99 1.99

4 20 -3.53 1.99

Pins B (dpine=3.0mm, /lpinz =8.0m)

5 10 -3.99 1.98

6 20 -3.96 1.98

7 30 -3.94 1.98

8 40 -3.92 1.98

In Table 2, for all cases, the maximum temperature was seen has dropped from 2°C for at least
0.01°C temperature difference. Meanwhile, the minimum temperature of PCM was observed within
the range of -3.9 to 4.0°C. These maximum and minimum temperature in directly indicating the state
of PCM, in which the positive value indicating that there was still a liquid state in the PCM, matched
the ice mass fraction % showed in Figure 5. On the other hand, the negative temperature value is
indicating that PCMO has turned to the ice form with regards to its phase change temperature at 0°C.
Meanwhile, the average temperature of PCM can be depicted from Figure 7.

PCM average temperature, T (°C) for 12 hrs freezing simulation
(m=0.056351 kg/s)
2.50
— 00— -Tube 1, d=6.35mm

;CT 2.00 % — -@— - Tube 2, d=9.525mm
= <c-m--+ Pin A (2 pins)
g
g 1.50 cec+A== Pin A (4 pins)
8_ —— Pin B (2 pins)
£ 100 . .
40_; Pin B (4 pins)
Qb
o© —%— Pin B (6 pins)
g 0.50
c§u Pin B (8 pins)
g

0.00

0 2 4 6 8 10 12 14
Time, t (hrs)

Fig. 7. Graph of PCM average temperature, T (°C) for 12 hrs freezing simulation (m=0.056351 kg/s)

From the graph, it can be observed that the average temperature for PCM in Model 1 and 2 (after
12 hrs simulation time) are 1.23°C and 1.05°C, respectively. On the other hand, the average
temperature for Model 3-8 are 0.85°C, 0.78°C, 0.77°C, 0.71°C, 0.67°C and 0.66°C, respectively. From
these data, it showed that the average temperature of PCM for the TES configurations with
conducting pins is lower when compared to the configurations without pins, indicating that the
freezing rate has increased with the presence of conducting pins.
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3.3 Effect of Pins Number

From Figure 7, it can be observed that the graph trend is in the decreasing trend, in which the
PCM average temperature is decreasing with the increasing of pins number. Hence, to highlight the
effect of conducting pins number to its performance, the average temperature for Model 3 — 8 was
compared to Model 2 (tabulated in Table 3).

Table 3
PCM Temperature difference compared to Model 2 (no pin)
Model  Total pins PCM Average Temperature Temperature

number Temperature, T (°C) difference, T(°C) difference (%)
Pins A (dpina=5.4mm, lpina =25.0mm)

3 10 0.85 0.20 -19.05%
4 20 0.78 0.27 -25.71%
Pins B (dpine=3.0mm, /ine =8.0m)

5 10 0.77 0.28 -26.67%
6 20 0.71 0.34 -33.33%
7 30 0.67 0.38 -36.19%
8 40 0.66 0.39 -37.14%

In Table 3, it can be seen that the presence of pins has increased the heat transfer rate within the
systems and has aided the temperature to drop faster when compared to the model with no pin.
From the results, the average temperature for Model 4 is observed to be lower than Model 3, shows
that there is an effect of the difference in numbers on pins. This is further proven by perceiving the
data for Model 5 to 8, in which the PCM average temperature was seen to decrease with the
increasing numbers of pins. The PCM average temperature for Model 8 is recorded to be lowered by
as high as 37.14% when compared to Model 2.

Other than that, it can be highlighted that the number of pins has shown to be a bigger influence
than the pins dimension to the heat exchanges within the system. Nonetheless, though the heat
exchanges were improved, the value of ice formed after 12 hrs was considered too low, thus calls for
further improvement. Besides, the presence of the pins has also reduced the PCM volume. It is crucial
for a thermal storage system to be optimised so that the maximum amount of storage medium can
be stored whilst having the heat transfer to be enhanced. The potential comparison of phase change
effectiveness on tube with pins discussed in this work can be compared with that reported by Tay et
al., [21] when E-NTU correlation is used.

4. Conclusions

In this work, the freezing simulation for a thin wall, with and without heat conductors were
conducted via CFD analysis. From the presented results, the best model was Model 8, with the
present of 5 sets of 8 pins (total pins = 40) has increased the ice mass fraction for at least 67.58%
when compared to the configuration without pin. Besides, the average temperature of PCM for
Model 8 was observed to be the highest of 0.66°C, from its initial temperature of 2°C. The presence
of 40 pins has lowered the average temperature of PCM for 37.14% when compared to the TES model
without pins. Hence, it is inevitable to say including high conductivity material into the thermal
storage systems, helps in heat transfer and has yield a better freezing performance. In the future
work, the heat loss to surrounding for inner side of the container walls must be considered, thus the
natural melting of PCM could further be analysed. Besides, the effectiveness of storage material can
further be analysed for any thermal conductivity enhancement via conducting material. This is due
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to the volumetric spaces needed for the conducting material may replace the amount of PCM thus
decreasing the phase change storage ability. Therefore, the insertion of conducting material to the
thin wall, specifically for ice cream container needs to be optimised. As for this case, the length of
tube, number of pins, type of PCM, and conductor configurations can be further optimised.
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