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ABSTRACT 
Conventional ice-skating rinks require an intensive 

refrigeration load and continuous use of chiller which 
results in a substantial energy consumption. Therefore, 
novel, and sustainable alternatives are required to make 
more energy efficient ice-skating rinks. In this study, we 
propose a novel first-of-a-kind PCM (Phase Change 
Material) based ice skating rink and report the 
development of computational tool based on CFD 
(Computational Fluid Dynamics) to study various design 
aspects of such innovative system. The overall results 
show the significance of this model in providing a 
powerful tool to select suitable PCM, test operating 
parameters such as inlet temperature and flow rate, as 
well as predict the ice rink performance under different 
scenarios. 
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NONMENCLATURE 

Abbreviations  

CFD Computational Fluid Dynamics 
PCM Phase Change Material 

Symbols  

𝜌  Density 
𝑐𝑝  Specific heat 

𝑇  Temperature 
𝑞′′  Heat flux vector 
𝐴  Control surfaces 
𝑉  Control volumes 
𝐸  Total energy 
𝐻  Total enthalpy 
𝒗  Velocity vector 
𝑻  Viscous stress tensor 
𝛼𝑖  Volume fraction of phase i 
𝒗𝒎  Phase mixture velocity vector 

 

1. INTRODUCTION 
Ice rinks are typically used for ice skating and playing 

winter sports. However, they are also used for 
exhibitions, contests, and ice shows. An ice-skating rink 
maintains a frozen body of water on the surface by an 
indirect cooling system underneath. In conventional 
design of ice-skating rinks, refrigerated brine solution is 
pumped through a maze of pipes located underneath the 
ice sheet to keep it frozen. Deionized water is put down 
in thin layers freezing on the chilled surface until it is 
about one inch thick. The use of deionized water allows 
clear ice to form. This design depends on continuous use 
of chiller and continuous dependence on power source 
to run the chiller. Since the ice-skating rinks' operating 
cost is high due to high cooling loads, novel and 
sustainable alternatives are required to make more 
energy efficient ice-skating rinks.  

We propose a novel first-of-a-kind PCM (Phase 
Change Material) based ice skating rink. In this proposed 
design, the chillers are designed to operate during the 
day using electricity produced from PV panels. The 
excess cold energy produced during the day is stored in 
the PCM (to solidify the PCM from liquid to solid state). 
The stored cold energy in PCM is intended to be used 
during evening and nighttime and during rain or cloudy 
weather periods when there is less or no PV output. 
Figure 1 illustrates this patented design in which PCM 
containers are integrated into a conventional ice-skating 
rink.  

For the current novel design, the following research 
questions were the motivation of the current work. What 
is the optimal PCM phase change temperature that can 
be used to store excess cold energy? That is, a PCM 
having lower phase change temperature may reduce the 
coefficient of performance (COP) of the chiller and 
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require high energy requirement; whereas a PCM having 
higher PCM temperature has a lower capability to store 
excess cold energy. This necessitates an optimal point to 
be chosen. Secondly, for a given design configuration, 
what is the charging time which is the conversion of 
liquid PCM to solid PCM and the discharging time which 
is the conversion of solid to liquid? 

In literature, ice-skating rinks were subjected in a 
study on different envelop configurations: concrete 
structure and air-supported membrane structure [1]. 
Research on improving thermal and humidity condition 
was conducted by [2] and [3] in both experimental and 
numerical perspectives. [4] studied heat loads on the ice 
rink by radiation, condensation, and convection. 
However, there is no study referring to integrating PCM 
to the refrigeration system of ice-skating rinks.  

Heat transfer throughout the entire system is a 
crucial engineering process that would influence the 
charging time needed for storing and releasing thermal 
energy. Therefore, conjugate heat transfer between 

various components of the patented design were 
considered. Another crucial physics process is the phase 
change during melting and solidification of the PCM, as 
well as the occurrence of ice formation on the rink 
surface. These require a multi-physics simulation 
approach. Computational fluid dynamics is a numerical 
modelling tool for heat transfer and fluid flow and was 
adopted in many previous studies to simulate such 
processes. In literature, reviews on multi-physics 
simulations can be referred to [7], whereas ones on 
computational fluid dynamics simulation studies in 
phase change materials were conducted in [5], [6]. 

In this paper, we present the development of a high-
fidelity multi-physics numerical simulation model that 
aims to simulate the physics involved in an innovative 
ice-skating rink utilized PCM material. STAR-CCM+ was 
validated for phase change flows in previous study such 
as in [8]–[12], hence, was adopted for building up such 
simulation model. The model is then used to identify the 
appropriate PCM material that facilitates the formation 
of high-quality ice on the innovative ice-skating rink. 
Various phase change temperatures of PCM materials 
are considered to determine the charging and discharge 
performances. In addition, we studied ice formation 
processes and reported typical ice surface heat flux at 
the ice formation layer. 

2. METHODOLOGY  

2.1 Geometry 

 
Fig. 1. The patented design of PCM material integrated ice-

skating rink 
 
 

 
Fig. 2. (A) The PCM containers made of HDPE material will be initially filled with liquid PCM. (B) Sectional view of the 

computational geometry with indicated various regions of the whole ice-skating rink structure 
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Figure 2 shows a matrix of three-by-three PCM 
containers made of High-Density Polyethylene (HDPE) 
which is the main component of geometry considered in 
the following numerical study. These containers are 
initially filled with liquid PCM. Other items can be shown 
in this figure are plastic pipes which coolant heat transfer 
fluid (HTF) flows through and exchanges heat with the 
PCM material.  

The sectional view of a full CAD model comprised of 
various regions representing the whole ice-skating rink 
structure is also depicted in Figure 2. The lowest layer is 
the bottom concrete served as the base of the whole 
structure. Next is an insulation layer made of Extruded 
Polystyrene Insulation (XPS) material to prevent heat loss 
from the PCM materials. As mentioned earlier, PCM 
containers and the coolant flows of HTF piped through 
plastic pipes can also be shown in the figure. They are 
enclosed in an Inner Concrete layer and sit above a 
porous concrete layer. Noticeably, there is a retractable 
air gap between the porous concrete and PCM 
containers which allows air to pass through and ensures 
PCM expansion during the melting and solidification 
process does not affect the structure. The last two layers 
sitting on top of the Inner concrete layer are a 25-mm ice 
layer and a 6-m air domain extended above ice surface. 

2.2 Governing equations and simulation models 

In STAR-CCM+, a specific set of physics models, 
included in so called continua, is applied to each domain 
region to solve the physical process involved. Therefore, 
each region in Figure 2 is associated with a separated 
continua where physic models, initial and reference 
values are defined. In general, of all eight regions in the 
ice rink, there are three typical flows considered. 

In the solid regions such as Bottom concrete, 
Insulation, Porous concrete, Inner concrete, PCM shell, 
and Coolant pipes, segregated solid energy model was 
adopted to solve energy equation in these regions. The 
governing equation for energy transport reads: 

𝑑

𝑑𝑡
∫ 𝜌𝑐𝑝𝑇𝑑𝑉 =

𝑉

− ∮ 𝑞′′ ⋅ 𝑑𝐴

𝐴

(1) 

Where 𝜌 , 𝑐𝑝  are density and specific heat 

properties, 𝑇  is temperature, 𝑞′′  is the heat flux 
vector, 𝐴 and 𝑉 are control surfaces and volume. 

In fluid regions such as HTF flows, segregated flow 
solver which solves integral conservation equations of 
mass and momentum sequentially was selected. SIMPLE 
algorithm was implemented in the solver for pressure-
velocity coupling. Energy transport equation was 

handled by the segregated fluid temperature model 
which the following equation is solved: 

𝑑

𝑑𝑡
∫ 𝜌𝐸𝑑𝑉

𝑉

− ∮ 𝜌𝐻𝒗 ⋅ 𝑑𝐴

𝐴

= − ∮ 𝑞′′ ⋅ 𝑑𝐴

𝐴

+ ∮ 𝑻 ⋅ 𝒗𝑑𝐴

𝐴

(2) 

Where 𝐸 and 𝐻 are total energy and enthalpy, 𝒗 
is velocity vector, and 𝑻  is the viscous stress tensor. 
Other assumptions were employed for fluid regions are: 

- Constant density flow, and 
- Laminar flow 
Multiphase model is utilized in the water and PCM 

regions, where phase change process occurs. There are 
various options available in STAR-CCM+. In this study, the 
VOF (volume of fluid) approach is adopted for both the 
liquid and solid phases. The VOF model postulates that 
within a control volume, all immiscible fluid phases have 
a shared velocity, pressure, and temperature. 
Consequently, the governing equations describing 
momentum, mass, and energy transport in a single-
phase flow are utilized. These equations are computed 
based on the physical properties of each constituent 
phase and their respective volume fractions. The 
conservation equation used for the transport of volume 
fractions 𝛼𝑖 applies to the liquid zone (where the solid 
fraction 𝛼𝑠 = 0) and the mushy zone (where 0 <  𝛼𝑠 <
1): 

𝑑

𝑑𝑡
∫ 𝛼𝑖𝑑𝑉

𝑉

 +  ∫ 𝛼𝑖𝒗𝒎 ⋅ 𝑑𝐴
𝐴

= 0 (3) 

The following functionalities of STAR-CCM+ are 
incorporated in the VOF model setting: 

- Phase transition based on the volume's 
temperature 

- Laminar natural convection within the liquid 
region 

- The presence of a mushroom-shaped region 
between the solid and liquid phases 

- Density that varies with temperature 
- The solid fraction's flow cessation criterion, set 

at 0.99 

2.3 Mesh generation 

There are three meshers options selected to 
generate the final mesh in STAR-CCM+. First, the surface 
mesher utilized triangle elements to represent the outer 
surface of the domain, then polyhedral mesher was used 
to construct the volume mesh. In solid regions such as 
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pipes and PCM containers, a thin mesher was used to 
capture these thin solid material thickness. One of the 
significant parameters of surface mesher and polyhedral 
mesher is the base mesh size. Therefore, various mesh 
sizes were subjected to a mesh sensitivity study in the 
following section to finalize this parameter. Additionally, 
five layers of prismatic elements were employed to 
capture the boundary layer physics near the liquid/fluid 
surfaces. These prismatic layers were disable in the 
mentioned solid regions. The final mesh can be shown in 
Figure 3. 

2.4 Mesh sensitivity study 

Before running simulation, a mesh sensitivity study 
was conducted to evaluate the effects of mesh 
parameters on the results. Three meshes with varied 
number of cells are generated as summarized on Table 1. 

Mesh 2 is selected as the base mesh. Mesh 1 has the 
lowest mesh counts, whereas Mesh 2 and Mesh 3 have 
1.8- and 3.1-times greater number of mesh elements, 
respectively. These meshes are subjected to the same 
base simulation. Results of solidification time in hours 
and corresponding relative errors to the base mesh are 

recorded in the table. We can see that Mesh 2 and Mesh 
3 generate comparable results even though the prior 
mesh has only half the mesh counts of the later one. 
Figure 4 further confirms this similarity which compares 
temporal profiles of solid volume fraction of the PCM 
during simulations of Mesh 1, Mesh 2, and Mesh 3. It 
shows that there is a deviation in results between Mesh 
2 and Mesh 3, nevertheless, lines of Mesh 2 and Mesh 3 
are mostly overlapped. 

3. RESULTS AND DISCUSSION 

3.1 PCM selection 

 
Fig. 3. Sectional view of the mesh 

 
Fig. 4. Mesh sensitivity study result 

 
 

   

   

   

   

   

   

   

   

   

   

   

                       

 
 
 
  
 
   
  
 
  
 
 
  
  
 
  
 
 

            

      

      

      

Table 1: Mesh metrics and results 

Case 
Number 

Total mesh 
cell counts 

Solidification 
time (Hours) 

Errors 

Mesh 1 704,157 47.33 -4.09% 

Mesh 2 1,283,800 49.35 Base 

Mesh 3 2,155,221 49.83 +0.97% 
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One of advantages of CFD is an ability to test 
different scenarios of working conditions without 
conducting costly experiments. The first task of 
developing this innovative ice-skating rink is to select an 
appropriate PCM which supports desired operations and 
with good performances.  

We selected three candidate PCM and subjected 
them to a performance comparison study. Table 2 
summarizes their thermal and physical properties. They 
are under the same category of inorganic PCM; 
therefore, we could see most properties are shared but 
the phase change temperature which differs from -11°C 
to -23°C. 

There are two simulations conducted for each PCM. 
Initial charging simulation assumes the PCM charging 
process is started from ambient temperature and 
completed when reaching 95% of solid volume fraction. 
Heat transfer fluid (HTF) used is Glycol-water solution 
50% and the mass flow rate of 0.6 kg/s. To have a fair 
comparison between the different phase change 
temperature of the candidate PCM, we assumed the 
temperature difference between HTF inlet and PCM 
temperature is the same: ΔT=-8°C. The outlet condition 
is applied at the exit boundary of HTF which assumes no 
reverse flow. The bottom surface of the bottom concrete 
region has a fixed temperature condition Tbot=5°C. This is 
also a general practice as a heated flow is used to keep 
this surface warm and prevent overcooling of adjacent 
structures. Adiabatic wall condition is adopted for all 
other outer surfaces of the domain, therefore, an ideal 
condition of thermal isolation with surroundings is 
assumed for all PCM. The initial temperature of all 
domains was at 5°C. 

Consequently, the state of the charging simulation is 
set as the initial condition for discharging simulation. In 
this stage, the HTF flow is stopped, and a heat flux is 
applied at the top surface of ice layer region. A typical 
value of heat load 135.25 W/m2 is adopted. The stopping 
criteria of the simulation is when the temperature of ice 
at top surface is more than desired temperature of -6°C. 

Comparison of results of the initial charging 
simulations is depicted in Figure 5. The charging time of 
three PCM are also extracted in this figure. Although the 
PCM-11 has the fastest rate of charging initially, its final 

charging time is larger than of the PCM-24. This may be 
due to the lower latent heat of PCM-24 which lessens the 
heat required to solidify the PCM. PCM-17 has the largest 
charging time, 4.4% and 8.5% more than PCM-17 and 
PCM-11, respectively. 

Ice temperature and PCM solid volume fraction 
during discharging are reported and presented in Figure 
6. We could see that the initial temperature of ice region 

Table 2: PCM candidates’ properties 

PCM Latent Heat 
 

Phase change 
temperature  

Solid Density 
 

Liquid Density  
 

Thermal 
Conductivity 

Specific Heat 
 

 kJ/Kg °C Kg/m3 Kg/m3 W/m-K J/Kg-K 

PCM-11 290 -11 1200 1100 0.6 2000 

PCM-17 300 -17 1200 1100 0.6 2000 

PCM-24 250 -23 1200 1300 0.6 2000 

 
 

 
Fig. 5. Comparison of profiles of PCM solid volume fraction 
during initial charging simulations of three candidate PCM: 

PCM-11, PCM-17, and PCM-24. 
 
 

     

     

     

   

   

   

   

   

   

   

   

   

   

   

                                   

 
 
 
  
 
   
  
 
  
 
 
  
  
 
  
 
 

           

      

      

      

 
Fig. 6. Discharging simulation results comparison (1) profiles 

of ice temperature at top surface; and (2) profiles of PCM 
solid volume fraction of PCM-11, PCM-17, and PCM-24. 
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is quite close to phase change temperature of PCM which 
resulted from the charging step. Consequently, PCM-11 
had a noticeably short discharging time, whereas PCM-
24 took an extended period of discharging and exhausted 
a significant fraction of PCM solid volume (to around 
33%). PCM-17 had a balanced discharging performance 
of around 14 hours discharging time and the change in 
solid volume fraction was around 81.5%. 

The results of this comparison study are summarized 
in Table 3. Although PCM-17 has 8.5% larger charging 
time in comparison with the best charging time, its 
discharging results outperform other PCM as it can 
sustain the desired ice temperature for more than 12 
hours and keep the remained PCM solid volume fraction 
above 80% for this operation. PCM-24 may require less 
recharges, nevertheless, significant difference between 
desired ice temperature and PCM temperature can work 
only when the heat load form the air side above the ice 
layer is high enough to maintain the ice temperature 
between –6 to –7°C. 

3.2 HTF inlet condition test simulations 

Based on the selected PCM, another set of test cases 
were analyzed for HTF inlet conditions. The solidification 
time which is required for the initial liquid PCM to solidify 
was assessed considering different coolant flow rates 
and varying inlet temperature. Other operating and 
boundary conditions are the same as the previous 

section. Summary of these test cases is in Table 4. Results 
of solidification time are also consolidated in this table. 

Figure 7 reports the total heat transfer from HTF 
flows over time, we can see Case 4 and Case 5 which have 
the lower HTF inlet temperature resulted in the lowest 
charging time. There was insignificant difference in the 
charging performance between these two cases, even 
though Case 3 has a much larger HTF flow rate. This also 
can be confirmed when we compare Case 1 and Case 2 
results.  

Surprisingly, Case 3 has the highest flow rate but the 
worst charging time in all cases. Examine Figure 7 in 
terms of rate of increase in total heat transfer energy, in 
comparison with Case 2 which has a lower flow rate, Case 
3 has faster heat extraction but lower PCM solidification 
time. This indicates an inefficient utilization of cold 
energy regarding charging PCM containers. 

3.3 Ice formation and required ice surface heat flux 

In this section, a two-stage simulation was 
conducted to emulate the ice formation process in an 
actual scenario, where water is poured over the rink after 
the PCM is solidified and the top concrete layer reaches 
-4°C. The initial stage of the simulation focused on 
allowing the liquid PCM to solidify and monitoring 
temperature of the top concrete surface. Once this 
temperature decreases to a minimum of -4°C, heat 
transfer was enabled, leading to the formation of ice on 

 
Fig. 7. Profiles of heat transfer energy from HTF during 

simulations of HTF inlet conditions 
 
 

 
Fig. 8. Heat flux on ice surface fixed at -6°C with glycol flow 

on up to 30 mins and then turned off 
 
 

Table 3: PCM comparison results summary 

PCM Initial charge time (hours) Discharge time (hours) Remained PCM volume 
fraction (%) 

PCM-11 73.3  3.0  96% 

PCM-17 76.7 14.0 81.5% 

PCM-24 70.2 35.0 33% 
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top of the PCM container’s concrete layer. The desired 
surface temperature of the ice layer is approximately -
6°C. It is of interest to see if the ice temperature of –6°C 
can be maintained consistently over a prolonged period 
by the chosen PCM material. Initial simulations indicated 
that the cooling rate provided by the PCM was high. 
Hence, a significant heat load from above air layer is 
required to balance this and maintain the ice 
temperature at -6°C. Therefore, the simulation was 
extended to estimate this heat load for the current 
design. 

In this extended simulation, we applied a fixed ice 
surface temperature at -6°C and aimed to estimate the 
heat load needed to sustain this temperature over a 10-
hour period. During this period, there is no HTF flow, and 
the dominant cooling comes from a solid PCM at low 
temperatures. The air region in the original model was 
disregarded as a fixed temperature was applied on the 
ice layer top surface. 

Figure 8 illustrates the varying of heat flux on ice top 
surface during the simulation. At the 30-minute mark, 
the required heat flux is -87.13 W/m². After 10 hours 
without glycol but with only PCM, the heat flux on the ice 
surface reaches approximately –136.58 W/m². Over a 10-
hour period of discontinuing glycol flow, an average 
surface heat flux of -146.96 W/m² is necessary to uphold 
the ice surface at the target temperature of -6°C. 

4. CONCLUSION 
We reported in this paper the development of a CFD 

model for studying heat transfer process in an ice-skating 
rink integrated PCM. The overall results show the 
significance of this model in providing a powerful tool to 
select suitable PCM, test operating parameters such as 
inlet temperature and flow rate, as well as predict the ice 
rink performance under different scenarios. 

One limitation of current study is on modeling heat 
transfer process in the air layer above the ice layer which 
considered only conduction and convection, even 
though radiation may be the significantly contributed to 
the total heat flux to the ice surface. Therefore, 
enhancements of physical model for air layer are under 
development and to be discussed in future paper. 
Additionally, as PCM integrated ice rink is the first of its 
kind, there is an on-going effort to build up an 
experimental test bed which models this innovative ice 
rink. Data from this will prove the effectiveness of this 
new concept and provide more data for the simulation 
model validation. 
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