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Abstract
Energy consumption is rising around the world and most of the activities in the developed countries are dependent on 
electric energy. Thermal energy storages are one the ways to reduce energy consumption and balance the electrical 
power usage during the day. With thermal energy storages, or to be precise, with ice storage systems, energy usage peak 
can the shifted from the afternoon or early night to low-load hours of morning or midnights. In this study, a 3D unsteady 
numerical analysis was done in order to examine an ice storage system equipped with serpentine tube heat exchanger. 
The influence of two geometrical parameters, namely, tube diameter and serpentine tube row distance were investigated. 
The examined range for diameter and the serpentine tube row spacing were 15–21 and 30–100 mm, respectively. The 
results showed that placing the serpentine tube rows more distant to each other increases the ice formation so that the 
ice formation rate for the highest serpentine tube row distance compared to when the serpentine tube row distance is 
the lowest is higher by 24.68%. On the contrary, with a larger tube diameter, the rate of ice formation was decreased so 
that the smallest diameter had almost 5.9% more ice formation rate in comparison with the case with the largest tube 
diameter.

Keywords Ice-on-coil · Ice storage system · PCM · Serpentine tube · Heat exchanger · Ice formation

List of symbols
A  Heat transfer area  (mm2)
Cmush  Mushy zone constant (kg/m3 s)
CP  Specific heat (J/kg K)
D  Tube outer diameter (mm)
g⃗  Gravity (m/s2)
H  Serpentine tube row distance (mm)
h  Specific enthalpy (J/kg)
hsf   Latent heat of fusion (J/kg)
k  Thermal Conductivity (W/m k)
L  Tube length (mm)
P  Serpentine tube pitch (mm)
s⃗  Source term (N/m3)
T   Temperature (K)
V⃗   Velocity vector (m/s)

Greek symbols
�  Expansion coefficient (1/K)
λ  Liquid fraction
μ  Dynamic viscosity (Pa s)
ρ  Density (kg/m3)

Subscripts
ref  Reference
0  Reference
sens  Sensible
lat  Latent
tot  Total
S  Solid
liq  Liquid
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1 Introduction

Energy consumption in the world is rapidly increas-
ing, and developed countries have a high dependence 
on electrical energy in all their activities. Nowadays, 
it’s obvious that electrical energy has a lot of applica-
tions and saving electrical energy solves a lot of energy 
demand problems all over the world [1].

The energy consumption is expected to increase by 
48% in 2040, on the other hand, the excessive use of fos-
sil fuels has led the countries towards sustainable energy 
sources [2].

Thermal energy storage is a solution for shifting peak 
demand and making the electrical energy demand dur-
ing day and night more balanced [3]. Cold storage sys-
tems are one of the technologies that can shift the load 
from the peak-load hours of the afternoon or early night 
to low-load hours in the morning or midnight. Producing 
and storing cold in low-load periods of time can reduce 
the size of cooling equipment and reduces the amount 
of electrical energy demand. Also, by shifting the peak-
loads to low-load hours in these systems, the cost of 
energy can be decreased, because the energy cost is 
lower in low-load hours [4]. Adding a TES to the Heat-
ing, ventilation, and air conditioning (HVAC) systems can 
easily reduce the cooling or heating system energy costs 
and it also can have an important role in reducing car-
bon emissions [5]. Using TES systems can also make the 
opportunity to store energy when the energy source is 
intermittent. For example, in solar systems, the energy 
can be absorbed during the daylight and this stored 
energy can be used in the night for heating purposes. 
This way the intensity changes in the solar radiation 
which can be created by the clouds can also be damped 
and the usable energy can be more balanced in the time 
[6]. Rahdar et al. [7] studied two strategies to reduce 
the power consumption of ventilation systems at peak 
hours. They added an ice storage system and a phase-
change material (PCM) storage to the HVAC system. The 
results showed that energy consumption for cooling pur-
poses in systems equipped with an ice storage system 
and PCM were 4.9 and 7.58% lower than conventional air 
conditioning systems, respectively. In addition, the pro-
duction of  CO2 was 17.8% and 27.2% lower than conven-
tional air conditioning systems, respectively. Kang et al. 
[8] studied the ice storage air conditioning system. Their 
examinations showed that the use of ice storage not only 
lowers costs but also significantly reduces the electricity 
demand during peak periods time.

Cold storage technologies have different types and 
they consist of a combination of storage media, charge, 
and discharging mechanisms. The most common storage 

materials are water, ice, and eutectic salts. Harvesting, 
Ice Slurry, and Encapsulated Ice are some of ice storage 
types. These storages utilize a one-phase refrigerant 
like ethylene glycol and water solution for charge and 
discharge purposes. Ice-on-coil ice storage systems are 
either melting from the inside (internal melt) or outside 
(external melt) [8].

Jannesari and Abdollahi [9] used two methods of thin 
ring and fins for improving the ice-on-coil storage sys-
tem. They revealed that the ice formation was improved 
up to 34% while using rings and it was increased by 21% 
when fins were used. Shih and Chou [10] have numeri-
cally examined the process of freezing process in a tank 
with a specific volume around several cylinders with dif-
ferent arrangements using commercial CFD software. In 
their study, the number and arrangements of cylinders 
have been investigated. The investigated number of tubes 
varied between 2 and 8 cylinders. The results show that 
the heat transfer between the walls of the cylinders and 
the surrounding in the 4-cylinder configuration was the 
most significant. Yang et al. [11] examined the effect of 
the refrigerant inlet temperature on the ice formation 
process of an ice storage from ice-on-coil type. Simula-
tion results showed that the lower inlet temperature of 
the refrigerant increases the thickness of the ice and addi-
tionally increases the heat exchange efficiency so that a 
shorter time is needed for ice formation. Erek and Ezan 
[12] have experimentally and numerically investigated 
the effects of ethylene glycol refrigerant inlet conditions, 
such as the temperature and mass flow rate on the ice for-
mation in an ice storage system, the results showed that 
the effect of the refrigerant temperature on ice formation 
is much greater than its mass flow rate. Ezan et al. [13] 
have investigated the energy and exergy analysis of an 
ice-on-coil thermal energy storage system. In their study, 
they examined the effects of refrigerant inlet temperature 
and flow rate on the storage charge time. They revealed 
that reducing the refrigerant inlet temperature from − 5 to 
− 15° C, reduces the storage charge time by almost 50%. 
In a numerical simulation conducted by Sang et al. [14] a 
vertical, ice-on-coil latent heat storage was studied.

Bi et al. [15] experimentally examined the simultane-
ous external and internal discharging process in open and 
closed ice storage systems. Their results indicated that the 
performance and the stability of the cold release rate in 
closed ice storage were better. They stated that increasing 
the flowrate can only affect the outlet discharge tempera-
ture until a certain point, and after that, raising the flow-
rate cannot influence the discharge temperature anymore.

Song et al. [16] introduced the combination of chilled-
water and ice storage systems and they examined the 
effects of the ice storage volume ratio on the economical 
aspects of the cold storage system. Their study showed 



Vol.:(0123456789)

SN Applied Sciences (2019) 1:1258 | https://doi.org/10.1007/s42452-019-1316-4 Research Article

that with higher ice storage volume ratio, the operating 
daily cost was drastically reduced, however it raised the 
initial investment required for the system.

Li et al. [17] used numerical simulations in order to 
examined temperature distributions during the charge 
and discharge processes in a coiled heat exchanger. They 
found out that using agitators can make the phase change 
process faster and enhance the heat transfer coefficient. It 
was also shown that the discharging process starts from 
the lower parts of the heat exchanger.

The utilization of staggered heat exchangers in latent 
heat thermal energy storage system was both experimen-
tally and numerically examined in the work of Koukou 
et al. [18]. The impacts of heat transfer fluid temperature 
and buoyancy forces on the discharging process were 
tested. The results indicated that the existence of natural 
convection reduced the discharging process time.

Heat exchangers are means that can be employed for 
transferring heat between two or more fluids with differ-
ent temperatures. Heat exchangers are used in a wide 
range of applications, including power plants, industries, 
and air conditioning systems. Tubular heat exchangers, 
such as double pipe, shell-and-tube, plate heat exchang-
ers, which include the serpentine tube, gasketed plate-
and-frame, and plate-fin heat exchangers are some of 
these heat exchangers [19, 20].

Among these heat exchangers, serpentine tubes have 
been studied in a few literates. Zhao et al. [21] numeri-
cally examined the performance of a membrane helically 
coiled heat exchanger and a membrane serpentine heat 
exchanger. Their study showed although the heat transfer 
rate in the helically coiled heat exchanger was better, the 
overall performance for both of these two heat exchangers 
was good. Michael et al. [22] have carried out a 3D simula-
tion on the shell and serpentine tube heat exchanger. The 
tube geometry was serpentine and the simulations were 
done for different materials of the serpentine tubes.

In the present article, the charging process (solidifica-
tion) in an ice-on-coil ice storage system is numerically 
investigated. The examined ice storage system is equipped 
with a heat exchanger consisted of two rows serpentine 
tubes which is the novelty of this article. Three-dimen-
sional transient numerical simulations have been per-
formed to evaluate the influences of some geometrical 
parameters including the tube diameter and the distance 
of serpentine tube rows on the solidification process.

Novelty of Present Paper According to the literature 
review in the above paragraphs, there are not many stud-
ies on the solidification process in the ice-on-coil ice stor-
age systems by numerical simulation. Also, the tube con-
figuration for the coolant in the present ice storage system 
is innovative, and for the first time, the effects of some 
influential geometrical parameters in this type tube con-
figuration have been evaluated through a comprehensive 
numerical study.

2  Physical model and assumptions

2.1  Physical model

In this investigation, ice storage with a volume of 15 L was 
simulated. The ice storage had a cuboid shape with the 
length of 240 mm, the width of 180 mm and the height 
of 347 mm, and it was filled with water. In the ice storage, 
a cold serpentine tube heat exchanger was present. Fig-
ure 1a shows the schematics of the problem and Fig. 1b 
presents geometrical parameters that could be changed 
in the serpentine tube heat exchanger inside the storage.

The influence of two of these parameters on the ice 
formation rate in ice storage was evaluated. These two 
parameters were the serpentine tube diameter (d) and 
the serpentine tube row distance (h).

(a) (b)

Cold
Serpentine

Tube

Water/Ice Storage

Tube Inner Wall

Fig. 1  a The serpentine tube schematic in the ice storage system and the b the influential geometrical parameters
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In order to examine these effects, eight models of this 
heat exchanger were simulated. Cases A, B, C, and E were 
created to study the effects of serpentine tube row distance 
while cases F, G, I and J were used in order to reveal the influ-
ence of tube diameter. All of these models have been shown 
in Fig. 2. It should be noted that for these comparisons the 
heat transfer areas were kept identical. In other words, for 
each of these groups, the heat transfer area was fixed. Table 1 
lists the details for the geometrical parameters. As stated 
before, the fluid in the ice storage was water, also the tubes 
were selected with the copper material. The physical proper-
ties for these two materials are available in Table 2.  

Fig. 2  Considered models Geometrical 
Parameter Models

Distance
between 

Two Rows 
of 

Serpentine 
Tube (h)

Case A (H=30) Case B (H=50) Case C (H=70) Case E (H=100)

Tube 
Diameter (d)

Case F (d=15) Case G (d=17) Case I (d=19) Case J (d=21)

Table 1  The geometrical 
specifications for the models

Bold numbers indicate the changed value for investigating each of these parameters

Models Serpentine 
tube row dis-
tance

Free parameter Serpentine 
tube pitch

Tube diameter Serpentine 
tube length

Heat 
transfer 
area

h(mm) b(mm) P(mm) d(mm) L(m) A(m2)

Model A 30 167.19 80 19.05 1.708 0.103
Model B 50 165.21 80 19.05 1.708 0.103
Model C 70 160 80 19.05 1.708 0.103
Model E 100 159.29 80 19.05 1.708 0.103
Model F 100 170 80 15 1.85 0.087
Model G 100 154.48 80 17 1.63 0.087
Model I 100 142.20 80 19 1.46 0.087
Model J 100 132.28 80 21 1.32 0.087

Table 2  Physical and thermal properties for materials [9, 23]

Property Pure water Copper

Phase

Liquid Solid

Density (ρ) [Kg/m3] 999.8 917 8978
Dynamic viscosity (µ) [Kg/m s] 0.00162 – –
Specific heat  (cp) [J/kg K] 4180 2217 381
Thermal conductivity (k) 

[W/m K]
0.578 1.918 387.6

Heat of fusion  (hsf) [J/kg] 334,000 –
Solidus temperature  (Tsolidus) [K] 273.15 –
Liquidus temperature  (Tliquidus) 

[K]
273.15 –

Thermal expansion coefficient 
(β)  [K−1]

− 6.733353*10−5 – –
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2.2  Assumptions

In order to simulate the process of phase change in the 
problem, the enthalpy porosity method was utilized [24, 
25].

The simulation was simplified using these assumptions:

1. The fluid flow is unsteady, laminar and incompressible.
2. The density variation with the phase change was 

neglected and the density was selected to be constant. 
The value for the density was selected to be the aver-
age of the density of solid and liquid phases. It should 
be noted that the effects of temperature on the den-
sity variations were also ignored.

3. The effect of natural convection was included by the 
Boussinesq approximation.

4. The heat transfer through the outer walls of the stor-
age was neglected and they were assumed as insu-
lated boundaries.

5. In order to reduce the calculation time and reduce the 
number of grids, the refrigerant flow was ignored and 
a fixed temperature boundary with the temperature 
of − 10° was applied in the tubes. This assumption was 
made by considering the refrigerant flow rate to be 
very intense.

6. Different thermal properties for thermal conductivity 
and thermal capacity of solid and liquid phases were 
applied to the solution, but the effects of temperature 
on these properties were neglected.

3  Mathematical formulation and simulation 
procedure

In this segment, the governing equations will be presented 
and the characteristics and aspects of the computational 
simulation will be discussed.

3.1  Governing equations

The Boussinesq approximation equation for including the 
influence of buoyancy and natural convection [26]:

The continuity equation [27]:

The momentum equation [27]:

And the equation for energy [27]:

(1)� = �
0

[
�
(
T − Tliquid

)
+ 1

]−1

(2)∇ ⋅
�⃗V = 0

(3)
𝜕V

𝜕t
+ �⃗V ⋅ ∇ �⃗V =

1

𝜌
(−∇𝜌 + 𝜇∇2 �⃗V + 𝜌𝛽(T − Tref )) + �⃗S

The total enthalpy can be obtained by [28, 29]:

where:

hlat can be in the range of zero and  hsf (respectively for 
the solid and liquid phases). λ indicates the liquid fraction. 
Besides, the term Σ is used for summation of the latent 
heat for every time step and for every cell to calculate the 
total latent heat. The sensible heat can be written as:

And the equation for the liquid fraction is [30]:

The term S in Eq. 3 is Darcy’s law damping source term, 
which affects the momentum equation:

In which  Cmush is the constant of the mushy zone which 
was selected to be  105 kg/m3 s during these simulations 
[24].

3.2  Initial and boundary conditions

The initial temperature of the whole computational 
domain was 274.15 K, and the velocities for all of the direc-
tions were set to zero. As stated, before the outer walls of 
the storage were considered insulated. Also, a fixed tem-
perature of 263.15 K was applied inside the tube walls. For 
the contact area between the tube and the water in the 
storage, the coupled boundary condition was selected.

(4)
𝜕hsens

𝜕t
+

𝜕hlat

𝜕t
+ ∇ ⋅ ( �⃗Vhsens) = ∇ ⋅ (

k

𝜌cp
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T

∫
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∫
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dT
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n∑
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�ihsf
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(9)𝜆 =

⎧
⎪⎪⎨⎪⎪⎩

hlat

hsf
= 0 if T ≤ Ts

hlat

hsf
= 1 if T ≥ Tliq

hlat

hsf
=

T−Ts

Tliq−Ts
if Ts < T < Tliq

⎫⎪⎪⎬⎪⎪⎭

(10)�⃗S = −
(1 − 𝜆)2

𝜆3
Cmush

�⃗V



Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:1258 | https://doi.org/10.1007/s42452-019-1316-4

3.3  Numerical and solution method

The numerical method of finite volume was utilized in 
order to simulate the unsteady process of phase change. 
For this purpose, ANSYS Fluent 19.2 commercial CFD soft-
ware was used.

The process of phases change was simulated by the 
enthalpy-porosity method. Also, the double-precision 
option was activated in order to improve the accuracy of 
the simulation. The continuity, velocity, and energy residu-
als were set to  10−3,  10−3, and  10−6, respectively. Values of 
under-relaxation factors were selected to be 0.3 for pres-
sure, 1 for density and body forces and energy, 0.7 for the 
momentum, and finally 0.9 for the liquid fraction update. 

In the solution method, for pressure–velocity coupling the 
SIMPLE algorithm was utilized, the least square cell-based 
was applied for gradient spatial discretization and for tran-
sient formulation first-order implicit was used. Also, the 
QUICK scheme was used for both momentum and energy 
equations discretization.

3.4  Model validation

For validation of this simulation, the experimental study 
of Sasaguchi et al. [31] was employed and the process of 
ice formation around two cylinders with fixed tempera-
tures were simulated. The result has been presented in 
Fig. 3. It can be seen that the results are in good agree-
ment and the deviation between these two has a maxi-
mum value of 8.13%.

3.5  Grid and time‑step size study

A series of tests were done for examining the grid inde-
pendence for Model E with three different number of 
grid numbers including 1.2, 1.7 and 2.2 million of mesh 
numbers, the results for liquid have been presented 
in Fig. 4a. Based on these results, since the liquid frac-
tion values for 1.7 and 2.2 million grids were almost the 
same, thus this number of cells was selected for all of 
the models.

The generated mesh for Case E has been shown in 
Fig. 5. It was tried to reduce the size of mesh in the areas 
near the tubes, because of higher gradients in those areas.

Also, some tests were done in order to evaluate the 
appropriate time-step size. Tests were done for time-step 

Flow Time (s)

A
s/A

c

2000 4000 60000

1

2

3

4

5

6

7
Current Study
Sasaguchi et al. Exp. Data [31]

Fig. 3  The result of the comparison between this simulation and 
Sasaguchi et al. Experimental study
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sizes of 2, 1 and 0.5 s. The results have been presented in 
Fig. 4b. Again, the liquid fraction values for simulations 
with 1 and 0.5 time step-sizes were in close agreement, 
so the time-step size for all the models was set to 1 s. It 
should be noted that for acquiring an accurate result 100 
number of iterations was performed for each time step 
of the simulation.

4  Results and discussions

4.1  The effects of serpentine tube row distance (H)

In this segment, the influence of serpentine tube row 
distance (H) on the liquid fraction and ice formation 
will be discussed. Figure 6 presents the effects of ser-
pentine tube row distance on the reduction rate of the 
liquid fraction. It should be noted that a lower liquid 

fraction means a higher amount of ice in the storage. 
By comparing plots of liquid fraction for Models A, B, C, 
and E, with the serpentine tube row distances of 30, 50, 
70 and 100 mm, respectively, it can be concluded that 
the model with highest serpentine tube row distance 
(h = 100 mm) has a better ice formation performance. 
The rate of ice formation for the model with h = 100 mm 
is 24.68% higher in comparison to the model with 
h = 30 mm. Thus, it can be concluded a higher value for 
the serpentine tube row distance leads to a better ice 
formation rate in the ice storage system, but this dif-
ference loses its significance when the row distance is 
higher than 70 mm, so that the difference between the 
ice formation rate of models with row distances of 70 
and 100 mm are not considerable.

To investigate the distribution of formed ice in the stor-
age the liquid fraction contours can be employed.

Figure 7 shows liquid fraction contours for models with 
serpentine tube row distance varying from 30 to 100 mm. 
According to these liquid fraction contours it can be 
observed that with higher serpentine tube row distances, 
a better distribution of ice can be achieved in the storage. 
Also, the formation of an ice block (which can cause block 
the flow of water in the external discharge process) can be 
retarded with using a higher serpentine tube row distance, 
this makes a high serpentine tube row distance a great 
choice for both internal and external discharge processes.

The temperature contours for the areas around the 
serpentine tubes for four different times and four differ-
ent distances between serpentine tube rows have been 
illustrated in Fig. 8. According to Fig. 8, it can be seen that 
in all of the cases, over time a larger area around serpen-
tine tubes reaches to solidification temperature, solidifies 
and the temperatures in these areas even get lower than 
solidification temperature. From these contours, it can be 
demonstrated that with increasing the distance between 

Fig. 5  The Selected grid for Case E
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tion reduction
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two rows of serpentine tubes, a larger area gets cold and 
the temperature reduction happens in a wider region. It 
means that with increasing the distance between serpen-
tine tubes rows wider areas get to solidification tempera-
ture and even lower than that, so the volume of formed 
ice increases. These results are in very good agreement 
with contours of the liquid fraction which was presented 
in Fig. 6.

4.2  The effects of tube diameter

In this segment, the influence of tube diameter (d) on the 
ice formation and liquid fraction will be analyzed. Figure 9 
shows the influence of the serpentine tube diameter on 

the liquid fraction reduction rate. By comparing liquid 
fractions of Models F, G, I and J with the tube diameter of 
15, 17, 19 and 21 mm, it can be observed that the model 
with smallest tube diameter (d = 15 mm) has a better ice 
formation performance. At t = 240 min or the end of the 
simulation, the model with d = 15 mm has 5.9% better ice 
formation rate compared to the model with d = 21.

Figure 10 shows liquid fraction contours for the models 
with serpentine tube diameters varying from 15 to 21 mm. 
Based on these liquid fraction contours it can be observed 
that even though with the smaller tube diameter ice for-
mation rate is higher, but since the formed ice reaches 
the storage wall, the external discharge process for this 
case can be more difficult. On the other hand, if the ice 

Fig. 7  The contours of the 
liquid fraction (LF) for differ-
ent diameter of the tube and 
different times at Y = 0 mm & 
Z = 45 mm
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storage design is based on the internal discharge process, 
the smaller diameter is preferred since it can create more 
amount of ice.

The contours of temperature for four different times 
and four different values of serpentine tube diameters 
have been illustrated in Fig. 11. According to Fig. 11, it can 
be observed that for all of the cases, over time a larger 
area reaches the solidification temperature, freezes and 
the temperatures in these regions even get lower than 
solidification temperature. From these contours, it can 
be understood that with smaller serpentine tube diam-
eters, the temperature drop can be observed in a larger 
area. In other words, with reducing the serpentine tube 
diameter, wider areas get to solidification temperature and 
even lower than that, so the amount of ice formation rises. 
Again, these results are totally compatible with the con-
tours of the liquid fraction which was presented in Fig. 10.

Fig. 8  The contours of tem-
perature for different diameter 
of the tube at different times at 
Y = 0 mm & Z = 45 mm
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Fig. 9  The effects of serpentine tube diameter on the liquid frac-
tion reduction
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5  Conclusion

In this study, a 3D numerical simulation was carried out 
to examine the effects of two geometrical parameters 
including serpentine tube diameter and serpentine tube 
row distance on the phase change process in an ice stor-
age system. The result indicates that:

• With smaller tube diameters, the rate of ice formation 
increases. But the created ice can reach the storage wall 
and cause ice block formation. Thus, in the external 
discharge process in which the water flow should pass 
through the space between the tubes and the walls, 
the discharging process is done with a slower rate, in 
other words, with increasing tube diameters the exter-
nal discharging process could be done more efficiently.

Fig. 10  The contours of the 
liquid fraction (LF) for different 
serpentine tube diameters and 
different times at X = − 50 mm
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• Larger serpentine tube rows distances can be used for 
increasing the ice formation rate. It also can reduce the 
chance of ice block formation. So, for both internal and 
external discharging processes, a higher serpentine 
tube row distance is preferable.

• In the conventional ice-on-coil ice storage system, usu-
ally simple or u-type tubes are used. Present innova-
tive geometric of the coolant tube probably has better 
performance compared to these conventional systems 
because it covers more regions in the water tank, which 
leads to a higher rate of ice production.
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