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Abstract
Ice storage systems are one kind of thermal (cold) storage systems which by shifting the usage from high to low load 
hours (midnight or morning), balances the period of consumption. In the present investigation, the solidification process 
is studied in an ice storage system. The considered system is the ice-on-coil type which the ice is formed around the cold 
wall of coils. The considered ice storage system is a two dimensional square shell and different numbers of heat transfer 
fluid tubes. Two-dimensional transient numerical simulations are performed by ANSYS FLUENT 18.2. The influences of the 
tube diameter and number and the arrangement of the tubes on the solidification process are evaluated. Three different 
tube diameters, including 12, 18, and 24 mm are considered. Also, two different arrangements of tubes, including in-line 
and triangular arrangements are studied. Results indicate that as the diameter of the tubes decreases or the number of 
tubes increases at constant mass flowrate of the heat transfer fluid, ice formation speeds up. Also, the triangular arrange-
ment as a staggered arrangement results in faster ice formation in comparison with the in-line arrangement. As a result, 
an accepted correlation for liquid fraction is presented between the numerical results and predicted values as a function 
of tube diameter and melting time.

Keywords Ice-on-coil · Cold storage system · Solidification · Thermal energy system (TES) · Numerical simulation · 
Enthalpy-porosity method

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)
�  Liquid fraction
�  Dynamic viscosity (Pa s)
�  Density (kg/m3)

Subscripts
ref  Reference
0  Reference
sens  Sensible
lat  Latent
tot  Total
s  Solid
liq  Liquid

 * Kurosh Sedighi, ksedighi@nit.ac.ir; Seyed Soheil Mousavi Ajarostaghi, s.s.mousavi@stu.nit.ac.ir; Mojtaba Aghajani Delavar, 
m.a.delavar@nit.ac.ir; Sébastien Poncet, sebastien.poncet@usherbrooke.ca | 1Mechanical Engineering Department, Babol Noshirvani University 
of Technology, Babol 47148-71167, Iran. 2Mechanical Engineering Department, Université de Sherbrooke, Sherbrooke, QC J1K 2R1, Canada.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-019-1912-3&domain=pdf
http://orcid.org/0000-0001-9549-9382


Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:109 | https://doi.org/10.1007/s42452-019-1912-3

1 Introduction

The enormous consumption of energy, especially for elec-
trical demand from polluting energy sources, is expected 
to increase by 48% till 2040 [1]. There is then a growing 
interest in sustainable energy sources for energy demand 
growth of power industries [2]. Thermal energy storage 
is an efficient method to shift the peak load hours from 
day to night which balances the energy consumption in 
24 h a day [3]. On the other hand, in cold storage systems 
like ice-on-coil type, the load is shifted from the afternoon 
(peak time) to midnight (as off-peak time). Utilizing cold 
storage systems leads to decrease in size of refrigeration 
systems equipment and finally decline in energy cost [4]. 
Thermal energy storage (TES) systems has vast applica-
tions in different industries like HVAC and can easily reduce 
the energy costs and play significant role in reducing 
carbon emissions [5]. In the case of intermittent energy 
sources such as solar systems, TES systems can be efficient 
to absorb and release energy during the daylight and the 
night (heating purposes), respectively [6, 7].

Cold storage technologies consist of a storage domain 
which works between two mechanisms of melting (dis-
charge) and solidification (charge) of phase change mate-
rial (like water/ice). Ice-on-coil cold storage systems are 
divided to two types, including internal melt and external 
melt which the melting process starts from inside and 
outside, respectively [8]. However, the charging process 
(solidification) is the same for these two types of cold stor-
age systems. Cold heat transfer fluid, such as ethylene gly-
col, flows in the coil, and then ice is produced around the 
coil tube. The difference between these two types of ice 
storage systems is the melting process.

In recent years, numerous investigations (experimen-
tal or numerical) have been carried out to determine the 
performance of the ice storage system in HVAC systems. 
Rahdar et al. [7] investigated two plans to decrease the 
electricity usage of HVAC systems during high load time 
using a comparative exergetic, economic and environ-
mental analysis. The studied HVAC system consisted of a 
PCM storage and an ice storage. According to the obtained 
results, electricity consumption for considered new HVAC 
system was about 4.9–7.5% lower than conventional HVAC 
systems. Also,  CO2 emission was reduced significantly. 
Kang et al. [8] reported that utilizing ice storage systems 
leads to lower costs and power consumption in peak peri-
ods. There are also some investigations to study the charge 
or discharge processes (melting and solidification) in ice 
storage systems. In order to improve the thermal perfor-
mance of ice-on-coil cold storage systems, Jannesari and 
Abdollahi [9] utilized thin ring and fins around the straight 
tubes. The results showed that utilizing rings and fins 

lead to more solidification rate more than 34% and 21%, 
respectively. Shih and Chou [10] investigated the freezing 
process in a storage. The influences of number of tubes 
and the arrangements were studied numerically.

Yang et al. [11] studied the effect of inlet condition of 
the fluid on solidification rate in an cold storage system. 
According to the obtained results, low inlet temperature 
leads to higher solidification rate. Erek and Ezan [12] stud-
ied the influences of inlet temperature and mass flowrate 
of ethylene glycol as heat transfer fluid on solidification 
process in an ice storage system. The refrigerant tempera-
ture had a predominant influence on the ice formation, as 
compared with the one of the mass flowrate. Ezan et al. 
[13] performed an energy and exergy analysis for an ice 
storage system. The influences of inlet temperature and 
flowrate of heat transfer fluid (refrigerant) on solidification 
process were studied. The results showed that as the inlet 
temperature declines, the charging time decreases 50%. 
Sang et al. [14] studied an ice-on-coil cold storage system 
with vertical position. The charging and discharging pro-
cesses via a proposed new efficient numerical approach 
based on enthalpy method were analyzed. The proposed 
method was validated in both processes of solidification 
and melting (charge and discharge) with the experimental 
results.

Mousavi Ajarostaghi et  al. [15] numerically investi-
gated the ice melting in an internal melt ice-on-coil ice 
storage system. The effect of operational (mass flowrate 
and temperature) and geometrical (coil pitch, diameter, 
and height) parameters on the discharge process were 
investigated. Results revealed that increasing the inlet 
temperature or mass flowrate leads to enhanced melting 
rate. Additionally, the coil diameter has a predominant 
effect on the melting time. Pakzad et al. [16] performed a 
three-dimensional numerical study to evaluate the water 
freezing in an ice-on- coil cold storage system which ser-
pentine tube is utilized instead of straight tube. The effects 
of geometrical parameters on ice formation were studied. 
According to the obtained results, as the distance between 
tube rows rises, solidification rate increases. Also, higher 
tube diameter leads to lower solidification rate. Afsharp-
anah et al. [17] studied the water freezing in an ice-on-
coil ice storage system with a double helical coil. Based 
on their results, by increasing the pitch size (50%) and dis-
tance between the coils (33.34%), solidification rate rises 
by 22.81% and 13.99%, respectively.

Zheng et al. [18] modeled the melting and solidifica-
tion processes in an internal melt ice-on-coil cold stor-
age system using Simulink. Obtained results showed as 
the coil diameter increases, the thermal efficiency of the 
considered system rises. Xie and Yuan [19, 20] reported 
that the properties of the thin layer ring have significant 
effect on the water freezing. Ismail et al. [21] performed 
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two-dimensional simulations of the ice formation (solidi-
fication) around a bent tube. Results indicated that as 
the wall temperature increases, the ice formation rate 
decreases. Also, higher initial temperature of liquid PCM 
leads to higher solidified mass.

Sheikholeslami and Rokni [22] investigated the melting 
process of CuO–water nanofluid by control volume finite 
element method. The effects of melting parameter, CuO-
water volume fraction, Hartmann and Rayleigh numbers 
were studied. Results showed that increasing the Rayleigh 
and melting parameter could lead to higher temperature 
gradient. In another work, Sheikholeslami [23] studied the 
solidification process of CuO nanoparticles with various 
shapes into the base fluid (water). Galerkin finite element 
method considering adaptive mesh was utilized. Results 
showed that utilizing nanoparticles accelerates the solidi-
fication process. Also, Sheikholeslami [24, 25] presented 
another work which investigated the solidification process 
in a latent heat thermal energy storage systems which 
CuO–water nanofluid was considered as PCM. Effects of 
inner cylinder’s shape, diameter of nanoparticles and 
nanofluid volume fraction on solidification process were 
demonstrated. Their study obtained an optimum for 
dimension of the inner heat transfer fluid tube. Following 
from previous studies, Sheikholeslami [26] analyzed the 
solidification process of Nano enhanced phase change 
material in existence of radiative heat transfer. Nanofluid 
water/CuO was used as PCM. Finite element method with 
adaptive mesh was employed to simulate this transient 
problem. Influences of fin length, size of nanoparticle, 
nanofluid volume fraction, radiation parameter on solidi-
fication process were studied. Results indicated that solid-
ification rate enhances by dispersing CuO nanoparticles 
into water.

Gawande and Ingole [27] presented a comparative 
study of heat storage and transfer systems for solar cook-
ing. For the development of efficient solar cooker, heat 
storage is essential and in turn the heat transfer system 
also becomes necessary. In this paper, the key aspects 
like, methodology to develop the heat storage system, 
requirements and properties of heat storage materials, 
need of insulations and their types were addressed. In this 
system, PCM to be used for which, Paraffin Wax, Myo-ino-
sitol, HDPE, NaOH–H2O and  KNO3–NaNO2–NaNO2 mate-
rials looked more promising. Pradhan and Ramaswamy 
[28] reported the encapsulation of paraffin wax with the 
cross-linked poly (styrene–divinylbenzene–acrylic acid) 
shell via suspension polymerization. The thermal charg-
ing–discharging rate of the considered encapsulated 
phase change materials (EPCM) was studied using a fac-
ile water bath technique. The optimized EPCM showed 
about 1.7 times faster-charging and 3.5 times faster dis-
charging rate compared to the reference PCM (without 

encapsulation). The latent heat for the EPCM was found 
to be about 3.3 times higher than the reference PCM. 
Recently, there have been many other interesting studies 
on the solidification process of PCM (or water as PCM) with 
the addition of nanoparticles [29–32].

In this survey, the solidification process in an ice stor-
age system (ice-on-coil type) is evaluated by performing 
2D numerical simulation. The considered computational 
domain is a two dimensional square shell and different 
numbers of heat transfer fluid tubes. Two-dimensional 
transient numerical simulations are performed using 
ANSYS FLUENT 18.2. The influences of the tube diameter 
and number and the arrangement of the tubes on the 
solidification process are evaluated. Three different diam-
eters of tubes, including 12, 18, and 24 mm are considered. 
Also, two different arrangements of tubes, including in-line 
and triangular arrangements are studied. To the best of 
the authors’ knowledge, it has not been considered so far 
in the literature. Actually, in the former works related to 
the solidification process of water (as PCM), the specific 
thermophysical properties of water and ice have not been 
considered separately. Here, three different validations are 
presented to show the accuracy and the enhanced perfor-
mance of the model. Also, in the works published so far on 
ice storage systems, the combined influence of the tube 
dimension and their arrangement on the solidification 
process have not been studied, which represents certainly 
the major novelty of the present paper.

2  Numerical modeling

2.1  Governing equations

To consider the natural convection and buoyancy affect, 
the Boussinesq approximation is utilized [33]:

The continuity conservation [34]:

The momentum conservation [34]:

And the conservation equation for energy [34]:

The total enthalpy can be obtained by [15, 35]:
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where

hlat is the latent heat and  hsf denotes the latent heat for 
the solid and liquid phases.  hlat changes within the range 
between zero (solid phase) and  hsf (liquid phases). λ is liq-
uid fraction. The sensible heat is defined as follows:

The liquid fraction is defined as follows [36]:

The term S in momentum conservation equation is 
the Darcy’s law damping source term, which is defined as 
follows:

where  Cmush is considered to  105 kg/(m3 s) here as mushy 
zone constant [33].

2.2  Numerical method

The numerical solver is based on the finite volume method. 
The governing equations written in a Cartesian frame are 
solved in 2D and under their unsteady formulation. ANSYS 
Fluent 18.2 is used to perform the numerical simulations. 
The enthalpy-porosity method is considered to simulate 

(5)htot = hsens + hlat

(6)hsens = href + ∫
T

Tref

cpdT = href + cp ∫
T

Tref

dT
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the phase change process. The SIMPLE algorithm is used 
to overcome the pressure–velocity coupling. The spatial 
discretization for both momentum and energy equations 
is done through the QUICK scheme, where a first-order 
implicit scheme is chosen for the temporal discretization. 
The least square cell-based is used for the gradient spatial 
discretization. The solution is considered as converged 
when the residuals for continuity, velocity, and energy 
reach  10−3,  10−3, and  10−6, respectively. The under-relax-
ation factors are fixed to 0.3, 1, 0.7, and 0.9 for pressure, 
density, body forces and energy, momentum, and liquid 
fraction update, respectively.

3  Results and discussion

Here, two geometrical parameters including diameter of 
the tubes and the arrangement of the tubes on the ther-
mal performance of the ice storage system with straight 
tubes are investigated numerically.

3.1  Validation cases

For the 2D validation of the ice solidification process, three 
different cases are modelled in 2D. For all models, the ther-
mophysical properties of ice/water and ethylene glycol [9] 
are listed in Table 1, and are assumed to be constant.

3.1.1  Water freezing in case one

The first case concerns the modelling of water freezing 
in a cubic cavity of a height L. At the cold wall,  Tc = 263 K. 
Two vertical walls are temperature constant which 
 TH − TC = 10 K. All remaining walls are adiabatic. At the 
initial condition,  T0,Fluid = 278 K. In the present case, an 
unstructured mesh grid composed of 144,400 tetra-
hedral cells (380 × 380 nodes) is considered with a time 
step fixed to 0.1 s. Dimension of the cavity L is 38 mm 
(see Fig. 1a). The present results are compared with the 
experimental ones obtained by Michalek and Kowalewski 

Table 1  Thermophysical 
properties of ice/water and 
ethylene glycol [9]

Parameter Symbol Value

Density of fluid (kg/m3) ρf 999.833
Specific heat of the fluid (J/kg K) Cl 4180
Specific heat of the solid (J/kg K) CS 2217
Thermal conductivity of liquid water (W/m K) KS 1.918
Thermal conductivity of ice (W/m K) Kl 0.578
Viscosity of the fluid (kg/m s) µf 0.00162
Latent heat of phase change (J/kg) L 334,000
Melting temperature (K) Tf 273.15
Thermal expansion coefficient  (K−1) β − 6.733353 × 10−5
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[37]. As shown in Fig. 1b, c, a fairly good agreement can 
be observed in terms of the distributions of both velocity 
and temperature.

3.1.2  Water freezing in case two

Two different 2D domains including one and two cylin-
ders in a cavity are considered to model the ice formation. 
The obtained results of the present simulations are com-
pared with the experimental ones of Sasaguchi et al. [38]. 
The geometries of the one and two cylinders in a cavity 
filled with water are shown in Fig. 2a. Here the geomet-
rical parameter d is 0.0254 m. The initial temperature of 
the domain and the wall temperature of the cylinders are 
kept constant 4 °C and − 10 °C, respectively. The time step 
is fixed to 0.1 s. The considered grid is composed of 3131 

and 3751 tetrahedral cells for the one and two cylinder 
cases, respectively.

The solid volume ratio,  AS/AC, the ratio of the solidified 
area to the total cross-sectional area, is used to draw the 
validation curves. The validation curves with good agree-
ment of both models from the present simulations in 
comparison with the experimental results are shown in 
Fig. 2b, c.

3.1.3  Water freezing in case three

In this section, ice formation around the multi tubes (four) 
in a cavity (full of water) is studied. The computational 
domain and boundary conditions are illustrated in Fig. 3a, 
b. The considered grid is composed of 3536 tetrahedral 
cells and is associated with a time step equal to 0.1 s. The 

Fig. 1  a The 2D configuration to investigate the ice formation, b, c comparisons between the present simulations and the results of 
Michalek and Kowalewski [37]

Fig. 2  a The geometries of the single and two vertically spaced cyl-
inders in a rectangular cavity which is full of water at the solidifica-
tion point; comparison between the present numerical results and 

the experimental results of Sasaguchi et al. [38] for b a single cylin-
der and c two vertical spaced cylinders
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experimental results of Jannesari and Abdollahi [9] are 
considered here for validation study. The temperature of 
tubes is set to 270.15, 270.65, 271.15 and 273 K, for first 
tube to fourth one, respectively. The time wise solid vol-
ume ratio,  AS/AC, is used to draw the validation curve in 
the Fig. 3c. It can be seen that a fairly good agreement is 
achieved between the present study and the experimental 
results of Jannesari and Abdollahi [9].

3.2  Grid independency study

In order to study the grid independency of the solution, 
the case with d = 24 mm has been considered. 10 pris-
matic layers are imposed around the HTF walls with a first 
length of 0.05 and a growth ratio of 1.2. Three different 
grids, including 1689, 4910, and 7360 cells are generated 
for this case. The results of the mesh independency study 
are illustrated in Fig. 4. It can be seen that the difference 
between the second and third grids is negligible, the blue 
and red curves being besides undistinguishable. So, to 
save computational time, the second grid with 4910 cells 
will be used for all the upcoming. This grid is displayed in 
Fig. 5.

3.3  Computational domain

The two dimensional computational domain is a square 
of length L. The diameter of the heat transfer fluid (HTF) 
tubes is denoted d. The placement of the tubes in the 2D 
square storage is shown in Fig. 6a. Because of the sym-
metry condition of the solidification process and also the 
arrangement of the tubes, only half of the computational 
domain is simulated (see Fig. 6b). The temperature at the 
tube walls is considered as constant. The other walls of the 

Fig. 3  a General view of the tubes in the cold storage tank; b computational domain with relevant geometrical dimensions; c comparison in 
terms of solid volume ratio,  AS/AC, between the present numerical results and the experimental ones in Jannesari and Abdollahi [9]

Fig. 4  Results of the grid independency study in terms of temporal 
evolution of the liquid fraction for d = 24 mm

Fig. 5  Generated grid with 4910 cells for d = 24 mm
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computational domain are adiabatic. A time step of 0.1 s 
with an unstructured mesh grid composed of 3310 cells 
for the case with d = 24 mm are used.

3.4  The effect of the diameter of the tube  (d1)

In this section, the effect of the diameter of the tubes is 
investigated numerically. Three different diameter of the 
tube including 12, 18 and 24 mm are considered here. It 
should be noted that the mass flowrate of the heat transfer 
fluid in all models is kept constant. Accordingly, by increas-
ing the diameter of the tubes, the number of the tubes 
decreases. In all models with different diameter and also 
different number of tubes, the tubes are placed in the shell 
in a line position. The schematics of the ice storage with 
different diameter of the tubes are illustrated in Fig. 7.

Fig. 6  a Studied geometry with the geometrical parameters, and b the computational domain

Fig. 7  Schematic view of the ice storage with different tube diameters

Fig. 8  Temporal evolution of the liquid fraction (LF) for different 
tube diameters
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The profiles of liquid fraction for different diameter 
of tubes are illustrated in Fig. 8. Results show that as the 
diameter of the tubes increases, in order to keep constant 
the mass flowrate, the number of tubes decreases. On the 
other hand, utilizing higher number of tubes leads to cover 
more area of shell (full of water). Accordingly, more ice is 
produced in the shell. In order to understand better the 
ice formation around the tubes with different diameter 
and also different numbers of tubes, the liquid fraction 
contours for various models and four time including 250, 
500, 750 and 1000 s are illustrated in Fig. 9.

According to Fig. 9, it can be seen that by declining 
the diameter of the tubes, because of keeping constant 
the mass flowrate of heat transfer fluid (HTF), the num-
ber of tubes rises. So, more area is covered by the tubes 
which leads to more produced ice. These results are shown 
clearly in Fig. 9. For instance, at time = 1000 s, more ice is 
formed around the tubes in the model with  d1 = 12.7 mm 
in comparison with the other models.

Fig. 9  Contours of liquid 
fraction (LF) for three different 
diameters of tubes  (d1) and 
four different times
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3.5  The effect of the arrangements of the tubes

In this section, the effect of the arrangement of the tubes 
is evaluated numerically. Two different arrangement of the 
tubes including in-line and triangular are considered here. 
It should be noted that the mass flowrate of the heat trans-
fer fluid in all models is kept constant. The schematics of 
the ice storage with different arrangements of the tubes 
are illustrated in Fig. 10. It should be noted that the num-
ber of HTF tubes is kept constant here. The liquid fraction 
for two different arrangements and two different diam-
eters of the HTF channel, including 12 and 18 mm versus 
the time is illustrated in Fig. 11.

Figure 11 shows that firstly, triangular arrangement has 
better performance than in-line arrangement for both 

diameter of 12 and 18 mm. It can be seen that before 
solidification of 75% of the water, there are no significant 
differences between these two arrangements for both 
diameters. Then, the differences appear and it is resulted 
that triangular arrangement produces more ice than the 
in-line arrangement for both diameters of the HTF tubes. 
Also, it should be noticed that according to Fig. 8, case 
with d = 12 mm produces more than case with d = 18 mm. 
However, Fig. 11 shows that case with d = 18 mm and tri-
angular arrangement produces the same amount of ice 
as the case with d = 12 mm and in-line arrangement. On 
the other hand, by choosing a better arrangement can 
improve the thermal performance of ice storage.

In order to realize better the ice formation in triangular 
arrangement of HTF tubes, the liquid fraction contours for 
two diameter of the tubes (d = 12 and 18 mm) and various 
time are illustrated in Fig. 12. It can be seen that triangular 
arrangement has positive effect on solidification process. 
Also, in this arrangement, case with d = 12 mm produces 
more ice than case with d = 18 mm. The results show the 
same output with Figs. 8 and 9.

3.6  Proposed model for liquid fraction (LF)

Effect of different parameters of tube diameters, HTF tubes 
arrangements, and melting time on solidification process 
of IC storage system were studied by numerical results. 
In order to formulate these effects, numerical results are 
analyzed applying ANOVA and multilinear regression by 
Minitab software [39]. Square root of LF was used to nor-
malize the output for using in ANOVA analysis. A and B in 
Fig. 13 represents in-line and triangular patterns respec-
tively. Results of summarized in Fig.  13. Results show 
that melting time (P value = 0.000) and tube diameter (P 
value = 0.000) have significant impacts on LF, while HTF 
tubes arrangements (P value = 0.048) has no considerable 

Fig. 10  The studied configura-
tions: a triangular arrange-
ment, and b in-line arrange-
ment

Fig. 11  Temporal evolution of the liquid fraction (LF) for two differ-
ent diameters and two arrangements of the HTF tubes
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effect (Fig. 13a). As tube diameter increases, LF consider-
ably decreases, especially for d ≤ 18 mm (Fig. 13b). Moreo-
ver, ANOVA analysis indicate that variation of LF is higher 
for Triangular arrangement as compared to In-line arrange-
ment (Fig. 13c).

Based on the multilinear regression analysis, Eq. (11) 
was obtained to formulate LF as a function of tube diam-
eter and melting time, as follows:

where LF is liquid fraction, d is tube diameter, and t is melt-
ing time. Based on ANOVA results (Fig. 13), effect of pat-
tern type is ignored in Eq. (11). Correlation of  R2 = 0.87 was 
reported by Minitab software [39]. Performance of Eq. (11) 
is shown in Fig. 14. An accepted correlation exists between 
the numerical results and predicted values.

(11)
√
LF = 0.4376 + 0.021d − 0.0114t

Fig. 12  Contours of liquid fraction (LF) at six different times for triangular arrangements and d = 12 and 18 mm
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4  Conclusion

In this paper, the water freezing in an ice storage system 
(ice-on-coil type) is evaluated by performing numeri-
cal simulations. The considered computational domain 
is a two dimensional square shell and different number 
of heat transfer fluid tubes. Tw-dimensional transient 
numerical simulations are performed by a commercial CFD 

code, ANSYS FLUENT 18.2. The effects of the diameter (or 
number) of the Heat transfer fluid tubes and the arrange-
ment of the tubes on solidification process are evaluated. 
Three different diameters of tubes, including 12, 18, and 
24 mm are considered. Also, two different arrangements 
of tubes, including in-line and triangular arrangements are 
studied. Results indicate that as the diameter of the tubes 
decreases or the number of tubes increase in constant 
mass flowrate of heat transfer fluid, ice formation rises. 
Also, triangular arrangement as a staggered arrangement 
results in high ice formation in comparison with the in-line 
arrangement. As a result, an accepted correlation for liquid 
fraction (LF) is presented between the numerical results 
and predicted values as a function of tube diameter and 
melting time.
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Fig. 14  Performance of Eq.  (11): a normal probability plot by 
Minitab [39]; b predicted versus numerical results
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