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Abstract

Nowadays electrical power is one of the most vital requirements for daily life and industries. Since with the rise of the
human population, providing electrical energy is an important challenge, some methods should be used to reduce the
electrical demand or shift the demand from peak-hours to off-peak hours. Ice storage systems are one of the devices
which can be used for this purpose. In this article, a transient 3D numerical simulation was carried out to investigate the
effects of two geometrical parameters of double helical coil heat exchanger in the charging process of an ice storage
system with the volume of 15 L. These parameters were helical coil pitch length and the distance between inner and
outer coils. The results indicated that with higher values for pitch length and inner and outer coils distance, compared to
smallest values for these parameters, the distribution of formed ice in the storage improves and the rate of ice formation
increases by 22.81% and 13.99%, respectively. Increasing these values can also retard the ice block formation which is
an undesirable phenomenon in the external discharge process of the ice storage systems.
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List of symbols B Dynamic viscosity (Pa s)

A Heat transfer area (mm?) p Density (kg/m3)

Cousn Mushy zone constant (kg/m3 s) )

C,  Specific heat (J/kg K) ?”bsc”";zi .

D Tube outer diameter (mm) ref Reference

g Gravity (m/s?) 0 Reference

H Distance between inner and outer coils (mm) sens  Sensible

h Specific enthalpy (J/kg) at Latent

h Latent heat of fusion (J/kg) tot Total

k Thermal Conductivity (W/m K) .

L Tube length (mm) S. S.o“q

N Number of helical coil turns liq Liquid

P Helical coil pitch length (mm)

3 Source term (N/m?) .

S Helical coil height (mm) 1 Introduction

5 ;r/ee:gg;;a\tZﬁ;fzm /s) In the two last decades, urban growth created some over-
populated regions where the demanded electricity could

Greek symbols not be delivered by the network. For this reason, enhanc-

p Expansion coefficient (1/K) ing the thermal performance of devices [1] as well as using

A Liquid fraction renewable resources such as solar energy [2, 3] became a
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field of interest in lots of researches. Changes in electrical
energy demand during the day and night have forced the
government to set different prices for on-peak and off-
peak periods [4]. Thus shifting the energy demand from
on-peak to off-peak periods can be economical and it can
prevent a power outage. In fact, peak demand manage-
ment can save 10-15 billion dollars annually in the US mar-
ket [5]. Shifting the energy demand load from on-peak to
off-peak periods of time can be achieved by using different
thermal energy facilities such as building thermal mass
(BTM), phase change material (PCM) and thermal energy
storage system (TES) [6, 7]. By implementing these sys-
tems the energy demand can be more balanced, they can
also minimize the size and price of the required thermal
equipment because while using these TES, the energy will
be produced and stored in a lower rate over a longer time
and these equipment does not have to be so powerful
that it can handle a narrow peak demand [8]. One of the
most advanced technologies in the energy field is ther-
mal energy storage (TES) which has drawn much attention
recently. Three main types of storing energy in TES are sen-
sible, latent, and thermochemical. In selecting or design-
ing a TES, operating condition, price and the required
storage period should be considered. [9]. Khan et al. [10]
reviewed studies conducted on the performance of TES-
integrated solar collectors comprehensively. They revealed
paraffin wax is extensively employed in flat plate solar
collectors, and in some cases, nanoparticles were used by
researches for enhancing the collector performance. In a
comprehensive review article conducted by Qureshi et al.
[11] different approaches for enhancing the PCM thermal
conductivity were reviewed. Their study mainly focused
on additives for improving PCM thermal conductivity and
performance.

The applications of PCMs are not limited in building
TES units since they have been used in different areas to
enhance device efficiencies. Ali et al. [12] experimentally
analyzed the thermal performance of different kind of PCM
embedded heat sinks, including rectangular, triangular,
and circular pin-fin. Besides different heat sink geom-
etries, various types of PCM were evaluated in their study.
In the experimental research done by Arshad et al. [13]
the effects of different parameters on paraffin wax-based
aluminum pin-fin heat sinks enhancements were studied.
They compared the results of the traditional pin—fin heat
sink and PCM-based pin-fin heat sink. The impacts of PCM
volume fraction and pin diameters were evaluated. In the
experimental research conducted by Rehman et al. [14],
PCM-based copper foam heat sinks were studied. They
used different PCMs in both charge and discharge pro-
cesses. It was revealed that with higher PCM volume frac-
tion leads to a more effective temperature reduction in
the base. Ali et al. [15] investigated the ability n-eicosane
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based circular pin heat sink for cooling portable electri-
cal devices. The investigated parameters in their research
included PCM volume, fin configuration, and different heat
fluxes. It was shown that the existence of PCM reduces the
base temperature and it can be beneficial for electronic
cooling. Besides these researches, some other studies
[16-20] were also aimed the applications of PCM in heat
sinks for electronic system cooling.

An ice storage system is a latent thermal storage sys-
tem which can be very effective in demand-side manage-
ment [21]. In recent years, researchers have focused on
enhancing the operation and efficiency of the ice storage
systems. Yang et al. [22] numerically investigated the ther-
mal effects of coolant inlet temperature on the charging
process of an ice storage system. Their results showed that
a lower coolant temperature enhances the thermal effi-
ciency as well as ice formation rate. In the experimental
and numerical research conducted by Erek and Ezan [23]
the influence of different coolant flowrate and tempera-
tures were studied during the charging process of an ice-
on-coil ice storage system. Their investigations showed
that for the ice formation, the change of coolant tempera-
ture is much more influential compared to changing the
flow rate. Kim et al. [24] numerically studied the melting
process in a cold storage system containing a PCM. They
examined the effects of some parameters including length
and number of fins on the thermal performance of the
storage. Their observations indicated that with larger fins
the area that was influenced by these fins were enlarged
and the discharge process occurred with a higher speed.
Jannesari and Abdollahi [25] studied the effects of annular
fins and thin rings on improving the ice formation rate in
an ice-on-coil ice storage system. The results indicated that
using annular fins or thin rings could improve the forma-
tion of ice up to 21 and 34% respectively, compared to
when a bare tube was used. Also, the rate of ice formation
was increased by 15%. Sheikholeslami [26] investigated
the process of water solidification in a latent TES in exist-
ence of Copper oxide nanoparticles. His study showed
that these additives enhance the PCM thermal conductiv-
ity and the rate of solidification. In another investigation
conducted by Sheikholeslami [27] the effects of metallic
fins length were evaluated for further improving the freez-
ing rate of a nano-enhanced PCM (NEPCM). The transient
PCM solidification process near annular fins in a cylindrical
shell was studied by Mosaffa et al. [28]. They used Green’s
function for acquiring the solution. Zheng et al. [29] exam-
ined the influence of thermal resistance, tube diameter
and material on an ice storage system. Their study showed
that larger tube diameter or utilizing a tube material which
has a higher thermal conductivity can enhance the heat
transfer and thermal efficiency. Bondareva and Sheremet
[30], used numerical methods to simulate the natural
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Fig. 1 General schematic of an ice storage system with double heli-
cal coils

convection during the process of melting in PCM-filled
storage in both two-dimensional (2D) and two-dimen-
sional (3D) forms. The results indicated that the natural
convection was more intense during the 3D simulation.
Korti [31] studied the effects of some parameters on
enhancing the performance of a latent heat storage sys-
tem. In his numerical study, the amount of PCM, and water
flowrate as the HTF was examined and some guidelines
were presented for improving the design of the storage.
Mousavi et al. [32] numerically studied the melting process
in a shell and coil ice storage system. They evaluated the
impacts of different operational and geometrical param-
eters on the discharge process. Their results showed the
dominant heat transfer mechanism in the early stages of
the melting process is heat conduction, but the natural
convection effects appear when the time passes.

Fig.2 The considered double helical coil effective parameters

There are two types of ice storage discharge (melt) pro-
cess: internal and external. In the internal melt process, the
coolant flows through coils in both charge and discharge
processes, while in an external melt process warm water
flows over the ice-covered coils in the storage itself. Since
the internal melt process has a more complex structure
and the flow the cannot be directly used as it could for the
external melt process, the external melt process is more
preferable [33].

The heat exchanger is a device which can be utilized in
order to transfer heat from one fluid to another one. Heat
exchangers are used in different areas such as HVAC, cars,
petroleum and some other industries [34]. These devices
are so important that a tremendous number of studies
have been done in order to enhance them [35]. Different
forms of heat exchangers can be found in the literature.
Shell and tube, plate, double pipe, heat pipes, and helically
coiled heat exchanger are some of them [36]. Due to the
secondary vortex flow which is generated inside the heli-
cal coils because of their curvature, and also thinner ther-
mal boundary layer in the flow inside them, helical coils
tend to provide a better transfer coefficient [37]. Because
of compact structure and high heat transfer rate in these
heat exchangers [38], they have been widely utilized in
different industries like power generation, nuclear technol-
ogy, heat recovery and refrigeration [39].

Kong et al. [36] examined some geometrical parameters
in a helical-coil heat exchanger which was designed for
heat recovery applications. These geometrical parameters
included pitch length and tube and coil diameters. Their
results showed that in low Reynolds numbers, smaller tube
diameters enhances the heat transfer, on the contrary, for
Reynolds numbers more than 3500, larger tube diameters
improve it. Mirgolbabaei [40] studied the performance of
a vertical helical coil and evaluated the influence of dif-
ferent flowrate and geometrical parameters such as the
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Fig.3 Schematics of the models

Table 1 Detailed geometrical specifications for different cases

Models Pitch length Helical coil height Tube outer Inner and outer coils Tube length Heat transfer area
diameter distance

P (mm) S (mm) D (mm) H (mm) L (mm) A (m?)
Case 1 36 106.1 19.05 45 2663 0.1593
Case 2 42 124.5 19.05 45 2663 0.1593
Case 3 48 143.2 19.05 45 2663 0.1593
Case 4 54 162 19.05 45 2663 0.1593
Case 5 54 162 19.05 45 2663 0.1593
Case 6 54 167.8 19.05 50 2663 0.1593
Case7 54 1741 19.05 55 2663 0.1593
Case 8 54 180.8 19.05 60 2663 0.1593

dimensionless ratio of coil diameter to tube diameter on
the heat transfer. In an experimental examination con-
ducted by Izadpanah et al. [41], the effects of natural con-
vection in a cold storage system equipped with a helical-
coil heat exchanger were studied. In their study, R-134a
was flowing in the helical coil as a coolant and the cold
storage was containing water. They discussed the Nusselt
number and Coefficient of Performance (COP) variations
due to changes in the number of helical coil turns and
coolant flow rate. Zhao et al. [42] studied the heat transfer
for membrane helical coil and membrane serpentine tube
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heat exchangers. In their study the flow was turbulent and
the heat transfer was examined under different circum-
stances such as flow inlet velocities, operating pressures,
and pitch lengths. It was shown that the overall perfor-
mance of the heat exchanger with the membrane helical
coil was better compared with the heat exchanger with
serpentine tubes. In another numerical study conducted
by Zhao and Che [43], the effects of different tube arrange-
ments on hydraulic and thermal aspects of the perfor-
mance of a helical membrane heat exchanger were stud-
ied. They examined how Reynolds number, pitch ratio, and
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Table 2 Thermal and physical
properties of used materials
[25, 44]

Property Pure water Copper
Phase
Liquid Solid
Density (p) (kg/m?) 999.8 917 8978
Dynamic viscosity (p) (kg/m s) 0.00162 - -
Specific heat (c,) (J/kg K) 4180 2217 381
Thermal conductivity (k) (W/m K) 0.578 1.918 387.6
Heat of fusion (h) (J/kg) 334000 -
Solidus temperature (T,g;gus) (K) 273.15 -
Liquidus temperature (Tjiquigus) (K) 273.15 -

Thermal expansion coefficient () (K™")

- 6.733353x107° - -

tube arrangements can affect the flow and heat transfer.
The results indicated that the helical coil heat exchanger
has a substantial effect on heat transfer enhancement.

In the present article, an ice storage system with dou-
ble helical coil heat exchanger is three-dimensionally
modeled. To the author’s knowledge and based on the
reviewed literature, there is not a study which investigated
the performance of a double coil heat exchanger in an ice
storage system, thus using this heat exchanger in the ice
storage system is the novelty of this study. The main goal
here is to investigate the effects of some geometrical
parameters including helical coil pitch length (P) and the
distance between inner and outer helical coils (H) on the
charging process (solidification) in an ice-on-coil ice stor-
age system. For this purpose, eight different geometries of
this heat exchanger with the same heat transfer area are
simulated in an ice storage system using the finite volume
numerical method. The transient heat transfer and phase
change process are modeled for four hours of flow time.

2 Physical model and assumptions
2.1 Physical model

In this study, a 15 L ice storage system has been modeled.
The ice storage had the shape of a cylinder with diam-
eter and height of 135 and 262 mm respectively, and it
contained pure water. It was tried to consider the storage
large enough to prevent the ice from reaching the storage
wall because the low temperature can cause deformations
in the walls. As it can be observed in Fig. 1, a cold double
helical coil heat exchanger was present in the ice storage
system for cooling down the water and transforming it
to ice. As time passes the water contained in the storage

becomes colder and ice layers are formed on the coils.
It should be noted this research mainly focuses on the
freezing process in the shell. Figure 2 lists the geometrical
parameters which can be altered in the double helical coil
heat exchanger.

Among these parameters, the effects of two of them,
which are coil pitch length (P) and inner and outer coils
distance (H) on the phase change process of the pure
water in the ice storage system has been studied.

To do so, eight geometries for this heat exchanger was
modeled in which the P and H parameters were changed,
even though the heat transfer area was considered to be
fixed. Figure 3 shows these examined geometries in the ice
storage system, and the geometrical details can be found
in Table 1. The helical coil height (S) was selected as the
free parameter to keep the heat transfer area constant.
While keeping the pitch length fixed, the helical coil height
was changed by altering the number of helical coil turns
(N). The helical coil length was calculated by:

S=N=xP (1)
Also, the heat transfer area for one of the coils was
obtained using:

A = NzD+/P? + (zD,)? (2)

It should be noted that the pitch length for the inner and
outer helical coils was the same. Also, in the geometries for
the H parameter, the diameter of the outer coil was kept
fixed while the inner one was changed to study the effects
of the distance between inner and outer coils.

The ice storage contained water and the material used
for the tubes was copper. It was tried to use standard cop-
per tube diameters. The physical properties for the materi-
als used in this study have been presented in Table 2. These
data have been extracted from published articles [25, 44].
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2.2 Assumptions

The enthalpy porosity method has been used for simulat-
ing the phase change process in the storage [45, 46].

The following assumptions were applied to the
problem:

1. The flow is considered to be incompressible, laminar,
and transient.

2. The ice storage outer wall is considered to be com-
pletely insulated.

3. Although the effects of buoyancy on natural convec-
tion were included by the Boussinesq approximation,
the effects of density variation in the fluid and solid
phases were ignored and an average value of 958.4 kg/
m?> was applied to both solid and liquid phases of the
PCM. Thus, the effects of heat conduction and natural
convection were both considered during this simula-
tion.

4. Even though the effects of temperature on the physi-
cal properties such as the thermal conductivity and
specific heat capacity were neglected for liquid and
solid phases, two different values were applied, i.e.
the effect of phase change on the physical proper-
ties including thermal conductivity and specific heat
capacity was considered.

5. Inorder to reduce the computation cost and the num-
ber of grids, the difference between inlet and outlet
coolant temperatures was neglected and a constant
wall temperature boundary was applied on the tube
inner walls. This assumption is proved to be valid for
high coolant flowrates and it has been utilized in both
phase change process [47, 48] and shell and coil heat
exchanger [49] published studies.

3 Mathematical formulation and simulation
procedure

In this section, the governing equations and the procedure
of the numerical simulation will be discussed.

3.1 Governing equations
In order to include the effects of buoyancy on natural con-

vection in the storage, the Boussinesq approximation was
applied:

p = polB(T = Tigua) + 1]~ €)
Continuity:

V-V=0 @
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Fig.4 The model validation with the experimental work of Sasagu-
chietal. [51,52]

Momentum:
W ooy ] 2y s
ﬁ_'_V,VV: ;(—Vp+ﬂv V+pﬂ(T_Tref))+S (5)
Energy:
oh oh, = k

(;:ns + _atat +V. (Vhsens) =V. <p_CpVhsens> (6)

The material total enthalpy which can be computed by the
sum of sensible and latent heat:

hiot = Pgens + hyg (7)
In which:
T T
hsens = href + / deT = href + Cp / dr (8)
Tref Tref
n
hlat = Z Aihsf (9)
i=1

In which h,,; can vary from zero (for solid-phase) to h (for
the liquid phase) and A is the liquid fraction. According to
the correlation, the total latent heat can be computed by
the summation of latent heat from every cell in the com-
putational domain in each time step. After that, the sensi-
ble heat can be obtained from:

hsens = heot = Pjar (10)
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Fig.5 Grid (a) and (b) time-step size independence tests

And the liquid fraction, A, can be defined as [50]:

e =0 if T<T

sf
hiat .

A= hl_sf=1 if TZT”q (’|'|)
P _ T-T .
h_gf = T, if TS <T< T”q

Darcy’s law damping term is usually added to the momen-
tum equation for considering the influence of the phase
change in convective heat transfer. The term S in Eq. 5 is

the source term presenting Darcy’s law damping term, and
it can be defined as:

2
=4 wshV (12)

SETTE
where C,, . is the mushy zone constant. This constant
is usually varying in the range of 10*-10” kg/m? s. In this
study, C,,s, is assumed to be constant and its value was
setto 10° kg/m?3s.

3.2 Boundary and initial conditions

The ice storage outer walls are considered to be insulated.
Besides, a coupled boundary condition has been applied
between the tube outer walls and the ice storage contact
region with the tubes. A constant temperature of 263.15 K
was applied on the tube inner walls. The initial tempera-
ture for both tube and ice storage is 274.15 K, one degree
over the solidus temperature of the pure water contained
in the ice storage.

3.3 Numerical and solution method

The numerical simulation of the phase change process
was done by using the Finite Volume Method (FVM). For
doing that ANSYS Fluent 19.2 commercial CFD software
was employed.

In order to study the phases, change process in the
problem, the enthalpy-porosity strategy was utilized.
Also, for keeping the simulation accurate, the modeling
was done in double precision mode, and the residuals for
the continuity, x, y and z velocities were considered to be
1073 while for the energy equation it was 107°. In the solu-
tion for pressure-velocity coupling SIMPLE algorithm was
used while for gradient spatial discretization and transient
formulation, least-square cell-based and first-order implicit
were applied to the simulation, respectively. Also, for dis-
cretizing both energy and momentum equations QUICK
scheme was applied.

It should be noted the values for under-relaxation fac-
tors were kept at the default values of this software which
are0.3,1,1,0.7,0.9 and 1 for pressure, density body forces,
momentum, liquid fraction and energy respectively.

3.4 Model validation

Since there are no experimental or numerical studies with
similar geometries, in order to check the simulation valid-
ity, the geometry and conditions from the experimental
work of Sasaguchi et al. [51, 52] were simulated using the
present model. For this purpose, the solidification process
around two cylinders with constant temperatures was
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Fig.6 The selected grid for
case 4

numerically modeled. The comparison has been shown
in Fig. 4. It can be observed that the results from their
experimental data and our numerical simulation are in
good compatibility and the maximum deviation between
their experimental data and this simulation is only 8.13%.
The agreement between these results shows the model
is highly functional, thus it can be applied to other cases.

3.5 Grid and time step size independence tests

Grid independence tests were done for Case 4 model
with 1.3, 1.8 and 2.3 million of grid numbers, the results
for these tests have been presented in Fig. 5a. As it can be
observed since the deviation between the liquid fraction
plots of simulations with two last grid sizes was neglecta-
ble, this grid size was selected and it was expanded to

other cases.
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Fig. 7 The effects of helical coil pitch length on the liquid fraction
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Figure 6 shows the generated grid for Case 4. It can be
seen that the grid sizes near the delicate areas with a high
gradient (near the contact region between the tubes and
ice storage) was selected to be smaller.

Also, for the time-step size independence tests were
done for case 4 with time-step sizes of 2, 1 and 0.5 s. The
results for the liquid fraction with these different time-
step sizes can be found in Fig. 5b. Since the results for
simulations with the time step (TS) size of 1 and 0.5 s were
almost the same, the time-step size was selected to be
1 s. It should be noted that for obtaining precise results
for each time step 100 number of iterations were done.

4 Results and discussions
4.1 The effects of pitch length (P)

In this section, the effects of pitch length (P) on the liquid
fraction, ice formation and the temperature distribution in
the storage will be discussed. Figure 7 presents the influ-
ence of helical coil pitch length on the rate of reduction in
the liquid fraction. Obviously, a lower liquid fraction shows
a higher rate in ice formation and would be better for the
ice storage charging purpose. Comparing the liquid frac-
tions for the case 1-4, with the pitch lengths of 36, 42, 48
and 54, it can be observed that the case with higher pitch
length (P=54) has a better performance in ice formation.
The difference for the liquid fraction for the cases with
P =34 and P=54 at the end of the simulation (t=240 min)
is 10.70%. Since these values cannot show the quality of
ice formation and the distribution of ice in the storage,
the liquid fraction contours can be used for this purpose.

Figure 8 shows liquid fraction contours for cases 1-4,
with helical coil pitch length varying from 36 to 54 mm.
Based on these liquid fraction contours it can be observed
that with higher pitch length, a better distribution of ice is
achieved in the storage. Besides this, the formation of ice
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Fig. 8 The effects of helical coil
pitch length on contours of the
liquid fraction (\) at X=0

Time = 60 min

42 mm

P=

Time = 240 min

Time = 180 min

Time = 120 min

Liquid Fraction: 0

block which is an undesirable phenomenon in the melting
process can be retarded with using a higher pitch length.
Without the formation of the ice block, in the process of
external melt, when a flow of water enters the storage to
get cooled, the flow can pass through the coils and this
way the heat exchange can be done with a higher rate and
efficiency. It was also observed that there was no signifi-
cant difference between ice formation in lower and upper
regions of the storage which indicates that the natural
convection did not have a considerable influence on the
solidification process. The reason can be traced back to
the dominance of conduction heat transfer mechanism
in solidification processes which was stated in previous
researches [53, 54].

The contours of temperature for different times and dif-
ferent coil pitch lengths have been shown in Fig. 9. It can
be observed that for all of the models, with time passing,
more areas have reached to solidification temperature

01 02 03 04 05 06 07 03

and the phase change has occurred in a wider region. It
is obvious that the temperatures in some areas got even
lower than the freezing temperatures. It can be demon-
strated that with increasing the pitch length of inner and
outer coils, a larger region around coils was exposed to
the coolant temperature, thus the low temperature was
observed in a wider area. In other words, increasing the
inner and outer coil pitch lengths, created the freezing
temperature in a wider region, so the ice formation and
the stored energy could be increased. This result confirms
previous results for liquid fraction plot and contours from
Figs.7 and 8.

It worth noting that in the initial stages of the solidi-
fication process the natural convection effect forces the
colder fluid to go upward in the storage. The direction
of this movement is affected by the density inversion of
water in the temperature range of 273-277 K which was
applied to the problem by the negative thermal expansion
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Fig.9 The effects of coil pitch
length on contours of tem-
perature at X=0
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Fig. 10 The effects of inner and outer coil distance on the liquid
fraction
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coefficient of water for this range as presented in Table 2.
These movements caused by buoyancy forces are due to
local temperature difference in the fluid phase and they
tend to fade away as the time passes and the fluid phase
reaches to a uniform temperature of 273.15 K (solidus tem-
perature). After reaching this temperature natural convec-
tion does not affect the phase change process since with
a uniform temperature in fluid phase buoyancy forces do
not exist. So, the freezing process continues relying on the
conduction heat transfer mechanism.

4.2 The effects of inner and outer coil distance (H)

In this section, the effects of inner and outer coil distance
(H) on the liquid fraction, ice formation and the tempera-
ture distribution in the storage unit will be discussed. Fig-
ure 10 shows the influence of the distance between the
inner and outer coils on the liquid fraction reduction rate.
Comparing the liquid fractions for the case 5-8, with the
coil distances of 45, 50, 55 and 60 mm, it can be observed
that the case with the higher coil distance (H=60) has a
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Fig. 11 The effects of inner
and outer coil distance on the
contours of the liquid fraction
(A\) atX=0

Time = 60 min
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Liquid Fraction:

better performance in ice formation. The fact that the dif-
ference for the liquid fraction for the cases with H=45 and
H =60 at the end of the simulation (t=240 min) is only
5.11% shows that although the coil distance is effective
on the liquid fraction, but its effects on the liquid fraction
is not as high as it was for the pitch length.

Figure 11 shows liquid fraction contours for cases 5-8,
with inner and coil distances varying from 45 to 60 mm.
Based on these liquid fraction contours it can be observed
that with an increase in the coil distance, a better distribu-
tion of ice is obtained in the storage. Also, as discussed

before, the formation of an ice block can be retarded by
using a larger inner and outer coil distance.

The temperature contours for the areas around the coil
for different inner and outer coil distances and times have
been presented in Fig. 12. According to these contours, for
all of the cases, with time passing, a wider region around
the coils reaches to the solidification temperature. The
temperature reduction even goes beyond freezing tem-
perature. It can be demonstrated that with increasing the
distance between inner and outer coils, a larger region
gets exposed to the cold temperature from the coil, and
the low temperature can be observed in a larger area. In
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Fig. 12 The effects of inner and
outer coil distance on contours
of temperature at X=0
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fact, increasing the coil distance affects a wider region
with the freezing temperature, thus it increases the stored
energy in the form of ice.

5 Conclusion

In this study, a 3D numerical simulation was done in order
to investigate the effects of two geometrical parameters
of the double-helical coil heat exchanger, including helical
coil pitch length, and inner and outer coils distance, on
the phase change process in an ice storage system. The
simulation was done with different thermal and physical
properties for water and ice, and the simulation time was
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4 h.The results indicate that with higher pitch length and
inner and outer coil distances, a better distribution of ice
can be created in the storage. Furthermore, the rate of ice
formation with highest values of pitch length and inner
and outer coil distances compared to cases with smallest
values for these parameters were increased by 22.81% and
13.99% respectively, and the possibility of ice block forma-
tion which is an undesirable phenomenon in the external
discharge process was reduced.
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