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Advantages such as high energy storage density and low heat losses have made phase change materials
(PCMs) preferable in energy storage. However, the very low thermal conductivity of PCMs is the most
important obstacle to improving melting and solidification performance of PCMs. To improve the thermal
conductivity of PCM, the combination of PCM with nanoparticles, fins, and metal foam is among the methods
widely researched in the literature. The innovation of this study was to examine the effect of inner and outer
channel configurations on the solidification rate in double-pipe energy storage with PCM. Thus, it was aimed
to benefit from the same amount of stored energy more and at a lower cost. In this regard, solidification
analyses were carried out for three different basic inner channel geometries. With the triangle-in-circle
configuration, the solidification rate was increased by 5.5% to 13.2% compared to other configurations. It is

anticipated that the data obtained in this study will be a guide for novel inner channel geometry designs that
will increase solidification performance and heat transfer in double-pipe energy storage with PCM.

1. Introduction

Increasing fossil fuel use has led to environmental problems
such as air pollution and global warming. In order to use energy
efficiently, it is important to store thermal energy obtained from
renewable and clean energies. One of the energy storage
methods is latent heat storage. Energy can be stored in phase
change materials (PCMs) with high storage capacity. PCMs
store energy during melting (charge time) and give back the
stored energy during solidification (discharge time). Due to
their low coefficient of thermal conductivity, PCMs have long
charge and discharge times. The negative feature of PCM is its
low thermal conductivity and to overcome this disadvantage, it
is aimed to reduce the charge and discharge times by using it in
combination with fins, nanoparticles, or metal foam [1,2].

Double-pipe thermal energy storage (DPTES) is the
preferred structure for energy storage with PCM due to its
simple and compact structure. The methods mentioned above to
improve the thermal conductivity of PCM (fins, nanoparticles
or metal foam) have also been used in DPTES. An important
problem in the use of nanoparticles is that the particles cannot
be distributed homogeneously enough and agglomeration
occurs between the particles. In the use of fins and metal foam,
there are disadvantages such as decreased energy storage
capacity and increased system costs. In order to eliminate these
disadvantages and reduce system costs, the use of channels with
different geometries in the DPTES is a more appropriate
solution. Studies on different internal and external duct
geometries in SPPPES are quite limited. Mahdi et al. and
Nafajabadi et al. obtained an increase in melting
performance with spiral inner tube geometry with different
cross-sectional areas [3,4].
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Hekmat et al. investigated the effects of vessel geometry (triangle,
square, trapezoid, and ellipse), nanoparticles and fins on melting
and solidification to reveal the optimum design [5]. Alnekaab et
al. investigated the effects of a straight inner tube on melting
performance [6]. Bazai et al. showed the effects of different sizes
of elliptical inner tubes on melting and solidification rates [7]. In
addition, the effects of the inner tube design with wavy surface
geometry on melting and solidification performance have also
been reported through studies [8-10].

In the previous study, melting analysis of different inner-outer
channel geometry configurations was performed [11].
Solidification analysis was also performed for the configuration
with the highest melting rate. The novelty in this study was that
solidification analysis was carried out for all inner-outer channel
combinations, independent of melting analysis. Thus, it was
aimed to see the effects of inner-outer channel combinations,
which were not tested for solidification in the previous study. In
this direction, solidification analysis was carried out for three
different inner-outer channel configurations and the factors
affecting the change in solidification rate were tried to be
determined. Analysis results were evaluated in terms of liquid
fraction, solidification rate, and PCM temperature.

2. Materials and Methods

Three different inner tube geometries were used in
solidification analyses. These simple main geometries were
preferred because they are easy and economical to manufacture.
Inner channels with circular, square, and triangular geometries are
shown in Fig.1. To ensure a homogeneous heat transfer in square
and triangular geometries, geometries with equal side lengths
were preferred. The circle-in-circle configuration was taken as the
main geometry. In other configurations, the outer pipe diameter .
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was kept constant, and the side lengths of triangular and square
geometries were determined by considering the PCM area in
the circle-in-circle combination. The edge lengths obtained for
equal PCM areas are given in Table 1.
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Fig 1. Inner channel geometries for DPTES
Table 1. Edge lengths of geometric configurations

Combination Ri Ro S t PCM Inner duct
number (mm) (mm) (mm) (mm) Surface  perimeters
Area (mm)
(mm?)
a) 10 20 - 942.5 62.83
b) - 20 17.72 942.5 70.88
c) - 20 26.94 942.5 80.82

2.1. Mathematical Model

The enthalpy-porosity method was applied in numerical
solidification analyses. The numerical solution was carried out
following the assumptions given below.

¢ Itwasassumed that the computational domain was two-
dimensional, the flow was time-dependent, and the fluid was
incompressible and Newtonian [3].

e The Boussinesq approach was adopted for natural
convection flow [6].

«  Viscous dissipation was ignored [7].

e The outer pipe surface was assumed to be adiabatic
[11].

Conservation of mass and conservation equations in the x
and y axes directions are below.

Continuity

ap | 9(pw) | 9(pv) _
6t+ ax+ay =0 @
Momentum in x direction
d(pw) |, d(puw) , d(pvw) _ _dp | 8 ( du\ 9 ( Odu
at + ax + ay - Bt+ax( dx) By( dy)+uA
2

Momentum in y direction

A(pv) , dpuv) , d(pvv) _ _dp , d ( v\ , [, v
at ox + ay - at + ox (/l dx) + ay (/l dy) +
vA + pgB(T — Ty) @)

In the equations, g denotes the gravitational acceleration, p
denotes the density, P denotes the thermal expansion
coefficient, T expresses the temperature, L denotes the dynamic
viscosity, u indicates the fluid velocity in the x direction and v
indicates the fluid velocity in the y direction. The A value is

found with the Eq. (4) [12],
a-?

A= —Anusi e 4)
Where A is the liquid fraction and defined by Eq. (5) [13],
0 ; T<Tg
A={T=T)/(T, =Ts) ; T,<T<T, ()
1 ; T>T,

where the | and s subscripts represent the liquid and the solid
phase, respectively. Amush indicates the mushy zone constant
and was assumed to be Amush =10°. & denotes the small number
(e =0.001) [12]. The energy equation is given by following
equation,

Energy equation

d(ph) |, d(puh) | d(pvh) _ i B_T i B_T
at + ax + ay T ax (k dx) + ay (k dy) (6)

where K is the fluid conductivity, and h denotes the sensible
enthalpy. h is determined with the Eq. (7) [13],

; T < Ty

h= fTTMcpdT+/1H i T, <T<T, @

Iy cpdT + [} cpdl 5 T>T,

Tre f

where Tref, H, and Cp represent the reference temperature
(Trer=298.15 K), the latent heat, and specific heat capacity,
respectively. T is calculated by following equation [14],
T=AMT,—Ts)+ T (8)

N-eicosane was used as the PCM material due to its
advantages such as being commercial and easy to access. The
thermal properties of the N-eicosane material are presented in
Table 2.

Table 2. Thermophysical properties of N-eicosane PCM [16]

Thermophysical properties Value

Solidus/ Liquidus Temperature (K) 308.15/310.15
Liquid Density (kg/m®) 770

Specific Heat Capacity (J/kgK) 2460
Latent Heat Of Fusion (J/kg) 247600
Thermal Conductivity (W/mK) 0.1505
Thermal Expansion Coefficient (1/K) 0.0009
Dynamic Viscosity (kg/ms) 0.00385

The convection heat transfer coefficient in the inner channels
(heonv) was calculated by the Dittus-Boelter correlation (Eg. (9))
[17].

Nu = 0.023Re®8pro+4 )

The equations given below were used to calculate the hconv,
Nusselt (Nu), and Reynolds number (Re).

Re = % (10)
4A;

Dy = ¢ (1)

Nu = hCOT}l{VDH (12)

where Ac is the cross-sectional area, p is the perimeter length,
and hconv is the convection heat transfer coefficient.

2.2 Boundary Conditions

In the analyses, the average melting temperature of PCM was
taken as 309.15 K. At the beginning of the solidification analysis,
the PCM temperature was 310.15 K (Eq. (13)). hconv Was applied
on the inner surface of the inner pipe (Eq. (14)). As mentioned
before, the outer pipe surface was considered adiabatic (Eg. (15)).
The Tave, fluid in the inner pipe was chosen as 289.15 K.

Tpem = 310.15K,t(s) = 0 (13)
Qcond,is = heonv(Tw — Tm,f):t(s) =t (14)
Qcond,0s = 0, t(s) =t (15)

where Tw is the wall temperature of the inner pipe, Tm, fis the
average fluid temperature, IS and OS subscripts indicate the inner
and outer surface of the inner and outer pipe, respectively.

2.3 Numerical Method

Numerical analyses were carried out using the commercial
program ANSYS Fluent 2022R1. The PISO algorithm was used
for the pressure-velocity coupling and the PRESTO! scheme was
preferred for the pressure correction equation. The QUICK
scheme was applied for the discretization of momentum and
energy equations and the first-order implicit transient formulation
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was used for the time-dependent flow analysis. In transient
analyses, the convergence criteria were determined as 10 for
the continuity and momentum equations and 108 for the energy
equation.

A tetrahedral grid type was adopted for the numerical
analyses. Since symmetrical conditions existed in the
computational domain, half of the geometries were modeled for
the analyses. The grid structures generated for all geometric
combinations are given in Fig. 2.

a)

c)

Fig. 2. Generated grid structures, a) circle-in-circle, b) square-in-circle
b) triangle-in-circle
3. Results and Discussion

In this section, the effects of internal channel geometries on
the solidification performance of PCM in double-pipe energy
storage were evaluated in terms of liquid fraction and PCM
temperature. However, beforehand, validation analyses were
carried out to test the accuracy of the numerical results.

3.1 Verification Processes

For verification processes, independence tests from grid
size and time step were first performed. As seen in Figure 3, the
change in liquid fraction was negligible for the grid size smaller
than 0.25 mm and the time step smaller than 0.15 s. Therefore,
a grid size of 0.25 mm and a time step of 0.15 s were chosen for
parametric analysis.
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Fig. 3. Circle-in-circle configuration, a) grid size independence
analysis, b) time step independence analysis
The PCM melting analysis results in the circle-in-circle
configuration were validated with the results in Ref. [15].

Comparison of liquid fraction contours are given in Fig. 4a, and
comparison of liquid fraction curves for the 65-minute melting
period are given in Fig. 4b. The highest difference between the
two analysis results was measured as 6.5%. This error rate showed
that the numerical model used was applicable for a certain melting
and solidification period.
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Fig. 4. Verification processes, a) liquid fraction contours, b) liquid
fraction curves

3.2 Effect of Geometric Combinations on Solidification

Performance

The heat transfer surface area (As) and the hconv between the
fluid in the inner pipe and the pipe surface (hconv) are the main
factors affecting the solidification performance. Although Nu
decreased for the same water mass flow rate (m=0.36 kg/s) in
square and triangular geometries, heonv Values increased due to the
decrease in DH. The highest heonv value was reached in the
triangular internal channel geometry (Fig. 5).
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Fig. 5. Nu, Re numbers and hony depending on inner channel
geometry
Fig. 6 shows the liquid fraction (LF) and temperature contours
obtained for the 40-minute solidification period. In inner channel
geometries, the highest perimeter length for an equal PCM area
was obtained in triangular geometry. This situation increased As.
As aresult of an increase in As and hconv for triangular geometry,
the lowest temperature and liquid fraction were reached in the
triangle-in-circle geometry in the 40-minute solidification period.
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Fig. 6. Temperature (right) and liquid fraction (left) contours for different geometrical configurations in solidification process
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In Fig. 7, time-dependent average PCM temperature and
liquid fraction curves are presented. With the triangular inner
channel geometry, the LF after 40 minutes was obtained as
0.158. According to the LF values in circular and square
internal channel geometries, a decrease of 21.8% and 38.3%
was achieved, respectively (Fig 7a). In other words, the
solidification rate increased with the use of triangular inner
channel geometry. Especially after the 10th minute, there was a
significant decrease in PCM temperature in the triangle-in-
circle configuration compared to the PCM temperature values
in the other configurations (Fig. 7b).
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Fig. 7. Liquid fractions (a) and average PCM temperature (b) in the
solidification period for all geometric configurations
4. Conclusions

In this study, the solidification performance of PCM in
double-pipe energy storage was examined for three different
inner channel geometries. Since solidification starts from the
inner channel surface, it was observed that the most important
factors affecting the solidification rate are the As and the hconv
in the inner channel. The lowest temperature and liquid fraction
were attained in the triangle-in-circle geometry during the 40-
minute solidification phase due to an increase in As and hconv
for triangular geometry. The highest hconv Value was reached in
the triangular internal channel geometry. While Nu decreased
for the same water mass flow rate (h=0.36 kg/s) in square and
triangular geometries, hconv values increased due to the decrease
in DH. It was revealed that the solidification rate could be
increased by 5.5% to 13.2% with the circle-in-triangle
configuration compared to configurations containing other
basic geometries.

It is anticipated that the data obtained in this study will be a
guide for novel inner channel geometry designs that will
increase solidification performance and heat transfer in double-
pipe energy storage with PCM.
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