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ARTICLE INFO ABSTRACT

Keywords: Thermal energy storage in mobile applications, particularly battery of electric vehicles, is currently gaining a lot
PCM of importance. In this paper, a semi-theoretical time-dependent mathematical model of the phase change in a
TES

Coconut oil
Melting/solidification
Semi-theoretical model
Front thickness

double shell thermal energy storage module has been developed where the inner tube is a heat exchange surface.
An effective front region thickness for the melting and solidification process has been studied. The proposed
model is calibrated based on our experimental data. The purpose of such a model is to enable the optimization of
the geometry of the energy storage modules in terms of the PCM to the TES container mass ratio and

enhancement of phase change rate. In addition, results obtained for a single tube can be used in the bundle of
tubes in shell and tube TES design. The results have shown that for the larger diameter of the module (smaller
difference between the working tube and shell diameter) the optimal working time is around 2000 s.

1. Introduction

The importance of thermal energy storage in mobile applications,
particularly in battery of electric vehicles, is significantly increasing.
Many studies focus on the cooling of lithium-ion batteries as high tem-
peratures can negatively impact the energy storage efficiency and cause
the battery failure [1,2]. Our research, however, focuses on constructing
a double shell or shell and tube heat exchanger to not only regulate the
battery temperature, including preheating in winter, but also to decrease
the energy consumption of HVAC systems [3]. This approach opens up
the possibility of replacing part of the Li-Ion battery with heat storage
using natural and biodegradable materials, which is motivated by both
economic and environmental concerns to minimize the use of rare earth
elements.

Mobile applications require heat storage to have high capacity while
maintaining minimal size and weight. These parameters depend on both
PCM (Phase Change Material) selection and heat storage design. With
recent developments, many studies are concentrated on various kinds of
PCMs as paraffin, esters, alcohols, and acid facts [4]. The cheapest
material for thermal energy storage is water. Unfortunately, the
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relatively low temperature of phase change makes it very often useless in
HVAC systems. Taking into account the appropriate phase change
temperature the cheapest and most common are raw organic materials i.
e., animal and plant-based fats [5]. In this field, coconut oil is easily
available in the market in virgin and refined forms. Both of these oils
have a good shelf life (2 years for virgin oil and 5 years for refined one)
[6]. It is worth noting that in mobile applications this time is much
longer than the life of e.g., engine oil. What is more important is that
these substances are non-toxic and can be sustainable, and abundant in
nature. It should be stressed that coconut palms can absorb and use
saltwater during growth [7]. It is a big advantage of that plant due to the
limited resources of sweet water in the world.

Due to the low thermal conductivity of PCMs, it's essential to
improve the design of thermal storage containers and heat exchange
surfaces. There have been various experimental and numerical studies
conducted to enhance the efficiency of charging/discharging latent en-
ergy storage systems. Pourakabar and Darzi [8] focused on the shape of
the module and for the investigation, nine separate cases of multi tubes
TES with different fin configurations and same quantity of PCM are
taken into consideration. Results indicate that the melting rates are
highest and lowest for cases with two tubes arranged vertically and one
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Nomenclature t Time (min)
m Mass flow (kg/s)

A Area (m?) m Mass (Kg)
G Specific heat capacity (J/kg*K) o) Heat flux (W/m?)
Ds Shell Diameter (m)
D Tube Diameter (m) Abbreviations
h specific latent heat (J/kg) AC Air Conditioning
H Height (m) CFD Computation Fluid Dynamics
Tm Melting Temperature (°C) DSC Differential scanning calorimetry
Tw Wall Temperature (°C) HTF Heat transfer fluid
R Radius (m) HVAC  Heat ventilation Air Conditioning
S surface KERS-T Kinetic Energy Recovery System- Thermal
\' Volume (m®) LHTESS Latent heat thermal energy storage system
o Thermal diffusivity (m2/s) PCM Phase change material
i Coefficient of thermal expansion (1/K) PMMA  Poly (methyl methacrylate)
) Solidification front thickness SHTESS Sensible heat thermal energy storage system
by Thermal conductivity(W/m*K) TES Thermal energy storage
p Density (kg/ms) TTPA Tempos Thermal Properties Analyzer
n Dynamic viscosity (Pas)

(o]
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Fig. 1. Arrangement of temperature sensors inside the experimental module.

tube, respectively. The cases with two tubes positioned along the x axis
and the case with four tubes arranged in a diamond array had the longest
and quickest solidification times, respectively. Rostami et al. [9] studied
the use of nanoparticles to increase thermal conductivity in PCMs but

the effects on living organisms are not fully understood [10,11]. Youssef
et al. [12] suggested a heat exchanger with spiral-wired tubes arranged
vertically to enhance natural convection in the container. Although the
study showed an even buildup of liquid/solid phase during the melting/
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Table 1
Thermal properties of coconut oil [21].
Property Unit Value
Tm °C 25.5
A W/(m*K) 0.329
) kg/m> — 0.7761*T[K] + 1149.97
(% kJ/(kg*K) 3.87 for solid; 2.07 for liquid
kJ/kg 178 kJ/kg
u kg/(m*s) 2.3323%10-%*T[K]2 — 1.5604*10~°2*T[K] + 2.6283

solidification process, it did not analyze velocity distribution along the
tubes.

Coconut oil has the advantage of solidifying not only on the heat
exchange surface, or the phase change front but also in the volume of the
container which is enhanced by natural convection. Furthermore, its
abundance in nature, easy availability in marketplace, nontoxic and
mostly sustainable behavior make coconut oil as an ideal choice.How-
ever, the wide range of solidification temperatures and occurrence of
subcooling make it difficult to model it. Many studies have been done on
numerical modeling of its melting and solidification process, such as the
work of Beust et al. [13] on the influence of the mushy zone constant and
phase change temperature by using the enthalpy-porosity model. Which
is also could be found in the works of Longeon et al. [14] and Andrassy
and Szantho [15]. However, the standard enthalpy porosity model used
in these studies does not allow for precise modeling of subcooling.

The specific heat in the phase change region is obtained from DSC
(Differential Scanning Calorimetry). The DSC measurement of PCMs
requires careful preparation and interpretation of results, as the phase
change temperature range is often larger than in macroscale experi-
ments. This offset is a property described in detail in various works
[13,16,17] and depends on the heat rate. To reproduce the thermal
characteristics of the material [16], the scanning rate and sample mass
must be well-controlled, and the sample must be homogeneous.
Obtaining material homogeneity in a sample of a mixture of components
can be challenging, particularly for samples of just a few milligrams.

In the aspect of the CFD numerical modeling, Giinther et al. [18]
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propose an improvement to model PCM solidification with subcooling.
Namely, a new condition has been added to the basic balance equation
set, which suppresses phase change in cells that are not in contact with
other cells with some solid fraction or with the wall. Thanks to this
modification the temperature of PCM can be above the solidification
temperature if the cell is not in contact with phase changing front.
However, conducted experiments show that in the case of coconut oil
phase change may occur in the volume of the container, far from the
heat exchange surface or the phase change front.

The development of the CFD approach is not the only approach
currently underway. Previously, authors presented an analytical model
for modeling temperature and heat flux during phase change processes
in an experimental TES module [19]. Mazzeo et al. [20] explored an
analytic model to solve the Stefan Problem in a PCM layer and the results
showed good agreement with experimental results in terms of temper-
ature trends at different layers, surface heat flux trends, and stored en-
ergy. The proposed procedure enabled the determination of thermal
conductivity and specific heat in the liquid and solid phases, as well as
the latent heat. While TES for heating systems at high and intermediate
temperatures has been well-researched, little attention has been given to
TES for HVAC applications in ambient and sub-ambient temperature
ranges. A modular experimental module and test loop were developed to
study this issue. The experimental work presented in this paper focuses
on obtaining heat transfer from PCM to the volume under constant wall
temperature conditions.

This paper aims to develop a semi-theoretical time-dependent

Table 2
Uncertainties of Selected Parameters [19].
Parameter Operating range Uncertainty
Trem 10 °C-60 °C +0.3K
Tw 10 °C-60 °C +0.05 K
M 260-360 g +0,1g
m 8.63-11.27 g/s 1.2%
A 0.25-0.7 W/mK +10%
p 920-950 kg/m* +10.9%
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Fig. 2. Specific heat and fraction of liquid phase in the function of temperature: DSC and TTPA measurement [21].
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Fig. 3. Exemplary phase change isolines using dimensionless thickness of the solidified layer §/L with the share of the liquid phase = 0.5 for specific time steps of
solidification process. Points represent numerical results, lines — semi-theoretical approximation.
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Fig. 4. Dimensionless thickness of phase change with the share of the liquid phase = 0.5 at surfaces S1 — S5 as function of time for solidification process. Points

represent numerical modeling results, lines — semi-theoretical approximation.

mathematical model of the phase change process in coconut oil. Coconut
oil was selected as a widely available, biodegradable phase change
material with a phase change temperature appropriate for HVAC sys-
tems. The proposed model is calibrated on our experimental data. The
purpose of such a model is to enable the optimization of the geometry of
the energy storage module in terms of the PCM to the TES container
mass ratio and enhancement of phase change rate. The double shell
design of the TES is proposed as a special case of shell and tube heat
exchanger, which is one of the most common designs. Moreover, results
obtained for a single tube can be used in a bundle of tubes in shell and
tube TES design.

2. Experimental TES module

In this paper, the mathematical modeling was verified by comparing
it with reported experimental data [19]. The described experimental
setup, the TES module design, and the procedure is given in detail in
reference [19]. The container was made of a PMMA tube with an in-
ternal diameter of 40 mm and an external diameter of 50 mm and a
height of 165 mm. The flanges were also made from PMMA. A copper
tube with a 10 mm outer diameter and a 1 mm wall thickness was used

as the heat transfer element. To monitor the temperature, the module
was equipped with 15 T-type thermocouples with a 1 mm jacket diam-
eter and 300 mm length, as well as 4 Pt100b class A (4-wire) sensors
with a 1.5 mm jacket diameter and 150 mm length. The thermocouples
were positioned along expected isothermal lines to reduce measurement
errors and were arranged on four cylindrical planes (R7, R10, R13, R16)
placed at 60° intervals, with 5 sensors on each surface (S1 — S5). The
sensors were covered at four different radii and the ends were positioned
on five surfaces along the axis of the module. Fig. 1 illustrates the sensor
arrangement.

Efforts were made to reduce heat loss to the surroundings by insu-
lating all elements of the system and tubing. Only about a quarter of the
module casing and a portion of the top flange were left uncovered to
allow for visual monitoring of the process using thermal imaging and
high-speed cameras.

2.1. Thermodynamic properties of PCM

The authors have verified the thermodynamic properties of coconut
oil used in the experiments, as reported in the literature showing a wide
range of values for the latent heat of coconut oil, from 72 to 249 kJ/kg
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Fig. 5. Visualization of A/Anmq. dimensionless area at the cross-section of the
TES module, where A — surface occupied by solidified PCM and Ap,.x — total area
of the TES module (marked with gray color); Hp.x — height of the TES module,
D — diameter of the TES module (shell), D, — diameter of inner tube (the heat
exchange surface), H — height of the measured thickness, 5(H) — thickness at
height H.
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[19]. High-quality cosmetic-grade coconut oil was utilized in the tests.
The thermal conductivity and specific heat for the solid phase were
obtained using a Tempos Thermal Properties Analyzer (TTPA) at 17.5 °C
with an accuracy of £10%. The melting temperature and latent heat
were determined through temperature measurement and energy bal-
ance of the experimental module and confirmed with parallel mea-
surements using a differential scanning calorimeter (DSC). The
properties used in the present study are summarized in Table 1 [21].

It is noted that the results of measurements performed using DSC
differ from those obtained from macroscale measurements. In the cur-
rent study, the specific heat measured using Tempos Thermal Properties
Analyzer (TTPA) was 3450 J/(kg*K) at 17.5 °C, while the DSC mea-
surement showed 7170 J/(kg*K) at the same temperature, 3870 J/
(kg*K) at 10.0 °C, and 2070 J/(kg*K) for the liquid phase at 29.0 °C. The
melting temperature determined through visual analysis of the phase
distribution in the module and temperature measurement was in good
agreement with the DSC measurement, with values of 25.5 °C and
25.0 °C, respectively. The specific heat and fraction of the liquid phase
as a function of temperature are shown in Fig. 2 [21].

The results from the DSC measurement for the solidification process
of coconut oil are different from the measurements taken on the
macroscale. The DSC measurement showed the end of the solidification
process to be under 10 °C with a latent heat that does not correspond
exactly to the liquid fraction during the phase change process. This
phenomenon is related to the intensity of the solidification process,
where lower wall temperatures result in more dynamic solidification
and larger subcooling. Additionally, coconut oil being a complex
mixture, its components have varying solidification temperatures and
latent heat, further contributing to the differences in results.

In conclusion, the use of a different measurement method (DSC vs.
energy balance of TES module) leads to different results in terms of the
thermal properties of coconut oil. The DSC measurement is a dynamic
measurement on a small sample, while the value measured based on the
energy balance of the TES module was obtained using a large TES
module (207 ¢cm®) during a long-lasting steady-state process. This dif-
ference in measurement methods should be taken into consideration
when interpreting the results and choosing the appropriate method for a
given application.

Moreover, uncertainties of all measured parameters are also given
Table 2 [19].

3. Determination of the effective front region thickness

The effective phase change front region thickness “5” is crucial in
determining the efficiency of PCM thermal energy storage systems in a
shell-tube design. The thickness depends on various factors such as the
PCM's thermal conductivity, the heat transfer coefficient between the
PCM and its surroundings, and the rate of heat transfer. To determine
the effective front region thickness, numerical/analytical techniques or
experiments can be used. Optimizing the thickness leads to improved
thermal performance and more efficient energy storage and release.

The effective front region thickness could be referred to the dimen-
sion of the PCM layer that experiences changes from a solid to liquid
state or vice versa, considering a specified operating time and the unique
design of the TES. For PCMs with relatively large phase change tem-
perature range like coconut oil, the effective front region thickness
varies in height of the heat transfer surface.

To find the equation for calculating the thickness of the phase
transformation front, the following analytical determination was per-
formed.

0=0,+0, @
When the thickness of the PCM layer is small, it can be simplified as a

flat partition for thermal resistance calculation purposes. This assump-
tion is based on the dominance of heat flow perpendicular to the heat
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Fig. 7. Exemplary phase change isolines using dimensionless thickness of the melted layer 8/L with the share of the liquid phase $ = 0.8 for specific time steps of
melting process. Points represent numerical results, lines — semi-theoretical approximation.

transfer surface (neglecting axial heat flow) and the constant thermal
conductivity coefficient of the PCM.

Q:rhocoAT (2)

For this calculation, an alternative thermal conductivity coefficient
(1;) was used, which is a combination of the average conductivity co-
efficient of the solid phase of the PCM (near the phase transition point)
and a coefficient that depends on free convection.

A =1e¢g 3

e =CeoRd" (©)]

After using the basics of average heat transfer energy and the defi-
nition of rate of heat conduction we can modify Eq. 2 as given below:
m.cp.ATqu—h:&voAT )

t t o

In conducted investigation dimensionless parameters are employed.
The characteristic diameter of the storage module is defined as length
available for the PCM:

(6)

where D — diameter of the shell, D, — diameter of the inner tube (the heat
exchange surface).

The Fourier number characterizes transient heat conduction and is
defined as:

a*t
F() = F (7)
where t — time, a = pf—q’ - thermal diffusivity.

Thermal diffusivity was measured as 0.12 mm/s at 17.5 °C using
TTPA. Values obtained with above relation are 0.17 mm/s for solid and
0.045 mm/s for liquid.

The Stefan number defines the ratio of sensible heat to latent heat:

_ G¥AT

St
e hf

(€))

where AT - temperature difference between melting point T, and wall
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Fig. 8. Characteristic of dimensionless thickness of phase change with the share of the liquid phase $ = 0.8 as function of time at surfaces S1 - S5 for melting process.
Points represent numerical modeling results, lines — semi-theoretical approximation.

temperature T,.

The Rayleigh number describes the natural convection, in case of
natural convection near a vertical wall it is defined as product of Grashof
and Prandtl numbers:

g""’/}*AT*Ij

Ra = Pr*Gr = <
v*a

(©)]
where g — gravity constant,  — coefficient of thermal expansion, v — ki-
nematic viscosity, a — thermal diffusivity.

Ultimately, the following equation is obtained from Eq. 5 after some
mathematical simplifications and modifications.
5 CeRa"eF,eSte
L~ 1+ Ste a0

Determination of the effective phase change radius cannot be con-
ducted using only the experimental model. Both, in solidification and
melting process the radius is not visible. In case of melting, it is obvious.
However, during the solidification process the front of phase change
cannot be clearly determined due to wide phase change zone. Coconut
oil is a complex mixture, for this reason, the hypothesis was assumed
that the solid phase visible in the volume of the module, far from the
phase change front, may be the effect of solidification of a mixture
component of low energy significance. Above a semi theoretical formula
for the related thickness is presented. The presented formula is modifi-
cation of correlation presented previously by A. Bejan and Z. Zhang
[22].

b *R n-,L-F)m;‘: t H P
_ C*Ra"*F, Se*( ) an

L 1+Se Hooe

The dimensionless thickness §/L relates to the surface of the isoline
for which the share of liquid phase is 0.5. The layer thickness was
measured at surfaces S1 — S5 (Fig. 1). The liquid phase equal to 0.5 was
chosen because of the following reasons: (1) The phase change front for
liquid share 0.0 is growing too slowly in relation to the experiment; (2)
The energy share of the partially solidified phase is significant; (3) The
isoline for liquid share 0.5 coincides with the fading speed isoline. The
last reason is important, because when interpreting the experiment, we
can consider the solid as one in which there are no convective
movements.

Dimensionless thickness of the solidified surface during the solidifi-
cation process is presented in Fig. 3. TES is presented horizontally, and
x-axis is a heat transfer surface offset from the axis of symmetry by the
radius of the inner tube with working fluid.

The function given with the eq. (12) was adjusted to experiment and
numerical modeling results [19] by dividing it into two intervals. For the
first interval, the coefficients C; = 0.14, m; = 0.60, n; = 0.15, and p; =
—0.12 were selected. For the second interval, they are C; = 0.35, my =
1.5, ny = 0.05, and p, = —0.20. Transition between intervals occurs
when both functions give the same result for given time step:

.0 o
{Cymy,m}if Z(Clym17n17t) >

,Z(Czamza’lzﬁ)
o

{C,m,n} = 5 (12)
{Cz,"’lz,l’lz} lf Z(Cl,ml,nl,t) < Z(Cz7m2,l12,t)

Eq. (13) presents a dimensionless cross-sectional area occupied by
the solid phase during the solidification process. The formula is given
with an integral of the eq. (13). The area under the curve A corresponds
to the cross-sectional area occupied by the solid phase after a certain
time during the solidification process related to the cross-section of the
module A, given as HyqDs/2 . The A and A,y areas refer to the half of
the TES module using the symmetry axis boundary. Also, in this situa-
tion if diameter D, of the internal tube increases, An. Wwill remain
constant.

1 R NE T Mk
A :/ 3 (H\2L_ 1 CRa*FSte ., (12L a3
Amax 0 L Hyax) Dy p+ 1 1+ Ste oDy

Chart in Fig. 4 presents the dimensionless thickness of the solidified
layer &/L within function of time for surfaces S1 — S5. The points
correspond to the CFD model calibrated on the basis of the experiment;
[19]lines refer to the semi-theoretical model.

Values for layer S2 and S3 are the same for most of the points because
of the resolution of the discretization grid, which is 0.5 mm outside the
boundary layer. The semi-theoretical lines for those layers are close to
each other but are not the same. Fig. 5 presents the visualization of the
A/Amax dimensionless area.

Egs. (14)-(16) present a derivation of the formula for dimensionless
volume occurred by solidified PCM. What is important, the maximum
volume Vg refers to the volume of whole module given as
Hpge*n*D? /4 . In this situation if diameter of the internal tube d in-
creases, the volume of PCM decreases but the V. value is constant.
Thanks to this, the change of the diameter of the module and the inner
tube affects not only the time of the phase change but also the storage
capacity.


http://mostwiedzy.pl

AN\ MOST

R. Andrzejczyk et al.

HIHEE

o et ittt

Dy

v

e

Fig. 9. Visualization of A/Anmq. dimensionless area at the cross-section of the
TES module, where A — surface occupied by melted PCM and A,x — total area
of the TES module (marked with gray color); Hpx — height of the TES module,
D, — diameter of the TES module, D, — diameter of the integral tube (the heat
exchange surface), H — height of the measured thickness, 5(H) — thickness at
height H.
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Vo ) ) P (H) — n(5) e

Vmax * (%) Z’EHmnX

2
.. rH, C*Rd"*(F,)"*S; P D2,
T f max a"*(F,) tesey s (_H +Q dH — z*2xg,
0 2 4
%D,

1+4Ste Hpax
P

*
+ Hiax

14)

Where (H) = 6+ D;/2.
To shorten the expression a variable B is introduced:

_ L*C*Ra" i:Fom *Ste

15
1+ Ste as

The shorten formula is as follows:

1w B s ppptl 1D B pp+1 | d*H Fnax Dixpy
* + A kD * + i
v _ (ZPH Hot P+ Hyae 7 )|, T Mme 16)

Vinax Dix
max B H

Fig. 6 presents a dimensionless area A/A, and dimensionless vol-
ume V/ V. as a function of time. As can be seen after 9600 s 0.75 of the
surfaces and 0.94 of the module's volume is solidified. This is the limit of
the D,;/D; = 10/40 configuration. Additionally, the effect of increasing
the diameter of the inner tube is shown. In the case of larger inner tube
diameter, the solidification process is faster. For inner tube diameter D,
= 25 mm the available cross-section surface (0.38) and volume (0.61) is
solidified in 2400 s.

Using the above scheme, the melting process was described. Fig. 7
presents phase change isolines using dimensionless thickness of the so-
lidified layer 8/L with the share of the liquid phase g = 0.8 for specific
time steps of melting process. The liquid phase share was selected using
the same criteria as for solidification process. Fig. 8 presents exemplary
phase change isolines for which the share of the solid phase f = 0.8
during the melting process.

The function given with the eq. (13) was adjusted to experiment and
numerical modeling results by dividing it into two intervals. For the first
interval, the coefficients C; = 0.50, m; = 0.30, n; = 0.13, and p; = 0.20
were selected. For the second interval, they are C; = 0.10, my = 4.00,
ny = 0.20, and p, = 3.00. The function is not exactly adjusted to points of
the dimensionless thickness of the phase change front.

The main difference between solidification and melting process is
that liquefied phase relatively fast fills the upper part of the container.
This is due to the much larger temperature difference between the wall
and the phase change temperature (Tjguiqus). As a result, the process is
faster. The forming funnel of the liquid phase accelerated the melting
process due to developed convection, however it also increased the
difference in results based on mean radius values. Fig. 9 presents visu-
alization of A/Anqx dimensionless area at the cross-section of the TES
module.

Chart in Fig. 10 presents a dimensionless area A/Amq, and dimen-
sionless volume V/Vyqy as a function of time for inner tubes diameters
D; = 10 and 25 mm. The shape of curves is different from that of the
solidification process. The A/Amq and V/Vpmg, curves approach asymp-
totically to their maximum values for specified diameters D;/D; ratios.
As can be seen in 10,000 s, 0.64 of the surfaces and 0.76 of the module's
volume is melted for D, = 10 mm. For inner tube diameter D; = 25 mm
0.36 of the available cross-section surface and 0.58 of the volume is
melted after 6000 s. As for the solidification process the maximum
available area and volume ratios for inner tube diameter D, = 25 mm is
0.38 and 0.61 respectively. Those values are not reached in 10,000 s.

The results have shown that for larger diameter of module (smaller
difference of working tube diameter and shell diameter) the optimal
working time is around 2000s. After that time the melting process slows
down. It is possible to melt almost maximum available volume of PCM,
however, this requires twice the module runtime. In case of TES with D,
= 10 mm the available volume of PCM (possible thermal energy to
storage) is visible larger. The results have shown that for smaller
diameter of module the optimal working time is around 6000 s. After
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Fig. 10. Dimensionless area A/Amq and dimensionless volume V/Vpn,, in function of time for inner tube diameter D, = 10 and D, = 25mm for melting process.

this time the process slows down. It should be noted that for TES with D,
= 10 mm it is possible to reach, like for solidification process, 0.94 of the
module's volume. It seems that optimal relation between working tube
diameter and the shell diameter is a function of available of charging/
discharging time. For example, if available time is 4000 s the better
configuration is TES with D, = 25 mm (0.56 of V. will be melted,
compared to 0.35 for TES with D, = 10 mm). If, however the available
time will be longer (more than 6000 s) the better option will be TES with
D; =10 mm.

4. Conclusions

The study shows experimental and analytical research of organic
PCM based thermal energy storage module in double shell design.
Thermodynamic properties of coconut oil were experimentally obtained
by authors.

A semi-theoretical time dependent mathematical model of the phase
change in a double shell thermal energy storage has been developed
where the inner tube is a heat exchange surface. It was reported that in
case of D; = 10 mm, 0.75 of the surface and 0.94 of the module's volume
was solidified after 9600 s. While in the case of larger inner tube
diameter, the solidification process was faster. For inner tube diameter
D, = 25 mm the available cross-section surface (0.38) and volume (0.61)
is solidified in 2400 s. On the other hand, during melting process A/Amqx
and V/Vie curves approach asymptotically to their maximum values
for specified diameters D;/D, ratios. It was concluded that the optimal
working time for the module having larger diameter (smaller difference
between the working tube and shell diameter) is around 2000s. How-
ever, it was further concluded that available charging/discharging time
could also be the function for optimal relation between working tube
diameter and shell diameter.

Results obtained for this type of TES can be used in shell and tube
design. Such technical solutions are often found in heat exchangers due
to low production costs and good efficiency. The proposed semi-
theoretical model can be used to determine the spacing of tubes in the
bundle. The model is based on basic physical parameters of the working
fluid, which greatly simplifies its application in practice. This module
confirmed that optimal relation between of working tube diameter and
the shell diameter it is a function of available of discharging/charging
time, for the same temperature difference between heat transfer surface
and the PCM.
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