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Abstract

A numerical study to investigate the behaviour and impact of different inner
tube geometric shapes on the thermal performance of the latent heat thermal energy
storage (LHTES) unit have been done. Current work includes a horizontal concentric
shell filling with paraffin wax as phase change material (PCM). The tested inner tube
geometric shapes were circular tube, horizontal elliptical tube, and vertical elliptical
tube. Finite-volume method with a single-domain enthalpy method have been used for
the simulation. The results showed that the circular tube is the best due to keeping
absorbing heat from PCM through HTF for a long time with 66.37% efficiency and
240.5 minutes.
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I. Introduction

Energy is the key element in global development. There is a daily global
demand for increasing energy. Everywhere in the world, renewable energy use is on
the increases and these energy resources could be the best choice for resisting
environment changes. natural sources that are responsible to generate renewable
energy and these sources supply themselves and never finish. Solar, wind, and hydro-
power are the most typical sources. Despite approximately getting 80 parent energy
through fossil fuels, however, renewable energy which the quickest growing source
of energy in the world. The urgent request for manufacturing thermal energy storage
systems (TESS) came as a result to overcome problems between energy generation
and energy use. Among the thermal energy storage systems are considered latent heat
storage systems (LHSS) which is choosing the PCM is well suitable for these
applications. A large number of studies were published dedicated to numerically and
experimentally to improving and maximize the thermal performance of LHTES
systems. [III], [XIII] experimentally studied the thermal behaviour of PCM in the
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horizontal shell and tube. The results showed that natural convection is effective on
the heat transfer for the solidification performance at the first, then after that managed
by conduction. While the opposite occurs at a melting operation.[VII], [I]
experimentally studied the melting/solidification of PCM in the horizontal double
pipe storage unit. The results showed that natural convection controls the charging
process because of buoyancy effects. While the conduction controlling the
discharging process. [XI] experimentally studied LHTES unit performance of vertical
shell and tube. The results showed that convection dominated in charging operations
while conduction dominated in discharging operations. [XIV] experimentally studied
perception the solidification behaviour in horizontal shell and tube, through changes
from concentric geometry to eccentric geometries. The resultshowed that
solidification time was high when using the eccentric geometries. [VI], [V]
experimentally and numerically studied the comprehend convection currents that
controlled from buoyancy force through the charging of the PCM in the horizontal
shell and tube unit. The result showed that the melt's forehead starts the movement
from a tube to the shell. Furthermore, the charging time minimized when the rising
temperature for the HTF. And conduction heat transfer affects the charging while
convection dominated on the discharging. [IX] numerically and experimentally
studied the influence of PCM in the vertical shell and tube unit in each of the two
cases, feeding HTF upper/lower in charging also repeated in discharging. The study
showed the possibility of obtaining the highest efficiency in vertical units through
feeding on the upper for the charging process and the opposite in discharging. [VIII]
experimentally and numerically studied the influence melting/solidification of PCM
in the horizontal shell and tube unit which was controlled by the thermal conduction.
The results showed significant effects of HTF temperature in each
charging/discharging operation of the PCM. Moreover, the radius of the tube has a
high influence on the running time of the unit. [IV] Numerically studied to
performance evaluation a PCM through melting inside the shell and one, two, three,
and four inner tubes. The results showed the melt time of the PCM minimized with a
rising quantity of tubes inside the shell. Moreover, the shell with one concentric tube
required a long time for melting the PCM. [X] numerically studied using two shapes
of LHTES units. The first shape as a horizontal shell and tube which PCM filling
shell while, the tube using the HTF. The second shape as the opposite. The results
showed that a decrease in the charging time of PCM by 50 per cent in the second
shape due to the high influence of convection.

In this study, the influence of changing different inner tube geometric shapes (circular
tube, horizontal elliptical tube, and wvertical elliptical tube) will numerically
investigate and calculate the thermal performance of the LHTES unitduring the
solidification process.

II. Physical Description of Model

In the framework of this study, Fig. 1 the schematic diagram showed a
concentric horizontal double pipe heat exchanger shell and tube. Which the horizontal
shell of Aluminum, with outer and inner diameter 160 mm, 157 mm respectively. The
thickness is 1.5 mm and 1000 mm in length. Three partitions located in the shell and
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were away 200 mm, 500 mm, and 800 mm from the entrance of the shell. These
partitions to study the distribution of PCM temperature, which filling the shell during
the solidification process with angles 0°, 45°, and 90° respectively, along the axis.
Three various geometrical shape models were used for inner concentric tubes inside
the shell which the water HTF as passing through it. Model (1) is the copper circular
tube with outer and inner diameter 54 mm, 51mm respectively, with 1.5 mm
thickness and 1500 mm length. Model (2) is the copper horizontal elliptical tube
which is the same cross-sectional area. The major diameter 60 mm and minor
diameter 47.5 mm, with 1.5 mm thickness and 1500 mm length. Model (3) is the
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copper vertical elliptical tube which is the same dimension of a model (2). Thermo-
physical properties of the PCM and other materials are recorded in table 1. Moreover,
table 2 shows the number of numerical tests that chosen a constant volume flow rate
at 2 L/min of HTF.

Fig. 1: Schematic Diagram of The Model.
Table 1:Thermo-Physical Properties of Used Materials.
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II1. Summarization of Calculations

The instantaneous energy q.,&qgs and the energy of accumulative
Qcn & aisdepends on the inlet and outlet temperatures of water as the heat transfer
fluid from the thermal energy storage system through charging or discharging. The
equations can be articulated using which was described by [V] as below:

Gen =M Cp (Tin = Tour) (1
Qais =M Cp (Tout — Tin) (2)
Qch & dis = X qcn & ais At 3)

Where ( ) represented the mass flow rate of HTF, ( ¢ ) is the specific heat capacity
of HTF, ( T;,&T,y: ) are inlet/outlet of the HTF temperatures respectively, and At is
the time. In converse to steady-state operations where we observe in the transient
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state operations, the energy accumulative charge/discharge ( Q. & qis ) by HTF with
( @pcm,ch & ais ) of phase change material are not equal; which are components of the
heat that are interchanged through the parts of a heat exchanger system. These
equations can be written as below:

QH.E,ch = MH.ECp,H.E( Ten — Tini) 4)
QH.E,dis = MH.ECp,H.E( Tini — Tena ) (5)

Where ( My ) represented the mass of the heat exchanger, (C, g ) is the specific
heat capacity of the heat exchanger, and ( Tj,;&T.,q ) are start/end of the phase
change materialtemperatures of processing respectively. And the accumulative energy
exchangeable with the phase change material ( Qpcpmch g ais ) can be written as
below:

Qpcm,ch & dis = Qch & ais — QH.Ech & dis (6)

And to estimate the consequence theoretical efficiency of the LHTES system which
can be written as below:

QpcMch & dis
1’]_thcolry = (7)
Qmax,ch & dis

The maximum quantity of the theoretical energy ( Qmaxchsais ) through
charging/discharging operation as an equivalent of the total energy received or given
from the phase change material which can be written as below:

Qmax'Ch _MPCM[CP,PCM (Tini— Tsotidus)+ L)+ Cp pcm(Tena— Tliquidus)] (8)

Qmax'diS:MPCM[CP,PCM(Tini_ Tliquidus)+(L*f)+ CP,PCM(Tliquidus_ Tsolidus)] (9)

Where the ( Mp(),) is the mass of phase change material, (Cp pcp) is the specific heat
capacity of phase change material, (Tjiquigus Tsotiaus) are the liquidus and solidus
temperature of phase change material, ( L) is the latent heat of fusion, and ( f) is the
liquid fraction.

IV. Mathematical Model and Numerical Simulation

A mathematical model and numerical simulation of the present study, which
is the influence of the changing inner geometric shapes on the heat transfer
mechanism from PCM to HTF during solidification operations. The numerical
simulation was done by the help of a computational fluid dynamic program tool
which is the commercial package of ANSYS-Fluent 19.2. The simulation for the
solidification operation of a PCM is modeled with an enthalpy-method which
described by [II], [XII]. This method technique avoids discontinuity and the balance
of energy at the solid/liquid interface. Also, there is no explicitly tracking for the
interface of solid-liquid, but it depends on the liquid fraction (f'). The assumptions
which have been considered in the analysis are:

1. Unsteady state condition.
2. Laminar flow for HTF.
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Incompressible flow for HTF (p=Constant) and Newtonian fluid.
Three-dimensional flow.

The PCM is homogeneous and isotropic.

The term of viscous dissipation is considered negligible.

The entering temperature of HTF constant at 299 K.

The outer surface of the shell is perfectly insulated, so there is no loss in heat
transfer to the surrounding, and heat transfer occurs between the PCM and
HTF only.

NN R W

The energy equation is shown the expression of the temperature and total volumetric
enthalpy:
opH
at
Where (p) is the density of the PCM, (v) the velocity, (H) total volumetric enthalpy
which represents the combined both sensible and latent heats, k as a thermal
conductivity, and S which is the source term.

H=h+f, (11)

+V.(pvH) =V.(kVT) +S (10)

h=hye+ fTTref CpdT (12)

where the (C,) and ( f) represents the specific heat capacity and liquid fraction
respectively. And ( Ty s )represent the reference temperature (299K).

The region of a mushy zone as represented as below:

j 0 when T <Tsolidus
— T—Tsolidus
AR . when Tsolidus =< TSTliquidus (1 3)
Tll@ldus = Tsolidus
1 when T >Tliquidus

After compensation (11) - (13) into the equation (10) the energy equation written as:

dph

2249 (pvh) =V.(kVT) - 2L v (pvfy) + S (14)

ot
Where L as the heat fusion of latent, and the momentum equation will be written as:

apv a->2
ot VAmush ( 1 5)

f3+e

+V.(pw) ==V P+V.(uVv)+pg+

Where Amus, (10°) is the mushy zone constant which acts as a damping factor of the
velocity during the solidification of the PCM, and ¢ equal (0.001) is a tiny number to
forbid division by zero.

The Boussinesq approximation is used because of the difference of tiny density.
Assumed that the fluid density is constant along with terms of the momentum
equation not including a term of body force, and it is modeled established as
reference density (pg), temperature (T,), thermal expansion coefficient (5).

Then the momentum equation will be written as:
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(1-£)?

f3+e
(p—po)g = —poB(T — Tp) (17)

And the continuity equation will be written as:

dpgVv

- TV (povv) ==V P+V.(uVV)+ (p—polg+

VAm ush ( 1 6)

2 4+V.(pv) =0 (18)
Numerical Setup

A quarter of the shell and tube will be analyzed and this will reduce
computational domain and analysis time by 75%. To improve the results of numerical
simulation and reduce the error rate. The mesh independent test was done by
selecting five different numbers of model mesh elements with the mass fraction to
choose the appropriate one that not leads to divergence calculations. Fig. 2,3 shows
the mesh independent test result and mesh grid for geometric shapes respectively.
According to the results, the mesh element size of a quarter shapes included shell and
circular tube, shell and horizontal elliptical tube, and shell and vertical elliptical tube
were 183800, 178050, and 180250 respectively. PCM initialization temperature has
been set at 345 K. Different time step sizes were tested in which the best result was
obtained with a 0.05 sec time step size. The set value for the maximum iteration per
time step was 10 to ensure solution convergence for each step and the number of time
steps was 4,000,000. The SIMPLE algorithm had been selected for pressure-velocity
coupling. While a second-order upwind discretization of momentum and energy
equations were used, and second-order for pressure energy equation. Also, first-order
implicit for the transient formulation. The under-relaxation factors for pressure,
density, body forces, momentum, liquid fraction update, and energy are considered to
be 0.3,1,1,0.7,0.9 and 1 respectively.
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Fig. 3:Mesh Independent Test Result.
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shell and circular tube shell and horizontal elliptical tube shell and vertical elliptical
tube

Fig. 3:Mesh Grid For Geometric Shapes.
V. Results and Discussion

After setting the PCM melting initialization temperature has been set at 345
K, the discharging process starts through passing the cold water at a constant
temperature at 299 K. This procedure is repeated when replacing the inner geometric
shapes (Circular tube, Horizontal elliptical tube, and Vertical elliptical tube) for each
simulation test. The results showed acceptable values for each case in the numerical
solution. The CPM average mass fraction (AMF) contours with values 1, 0.75, 0.5,
and 0.25 in Fig. 4 for all the geometric shapes during a discharging process. The
figures indicate that the heat transfer between HTF and the liquid of PCM was
governed by natural convection which was very fast in the beginning. The speed of
heat exchange lead to the solidification PCM layer near the HTF tube that moving
away from the HTF tube to the shell. The speed and priority of solidification start
from the horizontal axis with an angle at 0°, the inclined axis with an angle at 45°,
then the vertical axis with an angle at 90°. Due to the lower thermal conductivity and
growing the solidification layer thickness of the PCM near the HTF wall lead to
increased solidification time. The heat transfer through natural convection happened
due to the buoyancy force, but after that, the heat transfer was controlled by the
conduction and that lead to the result of extending the solidification time period.
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Shell and Circular Tube Shell and Horizontal Elliptical Tube Shell and Vertical Elliptical Tube
Fig. 4: Mass Fraction for Three Geometric
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Shapes at 2 L/min of HTF During Discharging Process.
The Distribution of PCM Temperature along the Axes

Fig. 5 shows the numerical and experimental temperature distribution for
shell and (Circular tube, Horizontal elliptical tube, and Vertical elliptical tube) along
the axis. Shell and Circular tube at the beginning of solidification when the liquid
fraction was 0.942, the temperatures drop at the vertical and inclined axes at the same
values while these values drop fast at the horizontal axis. Moreover, the temperatures
drop at partition A more than partition B and partition C due to the large heat transfer
between PCM and HTF in the first part of the shell and circular tube. Increase
temperature drop of the PCM with time in all partitions until the liquid fraction
reached 0.25 where it appears clearly that the solidification is on the horizontal axis
first then inclined axis and vertical axis. The same thing saw and repeated and with
the other two models but, the PCM solidification with time was faster in the shell and
vertical elliptical tube followed by the shell and horizontal elliptical tube then after
that the shell and circular tube.
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Fig. 5:Numerical and Experimental Temperature Distribution for Three Geometric
Shapes During Discharging Process.

Heat Transfer Rate Gained

Fig. 6 shows the heat transfer gained from the HTF through PCM
solidification. which referred that the maximum heat transfer gained with shell and
circular tube at 0.25 of liquid fraction was 1123.379 kj at 240.5 minutes. With the
same liquid fraction, 836.874 kj at 237 minutes was the heat transfer gained from the
PCM to the HTF in the shell and horizontal elliptical tube. The last geometrical shape
of the shell and vertical elliptical tube was 749.762 kj at 216 minutes of the heat
transfer gained from the PCM to the HTF.
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Fig. 6: heat transfer gained from the HTF During Discharging Process.
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Cumulative Energy Exchanged with PCM

Fig. 7 shows the cumulative energy exchanged with PCM in the solidification
process for the shell and three different shape geometry. The curves showed that the
largest cumulative energy in the shell and the circular tube with 0.25 liquid fraction
was 1049.546 kj at 240.5 minutes. With the same liquid fraction, 762.322 kj at 237
minutes was the cumulative energy in the shell and horizontal elliptical tube. While
the last geometrical shape of the shell and vertical elliptical tube was 675.383 kj at
216 minutes was the cumulative energy.
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Fig. 7: Cumulative Energy Exchanged with PCM During Discharging Process.
Thermal Performance

Fig. 8 shows the combination of theoretical thermal efficiency for the shell
and three different shapes geometry during solidification with time. The curves
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showed that the largest thermal efficiency was in the shell and the circular tube with
66.37% at 240.5 minutes. Followed by 48.21% at 237 minutes of thermal efficiency
for the shell and horizontal elliptical tube.While 42.72% at 216 minutes of thermal
efficiency for the shell and vertical elliptical tube.
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Fig. 8: Theoretical and Experimental Thermal Efficiency During Discharging
Process.

VI. Conclusions

Depending on the achieved numerical simulation on the influence of
changing the inner tube geometric shapes (circular tube, horizontal elliptical tube, and
vertical elliptical tube) on the thermal performance of the LHTES unit during the
solidification process. Several conclusions have been extracted:

Through the solidification process of the PCM, a recognized the common relationship
between two important methods of heat transfer which are natural convection and
conduction heat transfer in the shell and all different inner tube geometric shapes. The
fast convection currents which govern the PCM solidification process a result of the
influence of buoyancy force in the first, then controlled by conduction heat transfer,
which that needs more time to finish the solidification process.

Both the heat transfer gained and cumulative energy exchanged were higher for the
shell and the circular tube and an efficiency record of 66.37 % at 0.25 liquid fraction
during 240.5 minutes. The horizontal elliptical tube and the vertical elliptical tube
came behind the previous shape. The geometrical shape nature explained the slow
response in the time required for the solidification process as a result of the far
distance between the center of the tube and the circular wall compared to other
shapes.
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