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Abstract 
The research aims to enhance the thermal efficiency of a thermal storage system by altering the 

geometric shapes of the inner tube through theoretical and experimental studies. Six inner tube forms 

were selected: Pentagonal, hexagonal, square, rectangular, circular, and elliptical, all with the same 

outside surface area. Paraffin wax, a phase transition substance, is deposited in the shell, while water, a 

Heat Transfer Fluid (HTF), flows through the inner tube at a rate of two liters per minute. A 3D 

simulation was performed using the Computational Fluid Dynamics (CFD) software ANSYS Fluent 

2020 R2 for all chosen geometric shapes. The findings suggest that the circular tube outperformed the 

other forms examined in terms of absorbing heat from the PCM through the HTF. 
 

Keywords: Heat exchanger, solidification, shell and tube, phase change material, and energy storage. 

 

1. Introduction 
Energy serves as a crucial catalyst for global development, with the everyday growth in 

energy consumption worldwide. Renewable energy is being more widely used, recognized as 

a pivotal energy resource and a resilient solution against environmental changes. Renewable 

energy, sourced from natural elements like wind, hydropower, and solar, stands out as the 

most typical and sustainable sources. Despite fossil fuels currently contributing to almost 80 

percent of the global energy supply, renewable energy emerges as the world's fastest-

growing energy source. Addressing the challenges in energy utilization and generation 

necessitates the production of Thermal Energy Storage Systems (TESS). Within systems for 

storing thermal energy, PCM-based latent heat storage systems (LHSS) are especially well-

suited for a variety of possibilities. Latent Heat Thermal Energy Storage (LHTES) systems 

have been the subject of numerous experimental and numerical studies aimed at improving 

and optimizing their thermal efficiency. 

Du et al. [1] conducted a comprehensive examination of PCM applications across various 

temperature ranges, encompassing power generation, heating, and cooling. Azain et al. [2] 

and Alva [3] delved into the utilization of paraffin wax PCM in heat exchangers. Paraffin wax 

emerged as a suitable medium for storing thermal energy, as observed by Senthil et al. [4] and 

Jesumathy et al. [5] in a horizontal heat exchanger. Rathod et al. [6] carried out a comparable 

investigation in a heat exchanger that is vertical, Erythritol was PCM of choice for Wang et 

al. [7] in their vertical heat exchanger-based latent heat thermal storage unit. Jalal and Salih [8] 

offered a numerical investigation of paraffin wax's impact on double-glazed windows' 

behavior. 

Tangsiriratana et al. [9] introduced an innovative approach, In a solar panel-integrated system 

with PCM (EPCM), Sugar cane wax's Al2O3 compound serves as the foundational material, 

while Gum Arabic is employed as the polymer shell. In a cylindrical encapsulation inside a 

solar air heater, In his work, Abed [10] utilized PCM-sand for combined latent and sensible 

heat storage materials, while opting for just sand for sensible heat storage materials. 

Meanwhile, Abbaset al.'s [11] experimental study incorporated PCM capsules as insulating 

materials and identified the optimal placement of these capsules within a wall. 

According to a detailed numerical analysis of the influence of PCM location in LHTESUs by 

Mahdi et al. [12], discharging in state a happened noticeably faster than in state B, with an 

overall discharging time that was 43.4% shorter.  
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According to their research, tubular heat exchangers can be 

equipped with multi-layer PCM, Sadeghi et al. [13] 

recommended adding more PCM layers to improve latent 

heat absorption. 

Nevertheless, as noted within the studied range by Liu et al. 
[14], Alshara et al. [15], and Elmeriah et al. [16], the 

solidification process of stearic acid exhibits negligible 

sensitivity to the Reynolds number for the cooling water. 

Avci et al. [17] and Agarwal et al. [18] have shown that the 

melting process advances radially upward due to buoyant 

forces, with the top part experiencing a quicker than the 

bottom part's melting time. 

Seddegh et al. [19] examined natural convection using both 

computational and experimental techniques in a vertical 

tube/shell latent thermal energy storage system LTESS. 

Natural convection regulates the initial discharge process 

before switching to conduction, according to the research. 

It's interesting to note that this behavior differs from the 

melting process, where natural convection predominates and 

is linked to buoyancy forces, as explained by Jesumathy et 

al. [5]. Furthermore, as Hosseini et al. [20] noted, from the 

pipe to the shell, the border of the molten material advances, 

and as HTF temperature rises, the melting time gets shorter. 

Moreover, the inner tube's use of eccentric geometric forms 

produces an amplified impact. 

Certain factors and discharge time were shown to be 

correlated by Yazici et al. [21]. A longer melting period of 

PCM was observed when the number of tubes in the shell 

was reduced, and reduce the average Nusselt number, as 

observed by Esapour et al. [22] as reported by Kousha et al. 
[23]. He et al. [24] Demonstrated that changing the diameter of 

the inner aluminum tube resulted in a corresponding 

decrease in the temperature of PCM. Shen et al. [25] found 

that HTF tube position inside the multi-tube storage unit had 

a major impact on the PCM's thermal performance. 

In their experimental and computational investigation, 

Kibria et al. [26] examined the vertical LHTES, taking into 

account several scenarios in which HTF is fed from both the 

bottom and upper sides through the stages of melting and 

solidification. Maximum efficiency within the vertical 

LHTES framework was found while feeding during 

solidification from the lower side and during melting from 

the opposite side. Furthermore, the length of the 

solidification/melting process was significantly impacted by 

the pipe's radius. According to Korawan et al. [27], the 

shell/nozzle design had the longest period of intense 

convection, followed by the shell/tube configuration and the 

shell/reduce arrangement. Moreover, numerical simulations 

were carried out by Seddegh et al. [28] in order to validate 

against published experimental results. 

The effects of adjusting the inclination angle of a heat 

exchanger containing phase change materials—like stearic 

acid by Mehta et al. [30] and paraffin wax by Kousha et al. 
[29] have been studied. The results show that during the first 

half of the operation, PCM's average temperature drops 

from 0° to 90° as the inclination angle rises. Siyabi et al. [31] 

suggest doing more study to examine how the inclination 

angle affects PCM storage systems, paying particular 

attention to techniques like fins that improve heat 

conductivity. 

Soheil et al. [32] numerically examined how various inner 

tube shapes (diamond-like, square, elliptical, and 

rectangular) influence the performance of a cylindrical PCM 

storage system. According to the data, there are no 

appreciable variations in the charging times for 75% of the 

PCM across all configurations. Moreover, Da and Meyer et 

al. [33] found that using a semicircular thermal exchanger 

instead of the inner tube of a traditional tube-in-tube heat 

exchanger significantly increased the heat transfer 

efficiency. On the other hand, the heat exchanger that Al-

Jabair and Althaea [34] looked at had an inner spiral tube that 

had different spiralling degrees. 

In addition to testing and comparing different finned tube 

heat exchangers, Longeon et al. [35] will use graphite foam to 

increase PCM thermal conductivity. By employing twisted 

tape as a tabulator and (CuO/distilled water and Al2O3) as 

the working fluid, Fouad and Aljabair [36] improved the 

thermal performance of exchangers. 

Esapour et al. [37] examined the incorporation of PCM with 

porous metal foam while examining a horizontal multi-tube 

heat storage system. According to their research, adding 

metallic foam and using more inner tubes significantly 

accelerates the rates of solidification and melting. Moreover, 

Ghalambaz and Zhang et al. [38] explored the effect of fusion 

temperature, external cooling power, and Biot number on a 

heatsink made of metal foam and paraffin wax in terms of 

its thermal performance. Their investigation revealed that 

adjusting these external parameters led to an increase in 

heatsink efficiency.  

Albaldawi et al. [39] state that reducing the external cooling 

power (Biot number) improves efficiency and that the 

Thermal Energy Storage Unit's necessary charging time is 

shortened by using Copper Lessing Rings coated in paraffin 

wax. Copper nanoparticles and porous steel/nickel alloys 

serve as media to enhance the two-dimensional melting of 

ice/water within an inclined elliptical annulus. Especially in 

oblate topology the usage of Nanostructured Encapsulated 

Phase Change Material (NEPCM) has shown beneficial 

when conductive heat transmission predominate Jourabian 

et al. [40]. 

In hexagon/tube settings Begum et al., [42] and shell/tube 

configurations Wang et al., [41], the melting and 

solidification processes are significantly influenced by mass 

flow rate and intake HTF temperature. It was shown that the 

mass flow rate of HTF has an opposing impact on stored 

energy and significantly affects the times of solidification 

and melting. An analytical tool for analyzing the kinetics of 

heat transfer between HTF and PCM is the numerical 

approach known as "Iterating alternately between thermal 

resistance and temperature in a different manner", which 

was developed by Kibria et al. [26]. 

The purpose of the study was to evaluate two different 

LHTES unit configurations. A horizontal heat exchanger 

with one design had a PCM-filled shell and a tube holding 

the HTF, while the other design had the PCM-filled tube 

and the HTF-containing shell. According to Mahdi et al. [12], 

the results showed a notable 50% decrease in PCM melting 

time for the second arrangement, which was ascribed to 

convection's strong impact. 

A reduced mass flow rate of HTF was suggested by Akgun 

et al. [43] as a tactic to reduce energy usage. Furthermore, 

they observed that when the temperature of the HTF's input 

rose, the melting time shortened, this agrees with the 

conclusions reached by Jian-you et al. [44] and Hosseini et al. 
[45]. 

To comprehend the convective currents regulating the 

buoyant force amid PCM melting within a heat exchanger 

positioned horizontally, Hosseini et al. [46] carried out a 
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combined computational and experimental investigation. 

The results showed that at higher HTF temperatures, the 

melt front moved from the pipe to the shell and the melting 

time decreased. The study demonstrated that convection had 

a major role in solidification and that conduction affected 

melting. 

Two different configurations of (LHTES) units were used in 

a numerical study by Mahdi et al. [11]. A horizontal heat 

exchanger with a PCM-filled shell and an HTF-filled pipe 

was part of the original setup. The second arrangement, on 

the other hand, was the opposite. As a result of convection's 

increased influence, the second configuration's PCM 

melting time was found to be 50% shorter. 

The research aims to enhance the thermal storage system's 

performance by altering the geometric shapes of the inner 

tube. Six different tube forms were selected for theoretical 

and practical study: Circular, hexagonal, pentagonal, square, 

rectangular, and elliptical tubes. The water flow rate used 

was 2 litters per minute. 

 

 
 

Fig 1: Problem Synopsis 

 
  

Fig 2: Methods of Research 

 

2. Experimental program 

2.1 Apparatus and Procedures 
Figure 3 shows the device used in the experiments. While 
Figure (4) shows the layout of the entire experimental 
device. An inner tube and a shell make up the heat storage 

system. The external shell has a diameter of 154.08 mm and 
a length of 1.28 meters. It is 7.11 mm thick and composed 
of carbon steel. The two holes on top and bottom make it 
easier to fill and drain wax. There are four sections to the 
shell (A, B, C) that are separated by 0.32, 0.64, and 0.96 
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meters. To measure the wax temperature throughout its axis, 
nine thermocouples were positioned at various angles (0°, 
45°, and 90°) in each zone. The HTF water was directed 
using three internal concentric tube configurations. The 
inner tube is circular and manufactured of carbon steel. It 
has a diameter of 52.48 mm, a length of 2000 mm, and a 
thickness of 3.91 mm. Four annular heaters, each with a 
diameter of 169 mm and a combined power output of 4200 
W, were employed on the exterior of the shell to melt the 
paraffin wax. Three layers of insulation were applied to the 
test portion to minimize heat loss to the surrounding 
environment. The initial layer comprises a ceramic fibber 
blanket with a thickness of 0.0025 m and a thermal 
conductivity of at least 0.153 W/m•K. The second layer 

consists of glass wool composed of sintered glass fiber with 
a thickness of 0.001m and a thermal conductivity ranging 
from 0.026 to 0.042W/m. The third layer was constructed 
from tin with a thickness of 0.0005 meters, and its thermal 
conductivity coefficient typically fell within the range of 50 
to 66 W/m K. To encase the crust externally. The heat 
transfer fluid is provided from a 67.5-liter galvanized water 
tank. The 0.5 HP water pump can extract liquid water from 
the main tank at a rate of 30 liters per minute. Two 
thermocouples were positioned at the water intake and exit. 
Paraffin wax sourced from the Al-Dora refinery in Iraq was 
utilized, and its thermal and physical characteristics were 
quantified, as detailed in Table 1. 

 

  
 

Fig 3: System of experimentation 

 

  
 

Fig 4: The experimental setup's schematic design. 
 

Table 1: Properties of used materials thermo-physical 
 

Insulation Copper Water Paraffin Wax (PCM) Materials Properties 

- - - 0.000307 Thermal expansion coefficient [1/K] 

0.043 387.6 - 0.259 Thermal conductivity in solid state [W / m K] 

- - 4182 2460 Specific heat in liquid state [J/kg K] 

- 8978 - 894.56 Density in solid state [kg/m3] 

- - 0.001003 0.01405 Dynamic viscosity [kg/m s] 

- 381 - 1659 Specific heat in solid state [J/kg K] 

- - - 334 Melting temperature [K] 

- - 0.6 0.158 Thermal conductivity in liquid state [W / m K] 

- - - 339 Liquidous temperature [K] 

- - - 235512.5 Latent heat of fusion [J / kg] 

- - - 318.5 Solidus temperature [K] 

 

In TESS, the melting or solidification processes rely on the 

temperatures of the water at the input and outflow, which 

act as the immediate energy transfer's heat transfer fluid. 

The following is an expression for the equations [46]. 

 
𝑞𝑐ℎ = 𝑚 𝐶𝑃 (𝑇𝑓,in ― 𝑇𝑓,o𝑢𝑡)  (1) 

𝑞𝑑𝑖𝑠 = 𝑚 𝐶𝑃 (𝑇𝑓,out ― 𝑇𝑓,𝑖𝑛) (2) 

𝑄𝑐ℎ&𝑑𝑖𝑠 = ∑ 𝑞𝑑𝑖𝑠&𝑐ℎ∆𝑡  (3) 

 

Where Tf,in Tf,out denotes the temperatures of the intake and 

exit water, CP stands for mass flow rate, and HT for specific 

heat. 

https://www.mechanicaljournals.com/ijmte


International Journal of Mechanical and Thermal Engineering https://www.mechanicaljournals.com/ijmte 

~ 45 ~ 

The transient state process can be used to formulate the 

energy cumulative melting/solidification equation as 

follows: 

 

𝑄𝐻.𝐸, = 𝑀𝐻., E (𝑇𝑒𝑛𝑑 ― 𝑇𝑖𝑛𝑖)  (4) 

 
𝑄𝐻.𝐸,, = 𝑀𝐻.𝐸 𝐶𝑝, 𝐻.𝐸 (𝑇𝑖𝑛𝑖 ― 𝑇𝑒𝑛𝑑)  (5) 

 

In this case, Tini and Tend indicate PCM beginning and 

ending temperatures during the operation, while Cp, H.E., and 

MH.E. Stand for the specific heat, mass, and mass of the heat 

exchanger section when empty. The subsequent equation 

represents the total exchangeable energy utilizing PCM. 

   𝑄𝑃𝐶𝑀, 𝑑𝑖𝑠 &,ℎ = 𝑄 𝑐ℎ&𝑑𝑖𝑠 ― 𝑄𝐻.𝐸, 𝑑𝑖𝑠&𝑐ℎ  (6) 

The following is the expression for LHTES theoretical 

efficiency: 

 

 
 

The following formula may be used to calculate the 

maximum theoretical energy that is transferred throughout 

the melting and solidification processes using PCM. 

 
𝑄𝑚𝑎𝑥, 𝑑𝑖𝑠 = [𝐶𝑃 (𝑇𝑖𝑛𝑖 ― 𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠

) + 𝐶𝑃 (𝐿 ∗ 𝐹) (𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠
)] (7) 

 
𝑄𝑚𝑎𝑥, 𝑐ℎ = [(𝑇𝑖𝑛𝑖 ― 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠

) + 𝐶𝑃 𝑝𝑐𝑚 (𝐿 ∗ 𝐹) (𝑇𝑒𝑛𝑑 ― 𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠
)] (8) 

 

The PCM CP PCM specific heat and mass, Mpcm solidus and 

liquidus temperatures, Tliquidus Tsolidus, the liquid fraction (F), 

and the latent heat of fusion (L) are all represented by the 

symbols. 

 

2.2 Uncertainty Analysis 
To ensure robust practical outcomes, it is crucial to assess 

result reliability. Numerous researchers engage in 

uncertainty analysis, which entails evaluating uncertainties 

linked to various variables to precisely determine the overall 

experimental error This entails linking a collection of 

independent variables, such (Y1, Y2, Y3…………., Y_n\) 

etc. (Holman 2011) [47], with a variable, like T, obtained via 

a practical test. 

 

T = T (Y1, Y2, Y3……Yn)  (10) 

 

The correlation between the proportions of certain 

differences in the variables is shown by the equation that is 

given. 

 

∂N =  
∂T

 ∂Y1
∂Y1 +  

∂T

 ∂Y2
∂Y2 +

∂T

 ∂Y3
∂Y3 + ⋯ +

∂T

 ∂Yn
∂Y𝑛                                                    (11) 1 

  (11) 

 

The uncertainty of the findings (RT) is stated as follows: 

 

 (12) 

 

Equation 12 divided by Equation 10 yields the following: 

 

RT

𝑇
=    

∂T

 ∂Y1

R1

𝑇
 

2

+  
∂T

 ∂Y2

R2

𝑇
 

2

+  
∂T

 ∂Y3

R3

𝑇
 

2

+ ⋯ +  
∂T

 ∂Yn

Rn

𝑇
 

2

 

1
2

 1 

 (13) 
 

The temperature and mass flow rate measurements' 

inaccuracies, caused by the equipment used for measuring 

flow rate and temperature, are 4% and 0.75%, respectively. 

Several other factors contribute to the potential inaccuracies 

in the heat transfer rate equation 

 

𝑄 = F (∆𝑇, ṁ)  (14) 
 

  (15) 

 

  (16) 

 

The uncertainty in heat transmission (RQ) can be 

expressed as follows: 

 

𝑅𝑄

𝑄
=    

∂Q

∂ṁ
  
𝑅ṁ

𝑄
 

2

+  
∂Q

∂∆T
  
𝑅∆T

𝑄
 

2

 

1
2

 1 

 (17) 
 

Where 

 

𝑅𝑚 = 𝑒𝑟𝑟𝑜𝑟 ṁ ṁ  (18) 

 

𝑅∆𝑇 = 𝑒𝑟𝑟𝑜𝑟∆𝑇∆𝑇  (19)  

 

Replace the values of all terms in Equation A-8. 

 

  

  

2.3 Numerical simulation 

Using a numerical simulation, the effect of altering internal 

geometries on the heat transfer process from PCM to HTF 

during discharging is examined. The simulations were 

conducted using the ANSYS-Fluent 2020 R2 program, and 

PCM discharge was described using the enthalpy technique 

By using this method, the disruptions and energy balance 

issues associated with solid/liquid contact are avoided. It's 

interesting to note that it tracks the solid-liquid boundary 

indirectly by using the liquid fraction (F). The analysis is 

predicated on the following assumptions: 

 Prerequisites for unstable states in three dimensions (3-

D). 

 Newtonian fluid properties, laminar flow, and 

incompressible behavior for HTF. 

 The uniform, isotropic characteristics of the phase 

change material. 

 A constant temperature of 299 K for the water (HTF) 

intake. 

 Not enough consideration is given to vessel dissipation 

 No heat escapes to the outside because the outside of 

the shell is fully insulated. Heat transfer only occurs 

between the phase change material (PCM) and the heat 

transfer fluid (HTF). 

 

The energy equation contains the formula for both 

temperature and total volumetric enthalpy: 

 

  (20) 
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In the above equation, velocity is represented by V, the 

source term is C, thermal conductivity is denoted by k, and 

total volumetric enthalpy (H) is the sum of the sensible and 

latent heats. 

 
𝐻 = 𝐻 + 𝐹𝐿  (21) 

 

𝐻 = 𝐻𝑅𝐸𝐹 +   (22) 

 

Where F is the liquid percentage, which ranges between 0 

and 1 in the mushy zone, and Cp represents the specific heat, 

while HREF signifies the enthalpy at the reference 

temperature TREF, which is 299 K. 

 

  (23) 

 

Equation 2 and 4 are substituted into Equation 1 to 

create the following energy equation: 

 
∂ρH

∂t
+  ∇.  ρVZ =  ∇.  K∇T − 

∂ρFL

∂t
− ∇.  ρVFL + C 1 

 (24) 
 

When the momentum equation may be written as 

follows, and L is the latent heat of fusion: 

 
∂ρ

∂t
+  ∇.  ρ𝑣𝑣 =  −∇P + ∇.  μ ∇ V + ρg +

 1 − 𝐹 2

𝐹3 + 𝜀
 𝑉𝐴𝑚𝑢𝑠ℎ  1 

 (25) 
 

A modest number, ε = 0.001, prevents division by zero, 

While considering the constant in the soft region, 𝐴𝑚𝑢𝑠ℎ = 

105, Functions as a velocity-damping factor during the 

discharge of PCM. 

The Bossiness approximation approach can be utilized to 

tackle the problem of a tiny density difference. This entails 

setting reference values for temperature (T0), density (ρ0), 

and thermal expansion coefficient (𝛽), assuming that the 

fluid density stays constant, and eliminating a body force 

factor from the momentum equation. 

 

The momentum equation may thus be written as follows: 

 
∂ρ0𝑣

∂t
+  ∇.  ρ0𝑣𝑣 =  −∇P + ∇.  μ ∇ v +  ρ − ρ0 g +

 1 − 𝐹 2

𝐹3 + 𝜀
 𝑉𝐴𝑚𝑢𝑠ℎ  1 

 (26) 
 

(𝜌 ― 𝜌0) 𝑔 = 𝛽 𝜌0 (𝑇 ― 𝑇0)  (27) 

 

One way to compute the continuity is to use: 

 

 (28) 

 

2.4 Numerical Setup 

Well-defined problem geometry is necessary in order to 

solve the analyzed case numerically using Fluent CFD. Six 

different geometric shapes make up the inner tube 

construction: Hexagonal, pentagonal, square, rectangular, 

elliptical, and circular tubes 3.1.1 Case Study's Geometry.  

 

2.5 Mesh Independence Test 

In order to reduce the error and increase the accuracy of the 

numerical simulation results, a grid independence test was 

performed. To avoid differences in calculations, five 

alternative numbers were chosen for the sample grid 

elements, and the overall fraction was used to determine the 

appropriate number. According to the results, the mesh 

element sizes were determined for hexagon (elements: 

223913), pentagon (elements: 116017), square (elements: 

83640), rectangle (elements: 46000): 48843), oval 

(elements: 146422), circular (elements: 165236), (Fig 4). 

 

 
 

Fig 5: Generating meshes involves configurations such as shell/circular tube, shell/square tube, shell/rectangular tube, shell/elliptical tube, 

shell/pentagonal tube and shell/hexagonal tube 
 

2.6 Setup Solver 

A time period must be established in order to solve the 

equations, and the time step size that is selected determines 

this period. Based on real-world outcomes, choosing the 

right number of time steps is crucial. A time step size of 1 s 

produced a desirable result. To guarantee solution 
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convergence at every step, the maximum iteration value was 

set to 1 for every time step. After testing different time step 

sizes, it was determined that 1000 time steps was the 

optimal temperature for PCM initialization, which was set at 

349.8776 K. The pressure-velocity coupling was controlled 

by the SIMPLE algorithm, which used a second-order 

upwind estimation for the momentum and energy equations, 

a second order for the pressure energy equation, and an 

implicit first-order method for the transient formulation. The 

liquid fraction, density, pressure, body forces, momentum 

update, and energy under-relaxation factors were set at 1, 

0.3, 1, 0.9, 0.7, and 1, in that order. 

 

2.7 Boundary Conditions 

To simulate the solidification process and solve the 

equations, as well as analyse the temperature distribution, 

different geometries were taken into account, and the 

selected state parameters are shown in Figure 5.  

 

 
 

Fig 6: Demonstrate how boundary conditions are selected by numerical simulation

 

3. Results and Discussion 
At 298 K, the degassing procedure begins with cold water 
maintained at a constant temperature, and recordings are 
made after the PCM has melted at 345 K. For each 
simulation test, this cycle is repeated while changing the 
internal geometries (circular tube, square tube, rectangular 
tube, elliptical tube, pentagonal tube, hexagonal tube). In 
each case, the numerical solution produces acceptable 
values. The heat flux produced during the melting process 
was 4300 W/m². In contrast, 298 K was chosen as the 
temperature for the solidification process. Except for the 
wall separating the HTF and PCM, all walls were 
considered insulated (thermal material). The purpose of 
choosing this particular wall was to enable heat exchange 
between the PCM and HTF through associated thermal 
conditions. The material and thickness of each wall were 
specified. The gauge pressure is set to zero Pa and the exit 
boundary condition is determined as flow of heat transfer 
fluid at the outlet. Input: At the inlet, the Entry Speed Limit 
Condition (HTF) type is selected. 

 

3.1 Influence of Heat Transfer on Discharging  

It is necessary to distinguish the mutual relationship 

between the two basic methods of heat transfer, namely heat 

transfer by conduction and natural convection during the 

discharge process. The following figures (2-D and 3-D) 

show the liquid fraction and temperature for different 

volumetric flow rates of HTF (2 L/min) in six geometries. 

The effect of changing the inner tube geometry on the 

discharge process behavior of the LHTESS unit can be 

explained as follows. Figures (6 and 7) show the liquid ratio 

and temperature in the case of the circular tube/inner shell at 

2 litres/min. The figures show that fast convection currents 

initially control the PCM discharge process due to the 

buoyant force. This accelerates heat exchange and PCM 

discharge starting from the inner tube towards the outer 

tube. After that, the conductive heat transfer becomes 

stronger and thus takes longer to finish discharging. PCM 

discharge begins at an angle of (00) on the horizontal axis, 

then an angle of (450) on the diagonal axis, followed by 

(900) on the vertical axis. Due to the low conductivity of 

paraffin wax and the slow growth of the solid, a layer of 

paraffin wax is formed near the inner tube. Moreover, one 

of the reasons why the temperature in section (A) is lower 

than in sections (B) and (C) is that there is significant heat 

transfer between the HTF and PCM in the first section of the 

test heat exchanger. For the case (square tube, rectangular 

tube, oval tube, pentagonal tube, hexagonal tube)/shell at (2 

L/min), the temperature curves are shown in Fig 6 and 7. 

These numbers show behavior similar to what was 

described previously. Although the temperature distribution 

and liquid mass lines over radial distance indicate that the 

discharge time is shorter compared to the case of a circular 
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inner tube. In summary, the greatest theoretical and 

experimental heat transfer was in the outer/inner circular 

tube Moreover, the maximum theoretical and experimental 

cumulative energy value was for the outer tube/circular 

tube. Furthermore, the maximum thermal and experimental 

efficiency was for the outer/inner circular tube. 

3.2 Combining the current study's experimental and 

numerical results  

The findings show that, in terms of temperature distribution, 

the numerical calculations and experimental testing agree 

satisfactorily, as shown in Fig. 8. 

 

 
 

A. The mass fraction of the circular tube 

 

 
 

B. The mass fraction of the Square tube 

 

 
 

C. The mass fraction of the rectangular tube 
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D. The mass fraction of the elliptical tube 

 

 
 

E. The mass fraction of the pentagonal tube 

 

 
 

F. The mass fraction of the hexagonal tube 
 

Fig 7: Mass fraction contour for six geometric shapes test. 
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A. Temperature of the circular tube 

 

 
 

B. Temperature of the Square tube 

 

 
 

C. Temperature of the rectangular tube 
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D. Temperature of the elliptical tube 

 

 
 

E. Temperature of the pentagonal tube 

 

 
 

F. Temperature of the hexagonal tube 
 

Fig 8: Theoretical temperature contour for six geometric shapes test. 
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Fig 9: Temperature variation with time at three partitions of LHTES unit (A, B, and C) with circular inner tube for discharging process 
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4. Conclusions 

This study investigates the thermal performance of the 

LHTES unit during the discharge process by analyzing 

different geometric configurations of the inner tube, 

including a circular tube, a square tube, a rectangular tube, 

an oval tube, a pentagonal tube, as well as a hexagonal tube. 

The analysis derives insights from both experimental data 

and numerical simulations. Several conclusions can be 

drawn: 1. Due to buoyant forces, natural convection prevails 

at the first heat transfer for all geometries investigated 

throughout the solidification process. Next, heat transfer 

changes to conduction, which takes longer for solidification 

to occur. The reaction delay in the discharge process time 

can be attributed to the larger distance between the circular 

wall and the center of the tube in this geometry compared to 

other configurations. 

 

Label 

 

Unit Notation Symbol 

- Mushy Zone Constant Amush 

 
Specific Heat Capacity Cp 

 
The liquid Phase pl 

 
The Solid Phase ps 

- Liquid Fraction Factor F 

m/s2 The Gravitational Acceleration g 

kJ/ kg Total Volumetric Enthalpy h 

kJ/ kg The Sensible Enthalpy h 

kJ/ kg The Enthalpy at the Reference Temperature href 

W / m oC Thermal Conductivity of the PCM k 

kJ/ kg The Latent Heat of the PCM L 

kg Mass M 

 
Heat Exchanger h,e. 

 
PCM PCM 

kg/s Mass Flow Rate ṁ 

pa Pressure P 

kJ/ sec Thermal Instantaneous Energy of Water q 

c Charging ch 

 
Discharging dis 

kJ Thermal Accumulative Energy of Water Q 

 
Melting ch 

 
Discharging dis 

kJ Max Theoretical Energy of PCM During Melting Qmax, ch 

kJ Max Theoretical Energy of PCM During Solidification Qmax, dis 

kJ Melting Thermal Accumulative Energy of PCM QPCM, ch 

kJ Solidification Thermal Accumulative Energy of PCM QPCM, dis 

J Global Source Term M 
oC Temperature T 

 
Initial of PCM ini 

 
End of PCM end 

 
Inlet of Water w,in 

 
Outlet of Water w,out 

oC The Operating Temperature of the PCM T0 

 
Liquid of the PCM liquidus 

oC Melting Temperature of the PCM Tm 

 
Reference ref 

 
Solid of the PCM solidus 

s Time t 

m/s HTF Velocity U 
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