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A B S T R A C T   

The modification of the geometric configurations of heat transfer pipes in shell and tube Latent Heat Thermal 
Energy Storage (LHTES) systems not only enhances the melting process of the phase change material (PCM) but 
also improves the overall performance of these systems. This study aims to investigate ways to enhance the 
performance of LHTES systems by employing heat transfer pipes with various fin and twisted tape arrangements 
in a horizontal orientation. The Finite Volume Method and Enthalpy-Porosity method are employed to simulate 
the melting process. Stearic acid is used as the PCM material, while water serves as the heat transfer fluid. Eight 
different geometric configurations are modelled in the LHTES system: base case, horizontal fins, vertical fins, 
helical fins, horizontal tape, vertical tape, twisted tape and helical fins with twisted tape. The results show that 
within the time range of 0 and 29 min, the combined configuration of helical fins with twisted tape consistently 
demonstrates the fastest melting process. After 29 min, the configuration with vertical fins exhibits a marginally 
faster melting process than the combined configuration of helical fins with twisted tape. The configurations 
involving tapes also contribute to accelerated melting, although to a lesser extent than those with fins. Partic-
ularly, twisted tape proves highly effective in facilitating faster melting. The complete melting process times for 
configurations with vertical fins, helical fins, and combined helical fins with twisted tape are 38.7 %, 23.5 % and 
32.7 % faster compared to the base case which is ~69 min. Among the configurations, using tapes results in 
higher flow resistance and surface area compared to the base case. The attractive features of these configurations 
make them ideal for creating efficient and space-saving energy storage systems. This study provides crucial 
insights into essential heat and mass transfer processes, which can be leveraged to develop advanced LHTES 
systems for enhanced performance and sustainable energy solutions.   

1. Introduction 

The consumption of fossil fuels as the main energy source in various 
industrial applications has had a significant detrimental impact on the 
environment, leading to pollution and the release of greenhouse gases 
[1]. The limitations associated with fossil fuels, such as their non- 
renewable nature, finite resources, and adverse effects on the environ-
ment and climate change, have prompted an increasing motivation to 
explore different sources of energy that offer reduced carbon intensity 
and a more environmentally friendly impact [2,3]. However, a big 

challenge to achieving sustainable energy systems is the balance be-
tween the continuous energy supply and demand. To overcome this 
challenge, the application of effective and reliable thermal energy 
storage (TES) systems is very important [4]. TES systems play a key part 
in enabling the reliable production of thermal and reducing energy 
losses. Furthermore, these systems operate as efficient peak-shaving 
methods, leading to reduced energy use and environmental pollution 
[5]. Thermal energy storage systems are also an integral component of 
thermomechanical energy storage technologies, such as Compressed Air 
Energy Storage (CAES) systems or Carnot Batteries [6,7]. 

Among the various thermal energy storage systems, Latent Heat 
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Thermal Energy Storage (LHTES) systems occur as a beneficial solution. 
LHTES use Phase Change Materials (PCMs) with high latent heat ca-
pacities to store and release heat. PCMs have several advantages, 
including a high energy storage density and the capability of using 
isothermal phase change process [8,9]. Using the thermal properties of 
PCMs, LHTES systems are used to control fluctuations in Heat Transfer 
Fluid (HTF) temperature throughout the charging and discharging 
phases of TES. In the charging phase, the PCMs absorb heat, undergo a 
phase transformation, and store the thermal energy. On the other hand, 
in the discharging phase, the PCMs release heat and solidify [10,11]. 

In spite of the significant advantages of LHTES systems, there are 
many challenges related to heat transfer efficacy and overall perfor-
mance. When using PCM, several issues may arise, including prolonged 
melting and solidification transition times, as well as limited efficiency 
in heat release and absorption. These problems arise from PCMs because 
of their low thermal diffusivity and thermal conductivity, as a conse-
quence, the applications of LHTES systems are limited [12,13]. To tackle 
these challenges, researchers have implemented various methods to 
improve the LHTES systems. These techniques can be broadly catego-
rized into two main methods. The first method focuses on improving the 
thermal conductivity of the PCM. Strategies within this category include 
incorporating nanoparticles into the PCM [14,15], using a variety of 
PCM materials [16,17], using graphite [18,19], and employing metal 
porous matrices [20,21]. The second approach involves using encap-
sulated PCM [22,23], adding fins [24,25], implementing various 
cylinder-tube geometries [26,27], using helical tubes [28,29] and 
combining a conical shell with a conical coil [30]. These methods 
enhance heat transfer, ultimately improving overall efficiency and 
reducing charging and discharging durations in the LHTES system. 

The choice of PCM material significantly affects the heat transfer in 
LHTES systems, with solid-liquid PCM being the most suitable option 
among others (solid-solid, solid-liquid, or liquid-gas). Extensive research 
has been done to investigate various solid-liquid PCM materials, 
including organic compounds (e.g., paraffin, fatty acids), inorganic 
compounds (e.g., salt hydrates, metallic), and eutectic mixtures 
(organic-organic, inorganic-organic, inorganic-inorganic) [31]. The 
choice of PCM for LHTES systems involves defining system 

requirements, finding temperature ranges, evaluating thermal proper-
ties, considering cycling stability, analysing costs and availability, per-
forming simulations or experiments to evaluate the performance of 
different PCMs under realistic operating conditions. 

Most PCMs used in thermal storage systems have low thermal con-
ductivity. This causes incomplete phase transition, temperature fluctu-
ations and system overheating. To improve the thermal performance, 
heat transfer surfaces with fins are commonly used within the PCM. The 
effectiveness of different fin designs have been analysed, including 
longitudinal fins investigated by Rathod and Banerjee [32], circular fins 
studied by Jung and Boo [33], plate fins examined by Campos-Celador, 
et al. [34], and pin fins investigated by Tay, et al. [35]. Longitudinal fin 
configurations offer simplicity, ease of fabrication, and cost- 
effectiveness, while circular-finned tubes show superior performance 
compared to pinned tubes in various shell-and-tube configurations. 
Additionally, the number and location of fins are also principal con-
siderations that would be considered to increase heat transfer between 
the PCM and HTF in LHTES systems [31]. The ideal choice of tubes and 
fin materials also plays an important part in achieving optimal thermal 
performance in the LHTES system. The performance of several metal 
materials has been examined, such as copper as studied by Al-Abidi et al. 
[36], aluminium as examined by Baby and Balaji [37] and steel as 
examined by Choi and Kim [38]. When tubes and fin material with lower 
thermal conductivity cannot achieve the proper heat transfer between 
the PCM and HTF in the LHTES system, higher thermal conductivity 
material serves as an effective alternative. Table 1 shows key outcomes 
from the latest investigations on several fin designs in LHTES systems. 

Extensive studies have been carried out to discover how to enhance 
the heat transfer in heat exchangers, via the incorporation of swirl flow 
generators. These swirl flow generators have proven to be useful in 
enhancing flow mixing while generating an acceptable pressure drop, as 
a result, the heat transfer is enhanced. The twisted tape configurations 
have been approved as a commonly adopted solution in heat exchangers 
[39]. When the fluid flows in a tube with a twisted tape, it gains a 
rotational motion from the twisted tape. This swirl motion then in-
terrupts the thermal boundary layer near the inner tube wall, resulting 
in strong flow mixing. Therefore, the enhanced heat transfer exceeds 

Nomenclature 

Symbols 
A Area m2 

Cp Specific heat J/kg 
Dh Hydraulic diameter m 
f The quantity predicted 
g→ Gravitational acceleration m/s2 

H Total specific enthalpy J/kg 
h Specific enthalpy J/kg 
heff Effective heat transfer coeffcient W/(m2⋅K) 
k Thermal conductivity W/(m⋅K) 
L Channel length m 
M Mass kg 
Nu Nusselt number 
P̂ The order of convergence 
P twisted tape pitch 
p Pressure Pa 
Q Stored energy J 
Q̇ Heat transfer rate J/s 
Re Reynolds number 
r The mesh refinement ratio 
S Source term for momentum equation kg/(m3⋅s) 
T Temperature K 

u Fluid velocity m/s 

Greek symbols 
β Liquid fraction 
γ Thermal expansion coefficient 1/K 
Δp Pressure drop Pa 
ε Relative error 
λ Latent heat of the PCM J/kg 
μ Viscosity kg/(m⋅s) 
ρ Density kg/m3 

Subscripts 
cs Cross-sectional 
f Fluid 
ht Heat transfer 
in Inlet 
ref Reference 
s Solid 

Abbreviations 
GCI Grid Convergence Index 
HTF Heat Transfer Fluid 
LHTES Latent heat thermal energy storage 
PCM Phase change material 
TES Thermal energy storage  
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those performed with no twisted tape [40]. Several studies into the 
performance of twisted tapes have been performed in different appli-
cations. For example, the application of twisted tapes was explored in 
the context of a microchannel heat sink, as revealed in the study carried 
out by Ali et al. [41,42]. Additionally, the efficacy of twisted tapes was 
examined in tube configurations, as explored by Arasteh et al. [43]. 
Numerical investigations by Kurnia et al. [44] focused on the utilisation 
of twisted tapes in helical tubes. Furthermore, the application of twisted 
tapes in a double-pipe heat exchanger was investigated by Arjmandi 
et al. [45]. These studies collectively contribute to understanding the 
performance characteristics and potential benefits associated with the 
incorporation of twisted tapes in various heat transfer systems. Table 2 
presents several studies investigating the application of twisted tapes in 
different heat transfer systems. 

By employing these improvement techniques, researchers aim to 
overcome challenges associated with different heat transfer systems. 
The fundamental principles underlying the enhancement of heat transfer 
in LHTES systems depend on extending the contact area between the 
PCM and the heat transfer fluid, enhancing convective heat transfer 
through improved fluid flow characteristics, and reducing thermal 
resistance at the PCM-pipe interface. The use of different fin designs in 
the LHTES systems and the integration of swirl flow generators into the 
pipelines have proven highly effective in improving heat transfer effi-
ciency and overall system performance. However, despite significant 
progress in this field, a comprehensive investigation directly comparing 
the performance of helical fin designs and twisted tape pipe inserts in 
LHTES systems remains elusive. Therefore, the main goal of this 
research is to investigate this research gap by carrying out numerical 
analysis and comprehensive comparison of fins and twisted tape ap-
proaches in LHTES systems during the charging process. 

This study aims to provide useful knowledge and contribute to the 
development of LHTES systems. In addition, this study provides a 
complementary contribution to the field of energy storage by studying 
the effects of straight fins and tape in both vertical and horizontal ori-
entations in the LHTES. Stearic acid was employed as the PCM, and 
water served as the heat transfer fluid at a constant Reynolds number of 
around 10,000 for cases without tape and around 8000 for cases with 
internal tape to ensure similar inlet velocity. The inlet water flow 
remained constant at a temperature of 358.15 K, with an initial tem-
perature of 303.15 K. One of the objectives was to observe the impact of 
buoyancy on the selected configurations and their overall performance 
in LHTES systems. 

2. Methodology 

2.1. Mathematical formulation 

In this study, a comprehensive numerical analysis based on the 
enthalpy-porosity model [48], which is used to simulate the melting and 
solidification of the PCM in a shell and tube LHTES systems in a hori-
zontal orientation, was conducted. The investigated system consists of 
an inner tube serving as a conduit for the hot water flow, referred to as 
the Heat Transfer Fluid (HTF). Fig. 1 shows the isometric view of the 
LHTES and eight different geometric configurations. The fluid and solid 
domains are discretized, and the heat transfer between them is captured 
using the conjugate heat transfer approach. The governing equation for 
heat conduction in a solid is typically described by the heat conduction 
Eq. (1) [49]: 

ρs Cps
∂Ts

∂t
= ks∇

2Ts (1) 

Table 1 
Key findings in recent studies on fin designs in LHTES systems using PCM.  

Investigated 
by 

Method Design Main finding 

Mehta, et al. 
[46] 

LHTES 
Experimental 
Stearic acid 

Helical fin Heat transfer is more effective in 
the middle and lower axial 
regions for vertical and inclined 
orientations, whereas the 
horizontal orientation 
experiences improved heat 
transfer in the lower radial 
region. 
Inserting fins in the horizontal 
LHSU reduces melting time by 
up to 34.1 %. 

Zhang, et al. 
[47] 

LHTES 
Numerical 
RT35 

Helical fins 
(2 and 4 
fins) 

Two helical fins show the best 
thermal performance in vertical 
LHTES, while four helical finned 
LHTES achieve optimal 
performance in horizontal 
thermal energy storage units. 
Opposite HTF inlet direction to 
gravitational acceleration 
improves thermal performance 
and ensures a uniform 
temperature field. 

Duan, et al. 
[24] 

LHTES 
Numerical 
RT82 

Helical fins 
(4,8 and 16 
fins) 

The phase change process is 
enhanced by increasing the fin 
number from 4 to 16 and by 
increasing the helical cycle from 
1/4 to 1. 

Li, et al. [25] LHTES 
Numerical 
Paraffin wax 

Helical fins 
(2, 3 and 4 
fins) 

Two fins exhibit 30.5 % 
enhancement in melting 
compared to base case, while 
three fins case performs worst 
with 10.7 % improvement. 
Penetrating fin into HTF tube 
slightly enhances melting by 2 % 
compared to triple fin case in the 
vertical tube.  

Table 2 
Studies on the application of twisted tapes in different heat transfer systems.  

Investigated 
by 

Method Design Main finding 

Ali, et al. [41] Microchannel 
heat sink 
Numerical 

Twisted 
tape 
radial gap 

The presence of a twisted tape 
in the microchannel reduces 
thermal resistance and bottom 
temperature by inducing swirl 
flow. 
Inserting a straight tape 
reduces the temperature in 
comparison to having no tape, 
but not as much as when using 
a twisted tape. 

Ali, et al. [42] Microchannel 
heat sink 
Numerical 

Twisted 
tape 
Radial 
gap 
Pitch 
distances 

The thermal and hydraulic 
performance of the heat sink 
improves by closing the radial 
gap between the tape and the 
inner wall. This improvement 
is achieved through enhanced 
thermal conduction and the 
elimination of hydraulic losses 
resulting from the tape tip gap. 
A pitch distance of L/4 
increases the thermal 
performance in contrast to the 
pitch distances of L/2. 

Arasteh, et al. 
[43] 

Tube 
Numerical 

Twisted 
tape 
Pitch 
distances 

The Nusselt number and 
friction factor show little 
change when reducing the 
pitch distance from L/2 to L/6. 

Kurnia, et al. 
[44] 

Helical tube heat 
exchanger 
Numerical 

Twisted 
tape 

Using a twisted tape in the 
helical tube induces secondary 
flow, resulting in enhanced 
heat transfer. 
Using a twisted tape in the 
helical tube is well-suited for 
water applications with higher 
Reynolds numbers and lower 
twisting ratios.  
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Here ρ is density, Cp is heat capacity, k is thermal conductivity and T 
is temperature. 

The Laplace equation is coupled using the time-averaged Navier- 
Stokes equations that describe the behaviour of the HTF [41]. The nu-
merical solution involves solving the continuity, momentum and energy 
equations of the HTF, subject to certain assumptions:  

1. The flow is three-dimensional and turbulent with temperature 
dependence and uniform flow velocity at the inlet and Newtonian 
fluid.  

2. The PCM density is assumed constant, and volume change during 
phase change is neglected. The convection-induced inertia resulting 
from the density variation due to the temperature difference is 
considered through a source term added to the momentum equation 
using the Boussinesq approximation [25].  

3. The outer shell wall is insulated, and no heat transfer occurs between 
the PCM enclosure and the environment. 

The HTF governing equations are [28]: 

∇⋅
(

ρpcm u→HTF

)

= 0 (2)  

ρHTF
∂ u→HTF

∂t
+ ρHTF

(

u→HTF⋅∇
)

u→HTF = − ∇pHTF +∇⋅
[

(μHTF + μt)∇ u→HTF

]

+ ρHTF g→

(3)  

ρHTF CpHTF
∂THTF

∂t
+ ρHTF

(

u→HTF⋅∇
)

THTF = ∇⋅[(kHTF + kt)∇THTF ] (4) 

The variables used to describe the properties and boundaries of the 
working fluid include density ρ, viscosity μ, thermal conductivity k, 
velocity vector u→, absolute pressure p, absolute temperature T and 
gravitational acceleration in the ngative x2 direction g→. Here x2 repre-
sents the axial direction as illustrated in Fig. 1. To consider the turbulent 
behaviour of the HTF within the inner copper tube, the k-ε turbulence 
model with Enhanced Wall Treatment is employed to simulate the fluid 

flow and heat transfer [50]: 

∂
∂t
(ρHTFkHTF) +

∂
∂rj

(

ρHTFkHTF u→j

)

=
∂

∂rj

[(

μHTF +
μt

σk

)
∂kHTF

∂rj

]

+ μt
∂ u→i

∂ri

⎛

⎝∂ u→i

∂rj

+
∂ u→j

∂rj

⎞

⎠ − ρHTFε (5)  

∂
∂t
(ρHTFε) + ∂

∂rj

(

ρHTFε u→j

)

=
∂

∂rj

[(

μHTF +
μt

σε

)
∂ε
∂rj

]

− ρHTFC2
ε2

kHTF +
̅̅̅̅̅
ϑε

√

(6) 

In the equations above, k and ε represent the turbulence kinetic 
energy and dissipation rate correspondingly. The turbulent viscosity, μt, 
is defined as ρHTFCpHTFk2/ε. Additionally, the turbulent Prandtl number 
is denoted as σ. The empirical constants have the following specific 
values: σk = 1.0, σε = 1.3, and C2 = 1.92. 

The governing equations for the PCM differ from those of the HTF, 
because of the addition of a source term to the momentum equation 
using the Boussinesq approximation, and the occurrence of phase tran-
sition phenomena. The PCM governing equations are [28]: 

∇⋅
(

ρpcm u→pcm

)

= 0 (7)  

ρpcm
∂ u→pcm

∂t
+ ρpcm

(

u→pcm⋅∇
)

u→pcm = − ∇ppcm + μpcm∇
2 u→pcm

+ ρpcm g→γpcm
(
Tpcm − Tref

)
+ S (8)  

ρpcm
∂Hpcm

∂t
+ ρpcm∇⋅

(

u→pcmHpcm

)

= ∇⋅
(
kpcm∇Tpcm

)
(9) 

The term S is introduced in the momentum equations to account for 
the influence of phase change on convection [51]: 

S =
(1 − β)2

(
β3 − ε

) Amush (10) 

Fig. 1. (a) Base case, (b) horizontal fins, (c) vertical fins, (d) helical fins, (e) horizontal tape, (f) vertical tape, (g) twisted tape, (h) helical fins with twisted tape, (i) 
isometric view of the LHTES. 
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The term S includes the following parameters: β is the liquid volume 
fraction, ε is a constant (0.001) that is introduced to avoid division by 0, 
and Amush is the mushy zone constant. The mushy zone refers to the 
transitional interface between the fully solid and liquid regions, char-
acterized by a variable volume fraction of cells ranging between 0 and 1 
[51]. 

The total specific enthalpy H is calculated by: 

H = h+ΔH (11)  

where the specific enthalpy h is 

h = href +

∫ T

Tref

Cp,pcmdT (12) 

Here: href - reference enthalpy, Tref - reference temperature, and Cp - 
specific heat at a constant pressure. The enthalpy change due to the 
phase change ΔH is calculated: 

ΔH = β λ (13)  

where λ and β are the specific latent heat and the liquid fraction of the 
PCM, respectively. The liquid fraction βcan be described as: 

β =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0 if T < Ts

T − Tf

Tf − Ts
if Ts < T < Tf

1 if T > Tf

(14)  

where Tf and Ts respectively indicate the liquidus and solidus temper-
atures of the PCM. 

2.2. Geometry and boundary conditions 

Fig. 1 illustrates the schematic representation of a shell and tube 
LHTES. The LHTES system includes a centrally positioned copper tube 
with a length of 1000 mm. This tube serves as a conduit for the hot water 
and has an internal diameter Dh of 21 mm and a thickness of 1.5 mm. 
Additionally, two copper fins are attached to the outer surface of the 
central tube, each with a radial length of 8 mm and a thickness of 0.5 
mm. These fins are symmetrically distributed with equal spacing at in-
tervals of 180◦. A pitch distance, P = L/4, is used for the helical fins and 
twisted tape. The PCM vessel used in this study has an inner diameter of 
24 mm and an outer diameter of 50 mm. The geometric dimensions of 
the LHTES are presented in Table 3. Various configurations of fins and 
tapes are utilised within the LHTES, as illustrated in Fig. 1(a-h) 
including: (a) simple pipe – base case, (b) pipe with horizontal fins, (c) 
pipe with vertical fins, (d) pipe with helical fins, (e) pipe with horizontal 
tape, (f) pipe with vertical tape, (g) pipe with twisted tape, (h) pipe with 
helical fins and twisted tape. All pipes, fins and tapes in the LHTES are 
made from copper to improve the heat transfer between the PCM and the 
fluid. Table 4 shows the data used for LHTES configurations. The 
properties of PCM, copper and water are shown in Table 5. In this study, 
a Reynolds number of around 10,000 was assumed for all cases except 
those with inner tape, where the Reynolds number was around 8000, to 
maintain an inlet velocity within the range of 0.45–0.65 m/s. Re number 
characterizes the flow conditions and it is determined based on the inlet 
conditions using Eq. (15) [52,53]. The flow rate of HTF for configura-
tions without tape was 0.165 kg/s and for configurations with tape was 
0.214 kg/s. 

Re =
ρ.uin.Dh

μ (15) 

Here: ρ is density, uin – velocity, Dh - hydraulic diameter, μ is 
viscosity. 

Dh =
4Acs

P
=

4
(

π
4D

2 − ab
)

πD − 2a + 2b
=

(
πD2 − 4ab

)

πD − 2a + 2b
(16) 

Here: Acs is the cross-sectional area, P is the perimeter, and a and b 
refer to the tape’s thickness and width, respectively. In the absence of a 
tape, the hydraulic diameter Dh is equivalent to D. 

In this study, only the melting processes of the PCM are investigated. 
The outlet of the water tube is subjected to a pressure outlet boundary 
condition. The inlet flow temperature was set to 358.15 K, while the 
initial temperature of the PCM was set to 303.15 K, indicating a fully 
solid state at the start of the simulation. 

2.3. Data analysis 

The calculation of stored energy Q during the charging process of a 
PCM can be performed using Eq. (17) [57]: 

Q = Mpcm
[
Cp,pcm

(
Tpcm − TInitial

)
+ΔH

]
(17) 

In this equation TInitial is the initial temperature of the PCM, Tpcm is the 
average temperature of the PCM, Cp,pcm is the specific heat capacity of the 
PCM and Mpcm is the mass of the PCM. In the presence of straight fin 
configurations, the mass of the PCM is lower compared to the base case. 
Additionally, this mass decreases further when helical fins are 
implemented. 

Nusselt number is calculated using this equation: 

Nu =
hDh

k
(18) 

Here h is heat transfer coefficient, Dh is hydraulic diameter and k is 
the thermal conductivity of HTF. 

Heat transfer coefficient is found using: 

heff =
Q̇

Aht (THTF − TPCM)
(19) 

Here Q̇ is heat transfer rate, Aht is heat transfer area, THTF is the 
average temperature of the HTF and TPCM is the average temperature of 
the PCM. 

The pressure drop Δp of the HTF in the pipe between the inlet and 
outlet can be determined using Eq. (20): 

Δp = pin − pout (20) 

Here, pin and pout represent the pressure at the inlet and outlet of the 
HTF tube, respectively.. 

2.4. Numerical solver 

The present study aimed to solve the three-dimensional melting 
problem numerically using the ANSYS FLUENT software package, 
version 19.5. The simulation involves multiple steps, starting with ge-
ometry creation using Design Modeler, followed by mesh generation in 
ANSYS Meshing, and then proceeding to CFD simulation and analysis 
using FLUENT. Finally, the outcomes are processed via ANSYS CFD-Post 
and Tecplot 360. ANSYS Fluent is a powerful tool for solving fluid flow 
problems involving solidification and melting. It employs an enthalpy 
porosity formulation to handle the liquid-solid interface and treats the 
mushy zone as a porous region with porosity corresponding to the liquid 
fraction. To account for the pressure drop caused by the solid material, 
momentum sink terms are included [51]. In this study, the mushy zone 
parameter was set to a constant value, and the default value of 10− 5 was 
chosen [25]. The solution method used to evaluate the pressure-velocity 

Table 3 
Geometric dimensions of the pipes in LHTES, in mm.  

Inner copper 
tube 
diameter 

Outer copper 
tube 
diameter 

Outer 
diameter 

Fin 
height 

Fin and 
twisted tape 
width 

LHTES 
length  

21  24  50  8  0.5  1000  
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coupling was the SIMPLE method. The HTF flow was analysed using the 
Standard k-epsilon turbulence model with Enhanced Wall Treatment 
option [58]. The second-order upwind method was employed to dis-
cretize the momentum and energy equations [41]. The pressure 
correction scheme was set to PRESTO [59] and the gravity (g) options 
was used. The boundary conditions were defined as follows: the inlet 
velocity was uniform normal velocity uin, the inlet temperature of HTF 
was uniform Tin = 358.13 K. A uniform gauge pressure was set to zero at 
the outlet. The front, back and the outer shell surfaces were modelled as 
adiabatic. Interfaces were meticulously established between the outer 
HTF tube surface and the PCM, and between the HTF and the inner tube 
surface. The interior walls of the fluid region were set to “no-slip walls” 
with ‘Coupled’ thermal conditions. The computations were performed 
using under-relaxation factors of 0.3, 1, 1, 0.7, 0.9, and 1 for pressure, 
density, forces, momentum, liquid fraction update, and energy, respec-
tively [58]. The convergence criterion for the continuity, momentum, 
and energy equations was set to a residual of 10− 6 [60]. The computa-
tional cost of each simulation was 1152 core hours on a 3.2 GHz shared 
memory high-performance computer cluster. 

2.5. Grid independence, time step and Grid Convergence Index (GCI) 

This investigation focuses on the accuracy of predictions to 3-D 
discretization in the computational domains, specifically concerning 
the average temperature of the PCM in the LHTES with helical fins. To 
enhance accuracy and reduce simulation time, a hexahedral mesh is 
preferred over tetrahedral or mixed element meshes [60]. The struc-
tured butterfly topology is employed, as it is suitable for hexahedral 
meshes in pipes. Ansys Design Modeler is utilised for geometric model 
generation, while Ansys Meshing is employed for creating the structured 
mesh. Fig. 2(a) and (b) illustrates the average liquid fraction and the 
predicted average PCM temperature for the helical fins case, respec-
tively, using three grids with different densities (coarse, medium, and 
fine). Each finer mesh doubles the mesh density. Remarkably, the 
average liquid fraction and the average PCM temperature display no 
significant changes with more than 3,041,280 elements. Additionally, 
Fig. 2(c) shows the average PCM temperature using time steps of 0.8 s, 
0.4 s, and 0.2 s for helical fins case. The PCM temperature is still similar 
at 0.4 s and 0.2 s, leading to the choice of 0.2 s. To further evaluate the 
impact of spatial discretization on predictions, the Grid Convergence 
Index (GCI) as per Roache [61], is employed. The order of convergence 
P̂ is subsequently calculated using Eq. (21): 

P̂ = ln
((

f3 − f2
)

(f2 − f1)

)

(21)  

where f1 f2 and f3 are the quantity predicted for fine, medium and coarse 
mesh of the average temperature of the PCM in the LHTES with helical 
fins, at 40 min intervals. To assess the prediction accuracy, the relative 
error (ε) is calculated between the two finest grids using Eq. (22): 

ε2,1 =

⃒
⃒
⃒
⃒
f2 − f1

f1

⃒
⃒
⃒
⃒ (22) 

Furthermore, the Grid Convergence Index (GCI2,1) is found between 
these two meshes through Eq. (23): 

GCI2,1 =
fs
⃒
⃒ε2,1

⃒
⃒

(
rP̂
2,1 − 1

) (23) 

The safety factor (fs) is 1.25, as utilizing more than two meshes [61]. 
The mesh refinement ratio (r) is denoted as r = 2 reflecting that each 
successive finer mesh effectively doubles the mesh density. A suitable 
spatial discretization ensures numerical predictions fall within the 
asymptotic range of convergence, as represented by Eq. (24): 

GCI2,1

rP̂
1=2,1 GCI3,2

≅ 1 (24) 

Examination of Table 6 confirms that the predictions obtained from 
Eqs. (22) and (23) fall within the asymptotic range of convergence for 
the finite volume scheme, closely aligning with Eq. (24) as it is close to 1. 
Considering the GCI analysis in conjunction with examinations from 
Fig. 2, the mesh of 3,041,280 elements is chosen. Fig. 3 depicts the mesh 
topology for two of the meshes utilised in the study. 

2.6. Validation 

In order to determine the accuracy of the numerical predictions, the 
current numerical model is validated against an experimental study by 
Khan and Khan [54] and Mahdi, et al. [58]. Fig. 4(a) shows the average 
PCM temperature during the melting process obtained from an experi-
mental study conducted by Khan and Khan [54]. In this experimental 
study a shell and tube LHTES with three fins filled with stearic acid was 
employed as the phase change material. Fig. 4(a) shows an acceptable 
agreement between the current model and the experimental study. 

Fig. 4(b) shows the PCM temperatures at different locations are 
compared with those obtained from an experimental study by Mahdi, 
et al. [58]. The numerical predictions of PCM temperatures at points A1, 
A2, and A3 were utilised in their research to track the evolution of PCM 
temperature during the melting process at various locations along 
LHTES. In the experimental investigation conducted by Mahdi, et al. 
[58], a shell and tube LHTES filled with paraffin wax was employed as 
the phase change material. Fig. 4 demonstrates a good agreement be-
tween the predicted temperatures at A1, A2, and A3 from our numerical 
model and the temperatures reported by Mahdi, et al. [58] throughout 
the time range of 0 to 105 min. The maximum deviations between the 
numerical results and the experimental data were determined to be 0.8 
% for point A1, 1.2 % for point A2, and 1.3 % for point A3, respectively. 
These findings significantly bolster the confidence in the current method 
utilised for estimating the thermal parameters of the LHTES system. 

Table 4 
Other LHTES data.   

Base case Horizontal fins Vertical fins Helical fins Horizontal tape Vertical tape Twisted tape Helical fins with twisted tape 

Mass of PCM (kg) 1.736 1.727 1.727 1.726 1.736 1.736 1.736 1.726 
Volume of PCM (m3) 1.510e-3 1.502e-3 1.502e-3 1.501e-3 1.510e-3 1.510e-3 1.510e-3 1.501e-3 
Heat transfer area (m2) 0.075 0.107 0.107 0.146 0.075 0.075 0.075 0.146 
Mass flow rate of HTF (kg/s) 0.165 0.165 0.165 0.165 0.214 0.214 0.214 0.214  

Table 5 
The thermal properties of stearic acid [54], copper [55] and water [56].   

Stearic Acid Copper Water 

Density ρ
(
kg/m3) 1150 8798 998.2 

Specific heat CP (J/kg⋅K) 2830 381 4182 
Thermal conductivity k (W/m⋅K) 0.29 387.6 0.613 
Kinematic viscosity μ

(
N⋅s/m2) 0.0078 – 0.001003 

Thermal expansion coefficient γ (1/K) 0.0008 – – 
Latent heat of fusion λ (J/kg) 186,500 – – 
Solidus temperature (K) Tf 327 – – 
Liquidus temperature (K) Ts 337 – –  
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3. Results and discussion 

In this study, eight designs of HTF pipes with various fin and tape 
configurations have been investigated. This section presents the analysis 
results of the thermal and hydraulic performance of LHTES systems 

during the melting process. 

3.1. Effect of fins and tapes on liquid fraction 

Fig. 5(a) and (b) displays the visualization of the liquid fraction 
distribution at four cross-sections in the x1 plane (the HTF inlet is at the 
bottom), captured after 5 min from the start. The liquid surface is 
illustrated using colour isolevels, with red indicating a value of 1, while 
the solid surface is represented by colour isolevels, where blue corre-
sponds to a value of 0. Fig. 5(a) presents the liquid fraction for the base 
case, as well as for cases with horizontal fins, vertical fins, and helical 
fins. The results show that in all instances, the PCM undergoes melting, 
transforms into a liquid and rises, driven by the thermal convection 
currents. Similar results have been observed by Mahdi et al. [58]. 
Notably, the use of horizontal fins, vertical fins, and helical fins increases 
the liquid fraction significantly. The melting process occurs at a faster 
rate compared to the base case, and the reasons for this improvement 
will be further discussed (see Fig. 9). While Fig. 5(a) illustrates a higher 
liquid fraction using horizontal fins, vertical fins, and helical fins 
compared to the base case, it remains unclear how the liquid fraction 
differs among these three configurations. 

Fig. 5(b) demonstrates the distribution of liquid fraction for config-
urations with horizontal tape, vertical tape, twisted tape, and a combi-
nation of helical fins with twisted tape. The results show that the use of 
straight tape in horizontal and vertical orientations leads to a higher 
liquid fraction compared to the base case at the same time intervals. 
Furthermore, it is predicted that incorporating a twisted tape in the 
LHTES configuration will lead to a further increase in the liquid fraction 
compared to using a straight tape. Also, the combination of helical fins 
with twisted tape in the LHTES results in the fastest melting process 
among all cases at 5-min intervals. 

Fig. 6 displays the distribution of the liquid fraction in the cross- 
sectional plane at the midpoint of the LHTES system. The liquid frac-
tion data is presented at 10, 20, 30, and 40-min intervals. Each row 
represents a different configuration, while the columns correspond to 
different time instances. The liquid surface is visualized using colour 
isolevels, where red indicates a value of 1, while the solid surface is 
depicted by colour isolevels in blue, representing a value of 0. The re-
sults demonstrate that the inclusion of fins and tapes leads to a higher 
liquid fraction than the base case at the same time intervals. This 
improvement can be attributed to the expanded solid surface area of the 
HTF tube. Specifically, the configuration with helical fins exhibits a 
higher liquid fraction than both the horizontal fins and vertical fins 
configurations in the short time durations, as observed at 10 and 20-min 
intervals. However, in longer durations, such as 30 and 40 min, the 
configuration with vertical fins demonstrates a better liquid fraction 
compared to both helical and horizontal fins, as shown in Fig. 8. 
Moreover, the inclusion of a twisted tape results in an increased liquid 
fraction compared to using straight tapes across all time durations. 
Additionally, the combination of helical fins with twisted tape consis-
tently exhibits the fastest melting process among all cases at 10, 20, and 
30-min intervals. However, it is important to note that at 40-min in-
tervals, the vertical fins case shows a slightly faster melting process 

Fig. 2. Grid independence test results of (a) liquid fraction, (b) average PCM 
temperature, and (c) the time step test of helical fins case. 

Table 6 
Mesh convergence parameters on the average PCM temperature of helical fins 
case, at 20 and 40 min intervals.  

Time 
(min) 

Number of 
elements 

P̂ ε GCI GCI3,2
(

rP̂
2,1GCI2,1

)

20 760,320 1 0.0028 0.00334 0.9971 
1,520,640  0.0014 0.00174  
3,041,280     

40 760,320 1.0057 0.0028 0.00336 0.9971 
1,520,640  0.0014 0.00168  
3,041,280      
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compared to the helical fins with twisted tape configuration. 
Fig. 7 shows the convection currents of the liquid phase of PCM in the 

cross-sectional plane at the midpoint (at a location 500 mm from the 
inlet) of the LHTES system during a melting process for the base case, 
helical fins, twisted tape, and helical fins with twisted tape configura-
tions. The data is presented at 10 and 20 min intervals. The results 
demonstrate that the velocity of the liquid PCM generates a swirling 
motion within the PCM above the HTF tube. The highest velocity of 
liquid PCM is observed after 10 min for the base case compared to all 
other configurations. The addition of fins and tape leads to reduced 
velocity above the HTF tube. However, due to the addition of fins, the 
flow of liquid PCM is generated at these fins, thus enhancing energy 
storage effectiveness and the performance of LHTES. 

Fig. 8 displays the distribution of the liquid fraction in the cross- 
sectional in the x3 plane of the LHTES system. The liquid fraction data 
is presented at 40-min intervals. The results demonstrate that the in-
clusion of vertical fins leads to a higher liquid fraction compared to the 
other cases at the same time intervals. The primary reason for this 
improvement is that the lower fin in the vertical configuration is posi-
tioned closer to the lower region of the LHTES, helping faster heat-up of 
the lower region. Moreover, the combination of helical fins with twisted 
tape exhibits a higher liquid fraction compared to both individual helical 
fins and twisted tape cases. This improvement can be attributed to the 
expanded external and internal solid surface of the HTF tube. 

Fig. 9 presents the time evolution of the average liquid fraction for 
various configurations during the melting process in the LHTES system. 
The configurations include the base case, horizontal fins, vertical fins, 
helical fins, horizontal tape, vertical tape, twisted tape, and the com-
bined helical fins with twisted tape. The addition of fins and tapes leads 
to a faster melting process compared to the base case. This improved 
performance is attributed to the increased surface area of the HTF tube, 
leading to enhanced convection heat transfer by generating higher 
thermal convection currents within the PCM, as shown in Fig. 7. The 
fastest melting process is observed in the time intervals from 0 to 29 min 
for the combined helical edges with twisted tape configuration. This 
improved performance is attributed to the increased internal and 
external surface area of the HTF tube, leading to enhanced heat transfer 
efficiency. However, it is worth noting that after 29 min, the melting 
process is slightly faster in the case of the vertical fins compared to the 
combined configuration of helical fins with twisted tape. Additionally, 
the results show that the liquid fraction also increases using vertical fins 
and helical fins configurations compared to the base case at the same 
time intervals. Particularly, the design with helical fins displays a higher 

Fig. 3. Three-dimensional mesh structure of (a) horizontal fins configuration and (b) helical fins configuration.  

Fig. 4. Validation of numerical results of (a) the average PCM temperature 
during the melting process conducted by Khan and Khan [54] and (b) the PCM 
temperatures under the melting process at points A1, A2, and A3 against 
experimental results conducted by Mahdi et al. [58]. 
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Fig. 5. Liquid fraction during the charging process at four cross-sections in x1 = 0, 0.33 m,0.66 m and 1 m plane, including (a) the base case, horizontal fins, vertical 
fins, and helical fins and (b) horizontal tape, vertical tape, twisted tape, and combined helical fins with twisted tape, captured after 5 min from the start. (HTF inlet is 
the bottom). 
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Fig. 6. Liquid fraction of the base case, horizontal fins, vertical fins, helical fins, horizontal tape, vertical tape, twisted tape, and combined helical fins with twisted 
tape are depicted using colour isolevels at 10, 20, 30, and 40-min intervals. These distributions are shown in the x1 plane, specifically at a location 500 mm from 
the inlet. 
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liquid fraction in comparison to both horizontal and vertical fins within 
short time durations, as monitored at intervals between 0 and 22 min. 
This difference is mainly due to the larger surface area of helical fins 
compared to straight fins, allowing for better contact with the PCM and 
more efficient heat transfer during the phase change processes. 

However, in longer durations, the vertical fins demonstrate better heat 
transfer that leads to a faster increase in liquid fraction compared to both 
helical and horizontal fins configurations. The placement of the lower 
fin in the vertical configuration, positioned closer to the lower region of 
the LHTES, facilitates a faster heat-up of the lower region compared to 

Fig. 7. Velocity vectors of liquid PCM during melting process for the base case, helical fins, twisted tape, and combined helical fins with twisted tape configurations 
at 10-min intervals, in the x1 plane, at a location of 500 mm from the inlet. 
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Fig. 8. Liquid fraction of (a) vertical fins, (b) helical fins, (c) twisted tape, and (d) combined helical fins with twisted tape are depicted using colour isolevels at 40- 
min intervals. These distributions are shown in the x3 plane. 
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the configurations with helical and horizontal fins, as illustrated in 
Fig. 8. The horizontal fins configuration shows a significantly longer full 
melting process time compared to both the vertical and helical fins, as 
well as all internal tape configurations. This observation highlights the 
crucial role that the position of the fins plays in the overall melting 
process. Moreover, the use of tape also accelerates the melting process, 
albeit to a lesser extent than fins. The utilisation of straight tape in both 
horizontal and vertical orientations enhances the development of the 
liquid fraction compared to the equivalent base case. However, the 
employment of twisted tape proves more effective in accelerating the 
melting process. This improved performance is attributed to two key 
processes: the rotation of the HTF about the central axis, which enhances 
heat convection currents, introducing an azimuthal velocity component 
and a higher velocity magnitude as it approaches the wall. Although this 
rotational flow leads to an increase in pressure drop in the pipe, as 
shown in Fig. 15, it also induces secondary flow motion in the x1 plane 
aiding in the transfer of heat from the HTF to the tube wall. More 
detailed insights into the heat and mass transfer mechanisms in various 
twisted tape configurations, including straight and twisted tape, can be 
found in an extensive research study by Ali, et al. [42]. The complete 
melting process times for various configurations, including vertical fins, 
combined helical fins with twisted tape, helical fins, twisted tape, hor-
izontal tape, vertical tape, and horizontal fins, are 38.7 %, 32.7 %, 23.5 
%, 14 %, 10.3 %, 10.3 %, and 7.2 % faster than the base case which is 
~69 min, respectively. These findings emphasize the significance of 
appropriate design choices to optimise heat transfer efficiency and 
accelerate PCM melting, which are crucial considerations for enhancing 
the performance of latent heat thermal energy storage systems. 

3.2. Effect of fins and tapes on temperature distribution 

Fig. 10 displays the temperature distributions at four cross-sections 
in the x1 plane, captured after 5 min from the start. The colour iso-
levels represent temperature, with red indicating 358.15 K and blue 
indicating 303.15 K. In Fig. 10(a) the temperature distributions for the 
base case, and configurations with horizontal fins, vertical fins, and 
helical fins are shown. The results indicate a consistent temperature 
decrease of the PCM from the inlet to the outlet for all designs, with the 
highest temperature observed above the HTF tube at the inlet due to 
buoyancy effects. The configurations with horizontal fins, vertical fins, 
and helical fins exhibit higher PCM temperatures compared to the base 
case. This indicates faster heat transfer from the HTF to the PCM, 

resulting in a higher temperature. Using the helical fins configuration 
the highest temperature rise is observed compared to the configurations 
with vertical and horizontal fins, resulting in more effective heating of 
the PCM. Fig. 10(b) illustrates the temperature distributions for con-
figurations involving horizontal tape, vertical tape, twisted tape, and a 
combination of helical fins with twisted tape. The results indicate that 
using straight tape in horizontal and vertical orientations leads to a 
higher PCM temperature compared to the base case at the same time 
intervals. Furthermore, incorporating twisted tape into the pipe 
configuration has shown an additional elevation in the temperature of 
the PCM compared to the use of straight tape. Notably, the combination 
of helical fins with twisted tape configuration results in the highest PCM 
temperature among all cases at 5-min intervals. This observation sug-
gests an enhanced heat transfer between the HTF and the PCM, leading 
to faster PCM melting due to the convection heat transfer caused by the 
rapid temperature rise, as shown in Fig. 5. 

Fig. 11 illustrates the temperature distribution in the cross-sectional 
plane in the middle of the LHTES system at 10, 20, 30, and 40-min in-
tervals. Each row corresponds to a different configuration, while the 
columns represent various time instances. The surface temperature 
distribution is presented using colour isolevels, with red denoting a 
temperature of 303.15 K and blue representing 358.15 K. The findings 
reveal that the configurations with fins and tapes result in higher PCM 
temperature compared to the base case at corresponding time intervals. 
Specifically, at shorter durations, at 10 and 20-min intervals, the helical 
fins configuration demonstrates a higher PCM temperature compared to 
both the horizontal fins and vertical fins configurations. However, 
during longer durations, such as 30 and 40 min, employing the vertical 
fins configuration yields a higher PCM temperature compared to both 
the helical and horizontal fins cases. Moreover, the incorporation of 
twisted tape yields higher PCM temperatures across all time durations 
when compared to configuration with straight tape. Additionally, the 
combination of helical fins with twisted tape consistently exhibits the 
highest PCM temperature among all cases at 10, 20, and 30-min in-
tervals. Nonetheless, it is important to note that at 40-min intervals, the 
vertical fins case exhibits a slightly higher PCM temperature compared 
to the configuration with helical fins with twisted tape. 

Fig. 12 shows the time evolution of the average PCM temperature for 
all configurations under the melting process within the LHTES system. 
The initial phase for all cases involves a gradual increase in the PCM 
temperature until it reaches its melting point, leading to the phase 
change from solid to liquid at almost constant temperature. Throughout 
this phase change, the PCM continues melting due to the convection heat 
transfer until all the PCM above the HTF tube is transformed into a liquid 
state (see Figs. 6 and 11). As heat is further added over time, the average 
PCM temperature continues to rise until it eventually reaches the HTF 
temperature of 358.13 K. Concurrently, heat is continuously transferred 
to the solid PCM located below the HTF tubes. The use of fins within the 
LHTES system facilitates a more rapid PCM melting process by enabling 
a swift temperature rise, as a result of higher convection currents. The 
addition of fins increases the external surface area, thereby enhancing 
heat transfer performance and ensuring efficient dissipation of heat from 
the pipe. Additionally, the fins help reduce temperature gradients within 
the PCM, resulting in a more uniform temperature distribution, pre-
venting hotspots, and ensuring stable and predictable thermal perfor-
mance compared to the base case, as depicted in Fig. 11. This effect of 
fins was also observed by Mahdi et al. [58] in shell and tube LHTES with 
five longitudinal fins and Mehta et al. [46] in shell and tube LHTES with 
helical fins. Conversely, the tape configurations act as a heat bridge 
across the HTF pipe, enhancing the heat transfer to the PCM by aug-
menting the internal wet surface area of the HTF pipe, as observed in 
configurations with tapes in Fig. 11. The configuration with helical fins 
and twisted tape provides a dual benefit, optimizing both the internal 
and external surface areas of the HTF tubes (Fig. 11). This combination 
leads to significant improvements in heat transfer from the HTF to the 
PCM. Over the time intervals ranging from 0 to 29 min, the 

Fig. 9. Liquid fraction evolution over time for the base case, horizontal fins, 
vertical fins, helical fins, horizontal tape, vertical tape, twisted tape, and 
combined helical fins with twisted tape, during the melting process. 
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Fig. 10. Temperature distributions at four cross-sections in x1 = 0, 0.33 m,0.66 m and 1 m plane, including (a) the base case, horizontal fins, vertical fins, and helical 
fins and (b) horizontal tape, vertical tape, twisted tape, and combined helical fins with twisted tape, captured after 5 min from the start. 
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Fig. 11. Temperature distributions contours of the base case, horizontal fins, vertical fins, helical fins, horizontal tape, vertical tape, twisted tape, and combined 
helical fins with twisted tape are depicted using colour isolevels at 10, 20, 30, and 40-min intervals. These distributions are shown in the x1 plane, specifically at a 
location 500 mm from the inlet. 
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configuration with combined helical fins with twisted tape consistently 
demonstrates the highest average PCM temperature among all the 
studied configurations. However, after 29 min, a slightly higher average 
PCM temperature is observed in the configuration with vertical fins 
compared to the combined configuration with helical fins and twisted 
tape. Furthermore, the results indicate that at certain time intervals, the 
use of both vertical fins and helical fins simultaneously leads to a notably 
higher average PCM temperature compared to the base case. Specif-
ically, at intervals ranging from 0 to 22 min using the configuration with 
helical fins higher average PCM temperatures are observed compared to 
configurations with horizontal or vertical fins. However, for a prolonged 
duration, the configuration with vertical fins displays higher average 
PCM temperatures compared to both cases with helical and horizontal 
fins. The use of tape also contributes to an increase in the average PCM 
temperature, though to a lesser extent than using fins. The imple-
mentation of straight tape horizontally or vertically results in nearly 
similar average PCM temperatures, as they facilitate equivalent heat 
transfer to the PCM. Furthermore, both cases with horizontal and ver-
tical tapes exhibit higher average PCM temperatures when compared to 
the equivalent base case. Nevertheless, the utilisation of twisted tape 
proves to be notably more effective, as it enables the attainment of even 
higher average PCM temperatures. 

3.3. Effect of fins and tapes on the amount of stored energy 

Fig. 13 illustrates the change of stored energy over time for different 
configurations during the melting phase within the LHTES system. The 
results of the investigation reveal noteworthy trends. Specifically, the 
introduction of fins and tapes causes a discernible shift of the curve to 
the left, indicating an accelerated rate of LHTES charging. Among all 
configurations, the configuration with helical fins exhibits better per-
formance compared to the configurations with horizontal and vertical 
fins. However, over a longer time, the configuration with vertical fins 
demonstrates superior stored energy performance in comparison to both 
the configurations with helical and horizontal fins. While the imple-
mentation of tape contributes to an increase in average stored energy, its 
impact is relatively modest compared to the effect of fins. The use of 
straight tape in both horizontal and vertical orientations yields nearly 
equivalent average stored energy. Furthermore, the adoption of twisted 
tape appears as significantly more efficacious, enabling the attainment 
of even higher average stored energy levels. Similar trends have been 
observed in another study conducted by Modi et al. [57]. 

3.4. Effect of fins and tapes on the heat transfer rate and Nusselt number 

In this study, the heat transfer rate and Nu numbers have been 
calculated to assess the thermal performance of the LHTES. Fig. 14(a) 
shows the variation of the average heat transfer rate over time for 
different configurations during the melting phase. At the beginning of 
the process, when the temperature difference between the PCM and the 
HTF is large, the heat transfer rate is the highest for all configurations. 
Due to the melting of the PCM around the HTF, the heat transfer rate 
decreases and becomes almost constant at a certain point, after about 40 
min. The heat transfer rate for the base case is the lowest at the begin-
ning of the process, but remains higher compared to the other config-
urations at the later stage of the PCM melting process. This implies that 
the use of fins and tape has a significant effect on the heat transfer rate at 
the beginning of the process, but their importance decreases at a later 
stage. Similar results of the variation of the heat transfer rate with time 
have been observed by Khan and Khan [54]. 

Fig. 14(b) shows the variation of the average Nusselt number with 
time for different configurations during the melting phase. Nu number 
gradually increases and then decreases during the process. The results 
show that the Nu number for the base case remains the highest compared 
to all other cases. A similar value of Nu number has been reported in 
other studies by Li et al. [25] and Shafiei Ghazani and Gholamzadeh 
[30]. 

3.5. Effect of twisted tape configuration on hydraulic characteristics 

Fig. 15 presents a comparison of pressure drop (Δp) for different 
configurations at various Reynolds numbers. The configuration with the 
twisted tape exhibits the highest pressure drop among all tested con-
figurations. The significant rise in pressure drop in the twisted tape 
configuration can be attributed to two primary factors. Firstly, the 
presence of the tape reduces the hydraulic diameter Dh resulting in 
higher flow resistance. Secondly, the twisting of the tape introduces 
additional blockage, further hindering the fluid flow. Notably, when 
comparing configurations at the same Reynolds number, the pressure 
drop difference between the setups with straight tape and those without 
tape is more pronounced than the contribution arising from the twisting 
of the tape. This indicates that the solid blockage caused by the presence 
of the tape has a more significant impact on the pressure drop compared 
to the effect of the tape twist. Despite the modest further increase in 
pressure drop observed in the twisted tape configuration, as illustrated 
in Fig. 15, the thermal performance benefits are considerable, as 

Fig. 12. PCM average temperature for the base case, horizontal fins, vertical 
fins, helical fins, horizontal tape, vertical tape, twisted tape, and combined 
helical fins with twisted tape, during the melting process. 

Fig. 13. The energy storage for the base case, horizontal fins, vertical fins, 
helical fins, horizontal tape, vertical tape, twisted tape, and combined helical 
fins with twisted tape, during the melting process. 
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demonstrated in Fig. 9. The incorporation of a tape twist leads to 
noteworthy gains in melting performance. Therefore, the pumping 
power needed for the configuration with twisted tape is only marginally 
higher than that needed for the straight tape setup. However, it is still 
significantly higher when compared to the LHTES without tape, at the 
same Reynolds number. 

4. Conclusions 

In this study, the influence of different pipe configurations with 
external fins and internal tapes on the melting process in a shell and tube 
Latent Heat Thermal Energy Storage (LHTES) system was investigated. 
Stearic acid served as the Phase Change Material (PCM), and water, 
heated to 358.13 K, as the Heat Transfer Fluid (HTF) was used. The 
configurations studied included: the base case with a simple pipe, a pipe 
with horizontal fins, a pipe with vertical fins, a pipe with helical fins, a 
pipe with horizontal internal tape, a pipe with internal vertical tape, a 
pipe with internal twisted tape, and pipe with helical fins with twisted 
tape. 

The use of horizontal fins, vertical fins, and helical fins leads to a 
significant enhancement in the melting process, reducing the full 
melting time by 7.2 %, 38.7 %, and 23.5 %, respectively, in comparison 
to the base case which was ~69 min where the simple straight pipe was 
used. By employing various configurations with external fins, the heat 
transfer surface area is increased, facilitating efficient heat transfer be-
tween the HTF tube and PCM. Simultaneously, this minimises temper-
ature gradients within the PCM, leading to a more uniform temperature 
distribution and ensuring stable and predictable thermal performance. 

The LHTES with tape also affects accelerated melting time, although 
to a lesser extent compared to fins. Specifically, twisted tape emerges as 
a highly effective promoter of enhanced heat convection due to the 
HTF’s rotation about the LHTES axis. It is worth noting that the use of 
tape introduced a slight penalty in pressure drop, causing additional 
pumping power. Nevertheless, it still offers comparable thermal per-
formance advantages compared to the base case. 

The implementation of tapes in HTF pipes offers several practical 
advantages. Firstly, it helps increase heat transfer from the HTF pipe 
without impacting the PCM volume or its original shape. Secondly, the 
utilisation of tapes proves beneficial in scenarios where the installation 
of conventional fins on the HTF pipe is impractical or not feasible. In 
such cases, tapes provide a viable alternative for enhancing heat transfer 
within the system. Lastly, when combining helical fins with twisted tape, 
the resultant synergistic effect leads to the fastest melting rate. This 
innovative approach holds promise for achieving rapid and efficient 
phase change processes. 

The melting performance is similar using both configurations with 
vertical and horizontal tapes, ensuring consistent heat transfer between 
the HTF and PCM. However, significant performance variations are 
observed using straight external vertical and horizontal fins. The vertical 
fins outperform horizontal fins in terms of rate of melting PCM, this is 
mainly because the lower fin in the vertical configuration is positioned 
closer to the lower part of the LHTES. 

The combination of helical fins and twisted design led to the highest 
melting process within the range of 0 to 29 min. Then, the vertical fins 
design exhibits a slightly better melting process. This combination offers 
several practical benefits, providing rapid and efficient phase change 
transition without affecting the fluid flow pattern. Additionally, the fins 
or tapes inserted allow for further compaction of the LHTES designs, 
achieving a higher energy storage density and resulting in cost savings, 
especially when the PCM is expensive. This compact design leads to a 
lighter LHTES, making it fit for applications with limited space. 

Fig. 14. The heat transfer rate (a) and Nu number (b) for the base case, hori-
zontal fins, vertical fins, helical fins, horizontal tape, vertical tape, twisted tape, 
and combined helical fins with twisted tape, during the melting process. 

Fig. 15. The pressure drop Δp of LHTES, without a tape. Straight tape and 
twisted tape. 
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A detailed analysis of an HTF tube with fins and tape configurations 
shows that the use of helical fins and twisted tape configurations can 
significantly improve the thermal performance of LHTES. One of the 
problems associated with the use of these configurations is the difficulty 
in manufacturing this type of system. Therefore, the next phase of the 
study should focus on the optimisation of such LHTES systems taking 
into account the complexity of the manufacturing processes. 

Also, the next important step in the development of LHTES is to 
develop mathematical models that allow researchers and engineers to 
predict the behaviour of different LHTES systems under different con-
ditions and using different configurations and PCMs. By addressing 
these challenges, LHTES systems can play an important role in the 
development of sustainable thermal energy storage solutions. 

The results of this study provide important guidelines for the design 
of thermal storage systems. It is expected that this study will signifi-
cantly contribute to more efficient and economically practical LHTES 
systems for solar power plants, waste heat recovery systems, thermal 
energy storage systems, and heating and cooling systems. 
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