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Abstract: Technological development in latent heat storage (LHS) systems is essential for energy
security and energy management for both renewable and non-renewable sources. In this article, nu-
merical analyses on a shell-and-tube-based LHS system with coupled thermal enhancement through
extended fins and nano-additives are conducted to propose optimal combinations for guaranteed
higher discharging rate, enthalpy capacity and thermal distribution. Transient numerical simulations
of fourteen scenarios with varied combinations are investigated in three-dimensional computational
models. The shell-and-tube includes paraffin as phase change material (PCM), longitudinal, ra-
dial and wire-wound fins and graphene nano-platelets (GNP) as extended fins and nano-additives,
respectively. The extended fins have demonstrated better effectiveness than nano-additives. For
instance, the discharging durations for paraffin with longitudinal, radial and wire-wound fins are
shortened by 88.76%, 95.13% and 96.44% as compared to 39.33% for paraffin with 2.5% GNP. The
combined strengths of extended fins and nano-additives have indicated further enhancement in
neutralising the insulative resistance and stratification of paraffin. However, the increase in volume
fraction from 1% to 3% and 5% is rather detrimental to the total enthalpy capacity. Hence, the novel
designed wire-wound fins with both base paraffin and paraffin with 1% GNP are proposed as optimal
candidates owing to their significantly higher heat transfer potentials. The proposed novel designed
configuration can retrieve 11.15 MJ of thermal enthalpy in 1.08 h as compared to 44.5 h for paraffin in
a conventional shell-and-tube without fins. In addition, the proposed novel designed LHS systems
have prolonged service life with zero maintenance and flexible scalability to meet both medium and
large-scale energy storage demands.

Keywords: thermal energy storage (TES); latent heat storage (LHS); graphene nano-platelets; solidifi-
cation; heat transfer enhancement; shell-and-tube heat exchanger

1. Introduction

The rapidly depleting non-renewable sources and the associated ecological and envi-
ronmental threats have prompted to bring about advancement in energy management and
to switch reliance onto renewable sources to ensure long-term energy security. In spite of
increasing global trend to capitalise on renewable sources, its total contribution is less than
one-third in global energy demand [1,2]. Therefore, the innovation and development in
energy technologies are crucial for sustainable growth towards a carbon neutral world [3].
Recent development in energy storage systems have inculcated broad-ranging advantages,
such as better load management and peak shaving, damping energy fluctuations, improv-
ing energy security and reliability. In addition, energy storage systems are essential in
promoting an increased penetration of renewable energy in the global energy mix [4].
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In the past decade, thermal energy storage (TES) systems have noticed an increased
attention from scientists and engineers as a potential candidate to contribute to sustainable
global energy demands. Latent heat storage (LHS) systems with a broad range of materials
in sub-zero and low-medium-high temperature ranges along with higher energy storage
capacity and easier integration into industrial, commercial and domestic setups have been
regarded as a promising technological solution [5–7]. However, the large-scale employment
of LHS systems and their projected penetration into the global energy mix are hindered
by the insulative nature of phase change materials (PCM), which are utilised as energy
storage medium. To counter the insulative nature, several methods have been investigated,
such as the geometrical configuration of the heat exchanger, addition of extended fins,
nano-additives, metal-matrix, micro- and macro-encapsulation [7–9].

Shell-and-tube dominates the global heat exchanger market due to its superior thermo-
physical performance, compact and robust design, easier upgradation and integration to
wider practical applications [10,11]. Similarly, the inclusion of a variety of extended fins to
shell-and-tube-based LHS systems were previously reported. Essa et al. [12] conducted
experimental investigations on the effectiveness of helical and longitudinal fins in a solar-
based heat pipe system. It was reported that the discharging efficiency for helical fins
at higher flow rates were 15.13% higher as compared to longitudinal fins. However, the
discharging efficiency for helical fins at lower flow rates demonstrated a relative reduction
of 3.69%, owing to weaker natural convection in paraffin at lower flow rates. Gil et al. [13]
conducted experimental investigations to evaluate the impact of transversal squared fins
on the effective thermal conductivity of a pilot plant-scale LHS system. It was reported
that the effective thermal conductivity improved by 25.83% with fins as compared to the
no-fins setup. Likewise, the comparative analysis of longitudinal and triangular fins in
a horizontally oriented shell-and-tube were performed by simulating two-dimensional
computational domains [14,15]. It was reported that triangular fins indicated superior
performance compared to longitudinal fins. However, the design constrains were ignored,
which caused incomparable total energy capacity. Similarly, the impact of solid and
perforated radial fins on thermal enhancement of a vertically oriented shell-and-tube was
experimentally studied in [16]. It was reported that perforated radial fins promoted natural
convection and hence, the thermal performance was improved by 7%.

Likewise, Anish et al. [17] conducted two-dimensional numerical investigations on
a horizontal shell-and-tube with multi-tube and longitudinal fins-based LHS system. It
was noticed that the increase in the number of multi-tubes from 5–9, number of fins from
2–6 per tube and length of fins from 6–15 mm improved the thermal performance by 40%,
8% and 31%, respectively. However, it compromised the storage capacity and suppressed
the buoyancy-driven natural convection. Lu et al. [18] experimentally examined multi-
tube with helical fins in a vertical shell-and-tube. It was construed that, although the
multi-tube with helical fins significantly improved the melting and solidification rates, the
optimum effectiveness in the solidification process was curtailed by insulative solidified
layers of PCM. Ge et al. [19] conducted two-dimensional numerical investigations on a
multi-tube with optimised topology and longitudinal fins in a horizontally oriented shell-
and-tube. It was reported that the topology-optimised fins indicated 57.1% improvement
over longitudinal fins. However, the length of the topology-optimised and longitudinal fins
was not constrained, which could potentially lead to uncertain results of the comparative
analysis. Khan et al. [20] conducted a parametric evaluation focusing on the number and
orientation of the multi-tube, along with geometrical sizing and material of longitudinal
fins in a vertically oriented shell-and-tube-based LHS system. An optimised novel design
comprising 21 copper-based multi-tubes and 76 longitudinal fins in a shell container was
proposed. Later on, the proposed optimal design was experimentally analysed for charging
and discharging cycles at the range of operating conditions to gauge its robustness and
effectiveness for potential practical applications [21–23]. It was observed that the proposed
optimal design was effective in charging 14.36 MJ of thermal enthalpy in 3.12 h and
discharging 12.09 MJ in 1.5 h, respectively. Moreover, the significant influence of natural
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convection on the temperature distribution in the shell container and subsequent impacts
on the charging/discharging rates were discussed. It is deduced from the literature that
extended fins have potentials to bring about significant thermal enhancement in the shell-
and-tube. However, the disadvantage associated with extended fins include the overall
weight increase of LHS system.

To moderate the downside related to extended fins, the addition of nano-additives
has been considered as a promising alternative [24,25]. However, the continuous charging
and discharging cycles of LHS system can cause agglomeration and sedimentation issues
for nano-additives with relatively higher density than the base PCM. Moreover, besides
improving the thermal conductivity through nano-additives, the dynamic viscosity would
also be influenced, which could be detrimental for natural convection and thermal distri-
bution within the shell container [26–28]. Therefore, the carbon allotropes with optimal
concentration are deemed as appropriate nano-additives because of their lower density,
better particles distribution and extended suspension in the base PCM. Furthermore, the
combination of extended fins and nano-additives would potentially generate significant
thermal enhancement in LHS systems.

Goodarzi et al. [29] conducted experimental investigations on thermofluidic char-
acteristics of graphene oxide nano-platelets based nano-PCM in a vertical annular heat
exchanger. It was reported that the heat transfer performance can be augmented by increas-
ing the values of parameters, such as concentration of graphene oxide, inlet temperature
of heat transfer fluid and heat flux. Yarmand et al. [30] prepared and analysed hybrid
GNP-Pt-based nano-PCM. It was noticed that with the inclusion of 0.1 wt% of hybrid
nano-additives, the thermal conductivity and viscosity can be improved by 17.77% and
33%, respectively. Likewise, Goodarzi et al. [31] conducted numerical investigations on the
thermal performance enhancement of a heat exchanger with varied cross-sections, such
as circular, trapezoidal and square and hybrid GNP-Ag based nano-PCM. Li et al. [32]
reported that the thermal conductivity and heat transfer coefficient of a heat exchanger
can be augmented by 14% and 73% with inclusion of 0.1 wt% of carbon nano-additives to
base acetone.

Sarani et al. [33] conducted numerical investigations on longitudinal fins and copper
oxide on the discharging cycle of paraffin in a two-dimensional computational domain
of shell-and-tube. It was noticed that, compared to paraffin with longitudinal fins, the
inclusion of copper oxides reduced the solidification duration from 3.17 h to 1.77 h. Hos-
seinzadeh et al. [34] investigated the combined impact of longitudinal fins and hybrid
MoS2-Fe3O4-based nano-additives on the discharging cycle in a two-dimensional compu-
tational model of a horizontal triplex tube-based LHS system. It was reported that the
solidification rate was improved by 14% for combined enhancement as compared to the
individual enhancement of 9% for longitudinal fins and 4% for nano-additives, respectively.
Sheikholeslami et al. [35] examined the influence of v-shaped extended fins and copper
oxide as nano-additives on the solidification process by simulating a two-dimensional
computational model of a vertical LHS unit. It was reported that the combined effect
of extended fins and nano-additives expedited the solidification process. However, as
similar to the majority of the published literature, the impact of natural convection on
the solidification process was not considered. Mahdi and Nsofor [36] investigated the
solidification performance of nano-PCM with longitudinal fins and aluminium oxide-based
nano-additives in a horizontally oriented triplex tube-based LHS system. It was noted
from two-dimensional numerical simulations that the solidification duration was reduced
by 33.4% for coupled enhancement as compared to 31.5% reduction for fins alone. Further-
more, Singh et al. [37] experimentally investigated the discharging behaviour of nano-PCM
with radial fins and GNP as nano-additives in a vertical shell-and-tube. It was reported
that the discharging rate was improved by 49% for coupled enhancement as compared to
26% for individual enhancement through radial fins.

It can be noticed that coupled enhancement through extended fins and nano-additives
have significant potential to upgrade the melting and solidification performance of LHS
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systems. However, it can also be deduced that the literature lacks novel geometrical
designs for shell-and-tube with extended fins to capitalise on the strengths and overcome
the limitations incurred by conventional longitudinal and radial fins. Furthermore, the
published literature has primarily reported two-dimensional numerical simulations and
lacks three-dimensional transient simulations which could provide more detailed and
relatively accurate thermo-physical performance evaluation of LHS systems. Lastly, the
literature also lacks the comparative numerical analyses on solidification behaviour of
carbon allotropes-based nano-PCM with varied volume fractions and varied geometrical
designs of extended fins in three-dimensional computational domains.

To address the mentioned gaps in the literature, a novel designed shell-and-tube
with wire-wound fins and graphene nano-platelets (GNP) with varied volume fractions
is numerically investigated through transient simulations on discharging cycles in three-
dimensional computational domains. In addition, the comparative analyses are conducted
by simulating the discharging cycles for fourteen varied scenarios including base PCM and
nano-PCMs in a shell-and-tube with a standard plain tube and a tube with longitudinal,
radial and wire-wound fin configurations. In our previous publication [38], the influence
of coupled enhancement on charging cycles of LHS systems were discussed. Whereas this
article is focused on understanding and investigating the impact of coupled enhancement
on discharging cycles of LHS systems, which has not been reported in the literature.
Furthermore, this article will propose optimal combinations of coupled enhancement for
the LHS system which will generate higher discharging rate, higher energy capacity and
better heat distribution to ensure long-term practical utilisation in wider applications.

2. Numerical Modeling
2.1. Physical Models

In order to acquire optimal performance enhancement in a shell-and-tube-based LHS
system, the coupled enhancement through extended fins and nano-additives are introduced
and investigated in three-dimensional computational domains. The physical models of
coupled enhancements include longitudinal, radial and wire-wound fins with nano-PCMs
in shell-and-tube configuration, as illustrated in figure number 1 in [38]. The motive be-
hind transient simulations of coupled enhancement in three-dimensional computational
domains is to propose an optimal combination that can guarantee the retrieval of higher
enthalpy capacity at higher discharging rate, better thermal distribution in the shell con-
tainer and higher heat transfer performance. Moreover, the transient simulations empower
to track and gauge the phase front propagation and the impact of natural convection on
the solidification process in the respective coupled enhancement scenario.

As illustrated in figure number 1 in [38], the physical models of shell-and-tube with
multiple passes and tubes with longitudinal, radial and wire-wound fins conform to
geometrical constrains and symmetries. To reduce the computational cost and time, the
computational domain for each extended fin scenario is chosen by adhering to geometrical
symmetries of tube passes in the shell container. To perform a comparative analysis, the
length, thickness and volume occupation of extended fins are constrained to 50.8 mm,
1 mm and 93.5 cm3, respectively. To comply with the assigned constrains, the longitudinal
fins configuration comprises 8 vertical fins with symmetrical distribution across the tube
diameter. Hence, the longitudinal fins are 45◦ apart to each other. In the case of the radial
fin configuration, the assigned constrains are realised by 8 radial fins with symmetrical
distribution across the tube height. Thus, the radial fins are distanced by 30 mm to each
other. Likewise, in the case of the wire-wound fins configuration, the assigned constrains
are satisfied with a symmetrical distribution of 50 fins per loop across the tube diameter
and 23 loops across the tube height. The radial distribution for wire-wound fins makes 7.2◦

to each other and the vertical distribution of the loop centres are at a 10-mm distance to
each other. Furthermore, the external diameter and height of all computational domains
are identical at 148 mm and 230 mm, respectively.
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A shell-and-tube with extended fins is made of copper due to its favourable char-
acteristics including easier welding and bending, higher thermal conductivity and good
compatibility with nano-PCMs. Paraffin (RT44HC) is chosen as base thermal storage
material for the reasons of excellent thermo-physical stability and reliability, higher heat
storage capacity and good compatibility with metals and nano-additives [7,39]. Likewise,
GNP are selected as nano-additives because of their desired potentials including higher
thermal conductivity, lighter density, excellent emulsification and longer suspension in
base paraffin [27]. Nano-PCM occupy the volume in the shell container, whereas water
is employed as the heat transfer fluid (HTF) to flow in the tube and retrieve the thermal
enthalpy from nano-PCM. Table 1 provides the thermal and physical properties of materials
involved. Moreover, Table 2 provides the list of fourteen couple enhancement scenarios
involving both paraffin and nano-PCMs in the tube without and with extended fins. For
comparative analyses, the packing factor (P.F) ratio provides a rationale to compare coupled
enhancement scenarios with identical values.

Table 1. Thermal and physical properties of materials involved in coupled enhanced LHS systems
are provided below in the table and have been obtained from suppliers [39,40] and are in the
public domain.

Units Paraffin Copper GNP

Density kg/m3 800 (s), 700 (l) 8920 400
Thermal conductivity W/m 0.2 400 3000
Specific heat capacity kJ/kg K 2.0 380 643
Latent heat capacity kJ/kg 255 - -

Phase change temperature ◦C 41–44 - -

Table 2. Number of coupled enhancement cases and their respective packing factor value.

Case No. Extended Fins PCM P.F *

1 No-fins Paraffin 1
2 No-fins Nano-PCM—2.5% GNP 0.975
3 Longitudinal fins Paraffin ′ ′

4 Radial fins Paraffin ′ ′

5 Wire-wound fins Paraffin ′ ′

6 Longitudinal fins Nano-PCM—1% GNP 0.965
7 Radial fins Nano-PCM—1% GNP ′ ′

8 Wire-wound fins Nano-PCM—1% GNP ′ ′

9 Longitudinal fins Nano-PCM—3% GNP 0.945
10 Radial fins Nano-PCM—3% GNP ′ ′

11 Wire-wound fins Nano-PCM—3% GNP ′ ′

12 Longitudinal fins Nano-PCM—5% GNP 0.925
13 Radial fins Nano-PCM—5% GNP ′ ′

14 Wire-wound fins Nano-PCM—5% GNP ′ ′

* ϕP.F = VPCM
VS

2.2. Governing Equations and Computational Assumptions

In order to conduct transient numerical simulations on coupled enhancement scenarios
in three-dimensional computational domains, the following assumptions are implemented
to achieve reduced computational complexity, cost and time:

• During the solidification process, the volumetric shrinkage of nano-PCMs is neglected;
• Exterior boundaries of computational domains are assigned with adiabatic conditions;
• A fully developed flow condition with negligible temperature variations in HTF is

assumed, and hence, a constant wall temperature is assigned to the tube boundaries;
• Nano-PCMs are incompressible and natural convection is calculated by implementing

the Boussineq approximation.
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The numerical methodology is developed for discharging cycles of coupled enhance-
ment scenarios by considering the computational assumptions. The mass, momentum and
energy conservation equations are:

∂ρ

∂t
+∇ ·

(
ρ
→
V
)
= 0 (1)

∂

(
ρ
→
V
)

∂t
+ ρ
→
V·
(
∇.
→
V
)
= −∇P + µ∇2·

→
V + ρβ

→
g (T − TREF) +

C(1− f )2

( f 3 + α)

→
V (2)

∂(ρH)

∂t
+∇·

(
ρH·

→
V
)
= ∇·

(
k

ρCP
∇H

)
+ q (3)

During the discharging cycle, the phase transformation from liquid-mushy-solid is
evaluated by implementing the enthalpy-porosity method. It was observed from the
literature that natural convection is usually neglected in the solidification process of the
LHS system. In the current study, the influence of natural convection on the discharging
cycle is computed by incorporating the Boussineq approximation [41] in the equation
for momentum conservation (Equation (2)). Transient density variations with respect
to temperature of nano-PCMs are considered for calculating the instantaneous natural
convection and phase front propagation in a three-dimensional computational domain.
During the phase transformation from liquid-mushy-solid, the enthalpy-porosity technique
considers the mushy zone as a porous medium. The liquid fraction in mesh cells is
associated with the porosity. Darcy’s law for porous media [42] and momentum sink
terms are included in the momentum conservation (Equation (2)) for measuring the liquid
fraction and for damping phenomena caused by variations in velocities in the mushy zone,
respectively. The damping amplitude during the liquid-solid transition is controlled by
the morphological constant C, which has a functional value range from 105–107. A higher
morphological constant value exhibits a sharper transition for mushy zone velocities to
standstill as the liquid fractions progress from 1 to 0. Therefore, the numerical simulation
results are equated with experimental results in [22] and the morphological constant of 106

is chosen for obtaining a good agreement. Likewise, the liquid fraction f is associated with
instantaneous temperature T of nano-PCM, as follows:

f =


0 T < TS

1 T > TL
T−TS
TL−TS

TS ≤ T ≤ TL

(4)

where TS and TL are solidus and liquidus temperatures of nano-PCM. Moreover, a small
computational number (α = 10−3) is included in Equation (2) to intercept a division by
zero. In the energy conservation statement (Equation (3)), the overall enthalpy H is the
aggregation of sensible and latent enthalpies and can be calculated as follows:

H = hREF +
∫ T

TREF

CPdT + f L (5)

where the 1st term on right-hand side of Equation (5) illustrates the reference enthalpy of
nano-PCM at reference temperature (TREF = 273.15 K). Similarly, the 2nd and 3rd terms
demonstrate the sensible and latent enthalpies, respectively. In case of coupled enhance-
ment scenarios, the transient changes in thermal and physical characteristics of nano-PCMs,
comprising base paraffin and GNP as nano-additives, are estimated by implementing the
formulas for the mixture of two components, as given below [43]:

ρnPCM = ΦVCρGNP + (1−ΦVC)ρPCM (6)
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βnPCM =
ΦVCρGNPβGNP + (1−ΦVC)ρPCMβPCM

ρnPCM
(7)

CP,nPCM =
ΦVCρGNPCP,GNP + (1−ΦVC)ρPCMCP,PCM

ρnPCM
(8)

LnPCM =
(1−ΦVC)ρPCMLPCM

ρnPCM
(9)

Moreover, the Corcione semi-empirical model [44] is implemented to evaluate the
transient variations in the dynamic viscosity by taking into account the particle size and
volume fraction of GNP, and the instantaneous temperature. Transient variations in the
dynamic viscosity of paraffin and nano-PCMs are calculated from Equations (10) and (11),
as follows [44,45]:

µPCM = 0.001exp
(
−4.25 +

1790
T

)
(10)

µnPCM =
µPCM

1− 34.87(dGNP/dPCM)−0.3ΦVC
1.03

(11)

dPCM = 0.1
(

6MW
πNAρPCM,O

)0.333
(12)

where dPCM represents the equivalent diameter of paraffin and the diameter of GNP is
equal to dGNP = 6 nm [27,40]. Furthermore, the transient changes in the effective thermal
conductivity of nano-PCMs are realised by implementing the semi-empirical model derived
by Vajjha and Das [46]:

knPCM =
kGNP + 2kPCM − 2(kPCM − kGNP)ΦVC
kGNP + 2kPCM + (kPCM − kGNP)ΦVC

kPCM + 5× 104ζρPCMΦVCCP,PCM

√
κBT

ρGNPdGNP
f (T, ΦVC) (13)

f (T, ΦVC) =
(

2.8217× 10−2ΦVC + 3.917× 10−3
)(TnPCM

TREF

)
+
(
−3.0669× 10−2ΦVC − 3.91123× 10−3

)
(14)

In Equation (13), the modulating parameters include the particle size and volume
fraction of GNP, thermo-physical characteristics of both paraffin and GNP, instantaneous
temperature and the Brownian motion of particles in liquidus nano-PCM. In Equation (13),
the 1st term is the static contribution to knPCM which is derived from the Maxwell model [47],
whereas the 2nd term accounts for the dynamic contribution including the Brownian motion.

2.3. Initial and Boundary Conditions

In the discharging cycle, the heat transfer between low-temperature water in the
tube and high-temperature liquid nano-PCM in the shell container enables the phase
change from liquid-mushy-solid. To simulate the discharge cycle, the initial temperature
of nano-PCM in the shell container is set to 62 ◦C, which guarantees an initial liquid state.
Similarly, the inner wall of tube is set to 15 ◦C, which simulates the low-temperature
municipal water [22]. The discharging cycle completes at instant when the entire volume
of nano-PCM registers the temperature in solidus state.

2.4. Numerical Simulation Procedure

The finite volume method (FVM) is implemented to discretise the mass, momentum
and energy equations for coupled enhancement scenarios in three-dimensional computa-
tional domains, as illustrated in Figure 1 in [38]. A pressure-based sequential algorithm is
chosen for simulating the transient discharging cycle. The pressure-implicit with splitting
of operators (PISO) algorithm is adopted for pressure-velocity coupling in the momen-
tum equation (Equation (2)). The pressure staggering option (PRESTO) and second-order
upwind schemes are considered for pressure corrections and spatial discretisation of the
convective terms in Equations (2) and (3). The Green–Gauss theorem is employed for
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nodal-based spatial discretisation of gradients and derivatives. Moreover, the absolute con-
vergence criterion for residuals in the governing equations are examined at each time step
for values less than 10−6. A first-order implicit time-stepping approach with fixed iterations
is chosen for a stable solution of the transient discharging cycle. User-defined functions
(UDF) are utilised to formulate temperature-dependent thermo-physical characteristics of
nano-PCMs.

It is imperative for the accuracy and precision of the numerical results that the time-
stepping and grid-resolution independency are established for the aforementioned coupled
enhancement scenarios including the no-fins, longitudinal, radial and wire-would fins
configurations. In the case of grid-resolution, the transient discharging simulations are
conducted with fixed time-stepping (∆t = 1 s) for three varied mesh sizes of each computa-
tional domain. The liquid fractions for each scenario are matched and the grid-resolution
independency with mesh sizes of 5.35 × 107, 3.70 × 107, 2.35 × 107 and 8.08 × 107 are
established, respectively. Likewise, the time-stepping for all scenarios with their respective
grid-resolutions are investigated with three different time steps of 0.1, 0.5 and 1 s. The
liquid fractions response to the varied time-stepping are uniform, and hence, the time step
of 1 s is chosen for reliable numerical results at lower computational cost [38].

To validate the numerical simulation results, the transient temperature plots from
the discharging cycles in three-dimensional computational domains are compared with
experimental data for paraffin with longitudinal fins in [22] and nano-PCM with 1% GNP
in the shell-and-tube in [27], as illustrated in Figure 1. The computational domains for
both scenarios are developed by considering their respective geometrical configurations,
material characteristics, initial and boundary conditions for discharging cycles as described
in [22,27]. The robustness and accuracy of the numerical simulations are validated by
showcasing good agreement between the experimental and numerical temperature profiles.
Mean absolute errors for both scenarios are computed to be 2.57% for Figure 1a and 2.87%
for Figure 1b.
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3. Results and Discussion
3.1. Discharging/Solidification Cycles

During the solidification process, the heat transfer between low-temperature water
flowing in the tube and high-temperature liquid nano-PCM in the shell container can
be categorised into three distinctive stages. In the initial stage, the higher temperature
gradient enables the rapid extraction of thermal energy from liquid nano-PCM. Hence, the
heat flux upsurges to reach its peak value. In this stage, the sensible portion of the overall
enthalpy is discharged by liquid nano-PCM, the temperature decreases from 62 to 44 ◦C
and the heat transfer is governed by both natural convection and conduction. In the second
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stage, the phase transition from liquid-mushy-solid originates as the nano-PCM begins
to discharge the latent enthalpy. A solidified layer starts developing on the exterior fin
of multi-tube passes, which thickens as the discharging cycle proceeds. The formation of
the solidified layer coupled with the reduction in temperature gradient weakens the heat
flux with a sharp decline and is followed by a gradual decrease until the completion of
the second stage. In this stage, both natural convection and conduction influence the heat
transfer; however, the dominance of conduction is noticed as the solidified layer thickens.
In the discharging cycle, the second stage demands the longest duration to release the
higher latent enthalpy of nano-PCM with relatively weaker heat flux as the temperature
reduces from 44 to 41 ◦C. In the final stage, the sensible portion of the overall enthalpy is
discharged by solidified nano-PCM, which follows the trend of gradual reduction in heat
flux from the earlier second stage. It is due to the further reduction in temperature gradient
and maximum resistance to heat transfer by the solidified layers. In this stage, conduction
heat transfer is dominant and the temperature reduces from 41 to 15 ◦C.

In order to conduct the comparative thermal analysis of fourteen coupled enhancement
scenarios, the transient numerical simulation of case 1 is chosen as benchmark. In case 1,
paraffin without nano-additives and a tube without extended fins, having the packing factor
equal to 1, is simulated in a three-dimensional computational domain. Figure 2 presents the
temperature, total enthalpy and liquid fraction contours throughout the discharging cycle.
The temperature contours are demonstrated in the top row, whereas the cross-sectional
view of the temperature contours on the left and liquid fraction and total enthalpy on the
right are illustrated in the bottom row. Moreover, the transient responses of velocity of
phase front movement, liquid fraction, temperature, enthalpy, heat flux and heat transfer
coefficient throughout the discharging cycle are provided in Figure 3.
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In the earlier stages of the discharging cycle, the higher temperature gradient elevates
the heat flux which results in a rapid discharge of sensible enthalpy. In this stage, the heat
flux and mean velocity record their peak values of 3.279 kW/m2 and 0.434 mm/s, as shown
in Figure 3. In the second stage, the liquid paraffin in contact with exterior fin of the cold
tube discharges the latent enthalpy and a phase change occurs from liquid–mushy–solid.
Figure 2 illustrates that, although the solidified layer thickness increases near the cold
exterior fin of the tube, the thermal propagation is quite weak in the regions even at short
distances from the solidified layers. It confirms the insulative nature of paraffin both in
liquid and solid phases. Moreover, the upward movement of high-temperature liquid
paraffin under the influence of buoyancy validates the influence of natural convection on
the solidification process. It can be noticed from the contours that paraffin in the lower
section of the shell container discharges the total enthalpy and undergoes a phase transition
relatively quicker due to the temperature gradient established along the height of the shell
container. However, the weaker thermal propagation and accumulation of liquid paraffin
in upper section provide hurdles to the solidification process, and therefore, the duration
to complete the discharging cycle increases. For instance, while discharging for 5, 10, 20, 30
and 40 h, the liquid fraction for paraffin in the entire computational domain is reduced to
0.611, 0.462, 0.269, 0.123 and 0.016, respectively. Likewise, the total enthalpy is reduced to
182.8, 141.8, 88.99, 49.26 and 13.28 kJ/kg, respectively. In the second stage, the solidified
layer is controlled by conduction heat transfer and the liquid paraffin by natural convection.
It is also noted that with the growth in the solidified layer, the velocity of liquid paraffin
decreases, and hence, the heat transfer is dominated by conduction. In the final stages, the
insulative nature of the solidified layer intensifies, and hence, the heat flux, liquid fraction
and total enthalpy curves demonstrate a gradual logarithmic reduction. Finally, the total
discharging duration for paraffin in case 1 is 44.5 h.

In order to overcome the insulative behaviour of paraffin, the inclusion of GNP, longi-
tudinal, radial and wire-wound fins are investigated in three-dimensional computational
domains. The packing factor for these four scenarios (cases 2–5) are equal to 0.975, as
shown in Table 2. Therefore, the comparative analyses between these thermal enhancement
techniques can be conducted. Figures 4 and 5 demonstrate the thermal contours and
transient responses to discharging cycles, respectively.

As compared to case 1, the inclusion of nano-additives in case 2 and extended fins in
cases 3–5 have exhibited significant effectiveness in overcoming the insulative behaviour
of paraffin. In case 2, the effective thermal conductivity of nano-PCM is augmented by the
inclusion of 2.5% GNP. In consequence, the heat flux peaks to 3.978 kW/m2 and the mean
velocity to 0.456 mm/s. However, due to plain tube without extended fins, the thermal
reach across the radial direction and accumulation of liquid nano-PCM in upper section of
shell container remains similar to case 1, as shown in Figure 4a. Hence, the inclusion of
nano-additives alone could not subdue all limitations incurred in case 1. Moreover, the
transient variations during the discharging cycle follow similar trends as case 1, as evident
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from Figure 5a,b. Regardless, as compared to case 1, the total discharging duration with
inclusion of nano-additives in case 2 is reduced by 39.33% to 27 h.

Figure 4. Cont.
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Figure 4. Temperature, total enthalpy and liquid fraction behaviour while discharging in the shell-and-tube with: (a) 2.5%
GNP and no-fins (case 2), (b) longitudinal fins (case 3), (c) radial fins (case 4) and (d) wire-wound fins (case 5).
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Figure 5. Transient performance of discharging cycles in shell-and-tube with: (a,b) 2.5% GNP and no-fins (case 2),
(c,d) longitudinal fins (case 3), (e,f) radial fins (case 4) and (g,h) wire-wound fins (case 5).
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In the case of longitudinal fins in case 3, the resistance to the discharging cycle by
the low thermal conductive paraffin is suppressed by a significant enhancement in the
thermal distribution and reach in both radial and vertical directions in the shell container,
as becomes evident from Figure 4b. In consequence, the heat flux and mean velocity peak
to 58.79 kW/m2 and 3.436 mm/s, as illustrated in Figure 5c,d. It can be observed from the
thermal contours that the longitudinal fin design supports the buoyancy driven natural
convection. Hence, the thermal gradient across the vertical direction is developed, similar
to case 1 and case 2. However, due to better thermal reach and distribution by longitudinal
fins, the thermal enthalpy from paraffin in the upper section of the shell container is
rapidly retrieved. As a result, the total discharging duration is reduced by 88.76% to 5 h, as
compared to case 1.

In case 4, the inclusion of radial fins further improves the thermal distribution and
reach in both radial and vertical directions, as evident from the thermal contours in
Figure 4c. However, the upward movement of liquid paraffin is hindered by radial fins, and
hence, the buoyant forces-influenced natural convection is significantly reduced. In conse-
quence, the heat flux and mean velocity curves record their peak values of 39.32 kW/m2

and 1.964 mm/s, as shown in Figure 5e,f. It can be noticed that the confined liquid paraf-
fin between radial fins across the vertical direction discharges the thermal enthalpy in a
symmetrical manner. It suggests an improved thermal retrieval rate from paraffin, as the
accumulation of liquid paraffin in upper section is avoided. As a consequence, the total
discharging duration is reduced by 95.13% to 2.17 h, as compared to case 1.

Based on the merits and limitations of longitudinal and radial fins, the novel wire-
wound fins configuration is designed and simulated in a three-dimensional computation
domain. Although the geometrical constrains and packing factor of wire-wound fins
(case 5) are similar to longitudinal fins (case 3) and radial fins (case 4), the novel design of
wire-wound fins configurations generates 85.05% and 83.57% comparative enhancement
in surface area for heat transfer, respectively. Therefore, due to the improved thermal
distribution and reach in radial and vertical directions, along with provision for natural
convection and phase front movement, the heat flux and mean velocity curves peak to
99.97 kW/m2 and 2.168 mm/s, as shown in Figure 5g,h. Moreover, as evident from the
thermal contours in Figure 4d, the thermal retrieval from paraffin in the shell container
is significantly faster due to closer proximity to wire-wound fins in both vertical and
radial directions. It can be noticed from the transient response of the wire-wound fins
configuration that a significant portion (almost 80%) of thermal enthalpy is discharged
in earlier stages (almost 20% of total duration) of the discharging cycle. Furthermore, as
compared to case 1, the total discharging duration is significantly reduced by 96.44% to
mere 1.58 h.

It is also confirmed that the thermal enhancement through extended fins is more effec-
tive than nano-additives in reducing the discharging duration for paraffin in computational
domains with similar packing factor (case 2–5). For instance, after discharging at a similar
inlet temperature for 1 h, the remaining total enthalpy in the computational domains for
cases 2–5 is 243.9, 126.6, 62.13 and 12.19 kJ/kg, respectively. In other words, the total
discharging duration is reduced by 81.48%, 91.96% and 94.15% for longitudinal, radial and
wire-wound fins (case 3–5) as compared to case 2.

3.2. Discharging/Solidification Cycles with Coupled Enhancement

In this section, the individual potentials of nano-additives and extended fins are
combined to simulate, investigate and evaluate their effectiveness in coupled enhancement
scenarios. As shown in Table 2, the coupled enhancement scenarios (cases 6–14) include
longitudinal, radial and wire-wound fins with 1%, 3% and 5% GNP based nano-PCMs. In
order to draw a comparison, the thermal contours and transient responses of paraffin and
nano-PCMs with extended fins are presented in Figures 6 and 7.

As discussed in Section 3.1, the inclusion of nano-additives improves the effective
thermal conductivity and the inclusion of extended fins augments the surface area for
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heat transfer, thermal reach and distribution. Hence, the coupled enhancement scenarios
are expected to improve the rate of thermal enthalpy retrieval from nano-PCMs. As
evident in Figure 6, the temperature and enthalpy contours illustrate an improved thermal
performance for nano-PCMs with extended fins as compared to paraffin with extended fins,
while discharging for 1 h. It can be noticed that the combined strengths of nano-additives
and extended fins have overcome the insulative behaviour of paraffin and the accumulation
of paraffin in the upper section of the shell container for longer durations. Moreover, the
addition of nano-additives has adverse impacts on buoyancy-driven natural convection
due to increasing the dynamic viscosity of nano-PCMs [27]. Hence, the discharging cycles
in coupled enhancement scenarios are dominated by conduction heat transfer.

Figure 6. Temperature (left) and enthalpy (right) contours of paraffin and nano-PCMs with three varied volume fractions
in longitudinal, radial and wire-wound fins configurations while discharging for 1 h.
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Figure 7. Transient heat flux and liquid fraction performance of paraffin and nano-PCMs while
discharging in shell-and-tube with: (a) longitudinal, (b) radial and (c) wire-wound fins.

In the case of longitudinal fins, the inclusion of nano-additives has significantly
improved the discharging rate due to augmented heat flux. The peak heat flux is increased
from 58.79 kW/m2 to 68.54, 69.22 and 70.26 kW/m2 by replacing paraffin with 1%, 3% and
5% GNP based nano-PCMs, as shown in Figure 7a. In case of radial fins, a slight increase in
peak heat flux from 39.32 kW/m2 to 40.83, 40.98 and 42.33 kW/m2 is noticed, as shown in
Figure 7b. Similarly, in the case of wire-wound fins, the peak heat flux is slightly increased
from 99.97 kW/m2 to 104.5, 102.8 and 102 kW/m2, as shown in Figure 7c. However, despite
the slight increase, the heat flux curves for nano-PCMs with extended fins have maintained
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higher potential throughout the discharging cycles as compared to paraffin. Hence, the
liquid fraction curves demonstrate significant reductions in the total discharging durations
for the coupled enhancement scenarios, as shown in Figure 7.

In Figure 8, the total discharging durations for paraffin and nano-PCMs with extended
fins are illustrated. It can be noticed that for all three extended fins, the addition of 1% GNP
has demonstrated significant further reductions in total discharging durations. In the case
of longitudinal fins, the discharging duration can be further reduced by 40% by employing
nano-PCM instead of paraffin. Similarly, in the case of radial and wire-wound fins, the
further reductions in discharging durations are 30.47% and 31.58%, respectively. Similarly,
while comparing the thermal enhancement of coupled scenarios (cases 6–8) with case 1,
the total discharging durations are reduced by 93.26%, 96.67% and 97.57%, respectively.

Figure 8. Total discharging time for paraffin and nano-PCMs in shell-and-tube with longitudinal,
radial and wire-wound fins.

Moreover, it is evident from Figures 8 and 9 that the further increase in volume
fraction from 1% to 3% and 5% has relatively minimal impact on the thermal performance
enhancement of coupled scenarios. For instance, in the case of wire-wound fins, the
increase in volume fraction from 1% to 3% and 5% has merely reduced the total discharging
duration from 1.08 h to 1.05 and 1 h, respectively. In addition, the increase in volume
fraction has adverse influence on the packing factor, and hence, on the overall capacity
of total enthalpy in the shell container. For instance, the inclusion of extended fins alone
has reduced the total enthalpy from 11.61 MJ (case 1) to 11.33 MJ (cases 3–5), which is
further reduced to 11.15 MJ (cases 6–8), 10.79 MJ (cases 9–11) and 10.44 MJ (cases 12–14)
with addition of 1%, 3% and 5% GNP-based nano-PCMs, respectively.

Figure 9. Total enthalpy discharged for paraffin and nano-PCMs in shell-and-tube with longitudinal,
radial and wire-wound fins configurations.
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It can be construed that coupled heat transfer scenarios have potentials to bring about
significant enhancement in reducing both charging and discharging durations of LHS
systems [38]. However, it should materialise without considerable compromise on the
overall capacity of total enthalpy and additional costs related to the inclusion of nano-
additives [26]. The cost evaluations of these extended fins with paraffin and nano-PCMs
with different volume fractions are detailed in [38]. The novel wire-wound fin design
with both paraffin and nano-PCMs has outperformed the longitudinal and radial fin
configurations. In order to retrieve 11.15 MJ of thermal enthalpy, the wire-wound fin
configuration (case 8) requires 63.89% and 26.97% less discharging duration compared to
longitudinal (case 6) and radial fins (case 7), respectively. Hence, based on the thermo-
economic performance, the wire-wound fins configuration with paraffin (case 5) and with
1% GNP based nano-PCM (case 8) are recommended as optimal candidates for large-scale
utilisation of LHS systems in domestic and commercial practical applications.

4. Conclusions

In this paper, the transient numerical simulations of coupled enhancement through
extended fins and nano-additives for a shell-and-tube based LHS system are conducted
in three-dimensional computational domains. The extended fins include longitudinal,
radial and wire-wound fins, whereas three varied volume fractions of GNP are employed
as nano-additives in paraffin. Altogether, fourteen coupled enhancement scenarios are
simulated to propose an optimal combination for a guaranteed higher discharging rate,
enthalpy capacity and thermal distribution. The following conclusions are derived from
the numerical simulations of discharging cycles:

• A discharging cycle can be categorised into three distinctive stages. In the initial stage,
the sensible enthalpy is rapidly retrieved due to peak heat flux. In the second stage,
the nano-PCM in close vicinity to the multi-tube passes and extended fins experience a
phase change from liquid-mushy-solid while releasing the latent enthalpy. In addition,
the heat flux suffers a sharp decline, followed by a gradual logarithmic reduction due
to the reduced thermal gradient and increased insulative resistance by the solidified
layers. In the final stage, the sensible enthalpy is released by solidified nano-PCM
under sustained gradual reduction in heat flux because of the continued intensification
in the insulative nature of solidified layers.

• In order to overcome the insulative behaviour, the individual influence of nano-
additives and extended fins are investigated. It is noticed that extended fins are more
effective than nano-additives in countering the insulative resistance and boosting
the discharging rate. For instance, the remaining total enthalpy in computational
domains for cases 2–5 after discharging for 1 h are 243.9, 126.6, 62.13 and 12.19 kJ/kg,
respectively. Hence, for a similar packing factor, the inclusion of longitudinal, radial
and wire-wound fins has generated 81.48%, 91.96% and 94.15% higher discharging
rates as compared to graphene as nano-additives.

• A novel wire-wound fins configuration is designed and simulated while considering
the merits and limitations incurred by longitudinal and radial fins. Under similar
geometrical constrains and packing factor values, the wire-wound fins design has
developed a considerably higher fin area for heat transfer, improved thermal distri-
bution and reach along with the provision for natural convection and phase front
movement. Hence, the heat flux curve peaks to 99.97 kW/m2 as compared to 58.79
and 39.32 kW/m2 for longitudinal and radial fins. In similar manner, the discharging
rate for wire-wound fins design is 68% and 25% higher compared to longitudinal and
radial fins, respectively.

• In the case of coupled enhancement, the combined strength of nano-additives and
extended fins have overcome the insulative resistance and stratification of liquid
paraffin in the upper section of the shell container. For instance, the peak heat flux
is increased from 58.79 to 68.54 kW/m2 for longitudinal, 39.32 to 40.83 kW/m2 for
radial and 99.97 to 104.5 kW/m2 for wire-wound fins configurations with inclusion of
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1% GNP. As a result, the discharging rates for longitudinal, radial and wire-wound
fins have further improved by 40%, 30.47% and 31.58% with inclusion of 1% GNP.
However, the increase in volume fraction from 1% to 3% and 5% has produced
insignificant enhancement in discharging potentials and rather adverse impacts on
total enthalpy capacity. In case of wire-wound fins, the total discharging duration is
slightly shortened from 1.08 h to 1.05 and 1 h, whereas the total enthalpy capacity is
contracted from 11.15 MJ to 10.79 and 10.44 MJ with increasing volume fraction.

• For wider practical utilisation, the novel designed wire-wound fins with both paraffin
and nano-PCMs with 1% GNP are recommended because of their significantly higher
discharging potentials and insignificant reduction in total enthalpy capacity. As
compared to paraffin in shell-and-tube with no-fins, the proposed wire-wound fin
design with paraffin and nano-PCM has reduced the total discharging durations
from 44.5 h to mere 1.60 and 1.08 h, respectively. In addition, the novel design offers
flexible scalability to meet both medium- and large-scale energy storage demands,
zero maintenance requirements and longer service life.
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Nomenclature

Symbol Parameter Unit
C mushy zone constant
Cp specific heat capacity kJ/kg K
d diameter m
f liquid fraction
→
g gravitational acceleration m/s2

H total enthalpy kJ
k thermal conductivity W/m K
kB Boltzmann constant
L latent heat capacity kJ/kg
MW molecular weight
NA Avogadro number
P pressure N/m2

q heat source term W/m3

T temperature ◦C
t time (s)
V volume m3
→
V velocity m/s
w weight kg
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Greek Parameter Unit
α small constant value
µ dynamic viscosity kg/m s
ΦVC vol fraction of nano-particles
β thermal expansion coefficient 1/K
ρ density kg/m3

Subscripts and Acronyms
L liquefied phase
S solidified phase
GNP graphene nano-platelets
HTF heat transfer fluid
LHS latent heat storage
nPCM nano-PCM
PCM phase change material
P.F packing factor
REF reference
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