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A B S T R A C T

This work studies the heat exchange process of a latent heat thermal energy storage (LHTES) system equipped
with a compact finned tubes heat exchanger (HE) as this is one of the most important aspects of the storage
system, the capacity for effectively delivering its stored energy. This work fills in a literature gap for 3D,
transient heat transport fluid (HTF) flow models concerning storage systems with phase change materials
(PCMs) with fins and nanoparticles allowing for an evaluation on the quality of heat delivered by the system.
Numerical simulations, for full turbulent conditions of the HTF flow, were developed to access the influence
of the fin pitch and the PCM thermal properties in the performance of the energy discharge process. Samples
of commercial paraffin-wax A53 doped with graphene based nanoplatelets were tested and characterised.
Different types of nanoplatelets were employed in the range of 0.5% to 6% weight. Measured data of the
thermal conductivity, specific heat and fusion latent heat are presented. The simulations were developed for
three fin pitch values 5 , 10 and 20 mm and for 1%wt and 6%wt nanoparticles loads. The effect of fins and
combination of fins and nanoparticles in the outlet temperature and liquid fraction distribution inside the
LHTES unit during the discharge process in a 3D full scale model was analysed. The system performance was
evaluated based of off the outlet temperature of HTF to ascertain both the quantity and quality of the heat
provided. The results show that the PCM thermal conductivity is significantly enhanced by the addition of
graphene nanoparticles with a high aspect ratio. The addition of only 1%wt doubled the solid phase PCM
thermal conductivity and for a 6%wt load the thermal conductivity increased by a factor of 3.5. Meanwhile,
specific and latent heat values of the samples are relatively unaffected. The numerical results further show that
applying thin fins is an effective approach to enhance LHTES systems discharge performance. Increasing the fin
number significantly enhances the heat transfer rate and the HTF discharge temperature during solidification
and has a positive impact in the useful discharge heat capacity, providing better quality heat. Combining fins
and nanoparticles improves the discharge process, nevertheless the role of nanoparticles becomes secondary
as the fins number increases. The results demonstrate that standardised compact finned heat exchangers
ubiquitously used in the HVAC industry can successfully overcome the low thermal conductivity of common
PCMs without compromising the useful heat discharge capacity or resorting to nanoparticles decreasing the
discharge time between 60 and 77% with adequate fin number.
1. Introduction

Latent heat thermal energy storage systems employing PCMs is an
attractive way of storing thermal energy. Comparatively to common
sensible heat storage systems, latent systems have some advantages
such as a superior energy storage density in a narrow temperature range
and the isothermal nature of the storage process. Despite some limita-
tions, hydrated salts, organic paraffins and non-paraffins are the most
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common PCMs for low and moderate temperature applications [1].
Hydrated salts are corrosive, have phase segregation and supercooling
issues, on the other hand, organic PCMs are moderately flammable and
paraffins have compatibility issues with plastic containers [1,2]. An-
other limitation common to both, is their poor thermal conductivity, in
particular for organic PCMs, which limits LHTES systems performance
and application.
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Nomenclature

𝑆 Source term
𝐴𝑚𝑢𝑠ℎ𝑦 Mushy zone
𝑐𝑝 Specific heat
𝐻 Total enthalpy
ℎ Sensible enthalpy
𝐿 Latent heat
𝑅𝑒𝑑 Reynolds number
𝑇 Temperature
𝑡 Time
𝑉 Velocity
CFD Computational Fluid Dynamics
DSC Differential Scanning Calorimetry
GnP Graphene Nanoplatelets
HE Heat Exchanger
LHTES Latent Heat Thermal Energy Storage
MDSC Modulated Differential Scanning Calorime-

try
NePCMs Nanoparticle Enhanced Phase Changes Ma-

terials
NP Nanoparticles
PCM Phase Change Materials
xGnP Exfoliated Graphite Nano-platelets

Greek

𝛽 Thermal expansion coefficient
𝛾 Liquid mass fraction
𝜇 Dynamic viscosity
𝜙 Volume fraction
𝜌 Density
𝜉 Constant

Subscripts

0 Reference temperature
𝑖𝑛𝑙𝑒𝑡 Inlet temperature
𝑙 Liquidus phase
𝑛 Nanoparticle
𝑃𝐶𝑀 Phase Change Material
𝑠 Solidus phase

To overcome this limitation different approaches have been stud-
ed, such as embed the PCMs into solid porous foams [3,4] or car-
on fibre structures [5,6]. Developing nanoparticle enhanced PCMs
NePCMs), through the dispersion of high thermal conductivity metal-
ic [7–11] or carbon-based nanoparticles [11–16] into the base PCMs
s other investigated approach. The thermal conductivity enhancement
an be significant with low particle load. The studies suggested that
arbon-based nanoparticles seem to present advantages comparatively
o metallic ones. An increase of the thermal conductivity up to 180%
or 8%wt particles load was reported by Warzoha et al. [12] based on
raphite nano-fibres with a thermal conductivity of around 880 W/m
. However, the thermal conductivity enhancement was accompanied
y a reduction in the fusion latent heat from 271.6 kJ/kg to 242.7
J/kg. Carbon nanostructures have even higher thermal conductivities
nd therefore are very attractive as additives to enhance PCMs thermal
onductivity. A linear thermal conductivity enhancement to up to 30%
ith negligible change in the fusion latent heat was reported by Zeng
t al. [13] due to the dispersion of multi-walled nanotubes up to 5%wt
nto organic PCM 1-tetradecanol. The employed nanotubes had 5–15 μm
2

length and 10–30 nm outer diameter. Li [14] studied the thermal
conductivity enhancement of a paraffin by graphite nanoparticles with
35 nm in diameter. The thermal conductivity increased from 0.13 W/m
K to 0.37 W/m K and 0.96 W/m K for particles load of 1%wt and
10%wt respectively. The phase change temperature was marginally
affected and the latent heat was reduced from 209.33 kJ/kg to 202.60
kJ/kg and 181.81 kJ/kg. Kim and Drzal [15] showed that exfoliated
graphite nanoplatelets (xGnP-15) with diameter of 15 μm, thickness
of less than 10 nm and BET surface area of around 30 m2/g, when
mixed with paraffin (n-docosane) from 1%wt up to 7%wt, increased
the thermal conductivity linearly from 0.26, for the pure paraffin,
to a value of 0.80 W/m K. In addition, a negligible change in the
latent heat fusion and the phase change temperature was reported. This
study was extended to xGnP-1 particles [16], which has a higher BET
surface area, around 100–130 m2/g. The sample’s latent heat was not
adversely affected by the xGnp-1 nano-platelets and the thermal stabil-
ity improved. Both nano-platelets improved the thermal conductivity,
but xGnp-15 presented better results. The impact of nano additives
on the performance of PCMs based energy storage systems was also
investigated. Khan and Khan [17] developed an experimental and
numerical study in a coaxial pipe storage unit, employing different
nanoparticles (Al2O3, AlN and GnP) and a paraffin. The three nanopar-
ticles improved the charge and discharge rates of the storage unit,
with GnP providing the best results. Additionally, it was found that
increasing Al2O3 fraction from 1%vol to 3%vol significantly improves
the system thermal performance. However, an insignificant enhance-
ment was observed by increasing the particles load from 3%vol to
5%vol. Dhaidan et al. [18] studied the melting process of n-octadecane
enhanced by CuO nanoparticles in a horizontal cylindrical capsule with
heated walls. Nanoparticles load up to 5%wt were studied and different
heating rates were analysed. The results showed that CuO nanoparticles
enhanced the PCM effective thermal conductivity and accelerated the
melting process. The benefit was more notorious at low particle loads
and high heating rates. According to the Authors, the increment of the
NePCM viscosity and nanoparticles agglomeration and sedimentation
issues attenuated the benefits of nano additives at higher loads. In a
horizontal concentric annular unit, numerical simulations showed a
reduction of 9% and 16% in the full solidification time of a PCM from
adding 2%vol and 4%vol of Cu nanoparticles [19].

Applying fins and combining fins with nanoparticles is another
technique that has been studied to improve LHTES units’ performance.
Ye et al. numerically confirmed that number of fins and wall boundary
conditions play an important role in the thermal performances of
LHTES [20]. Deng and Ye [21] demonstrated that the melting time can
be decreased between 53 and 66% employing local enhanced finned
tubes. Rathod and Banerjee [22] reported a reduction in the full solid-
ification time of a PCM up to 43.6% by attaching three longitudinal
fins in the HTF circulation tube of an annulus laboratorial LHTES
unit. Simulations presented by Darzi et al. [19] showed a reduction
of 28%, 62%, 75% and 85% in the solidification time of a PCM by
applying 4, 10, 15 and 20 longitudinal fins to the energy discharge
tube, respectively. In a horizontal triple-tube LHTES unit numerical
simulations showed, that for longitudinal fins keeping constant the
fins volume, increasing the fins length and decreasing their thickness
reduces the solidification time [23]. Longer thin fins penetrate deeper
into the PCM medium which improves the discharge process. In a
similar geometry Sarani et al. [24] showed that discontinuous fins
can improve solidification and decrease the energy discharge time.
Comparatively to longitudinal continuous fins, applying discontinuous
fins can reduce up to 89% the discharge time. Liu et al. [25] studied
numerically the energy discharge process of a high melting temperature
salt. The results show that longitudinal fins with transversal triangu-
lar ramifications enhance the solidification rate [25]. This work also
showed that increasing fins height accelerates the discharge process.
Sciacovelli et al. [26] optimised the design of longitudinal Y-shaped
combining CFD simulation with the response surface method. For the

optimised fin design the results indicated an increase of 24% of the
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system efficiency during the energy discharge. Lohrasbi et al. [27]
studied the charge and discharge of a LHTES device with radial fins,
regular longitudinal fins, and longitudinal V-shaped fins. The results
indicated that all fins significantly enhance the discharge rate, V-shaped
fins provided the lower discharge time, however the discharge rate
was similar for the three fins arrangement studied. Regarding fins
and nanoparticles application, numerical studies showed that com-
bining fins and nanoparticles enhance the solidification rate [23,24].
However, simulations of the discharge process in a horizontal triple-
tube LHTES with CuO nanoparticles and longitudinal fins, showed that
for the same volume of extra material added (fins, nanoparticles and
fins combined with nanoparticles), better results were obtained by
applying fins only than fins combined with nanoparticles or using only
nanoparticles alone [24]. Similar conclusions were reported for the
solidification of PCM RT82 with Al2O3 nanoparticles and copper lon-
gitudinal fins [23]. For simultaneous charge and discharge conditions
a faster thermal response was also reported due to the application of
fins instead of Al2O3 nanoparticles [28].

Despite the extended literature already available regarding the ef-
fect of nano-additives and fins in the performance of thermal energy
storage system based on PCMs. Most of the numerical studies were
developed for coaxial 2D geometries and the thermal properties of
the nano-enhanced PCMs employed to perform the simulations are
generally obtained based on models. Furthermore, simulations often
disregard HTF flow, employing mostly constant boundary conditions
that the HTF wall interface, which limits the assessment of the effective
energy discharge performance, making it impossible to analyse output
temperatures and discharged heat. More so as the HTF simulated
here has temperature-dependant properties (i.e. density, specific heat,
viscosity and thermal conductivity) something uncommon in the lit-
erature, with the present study we aim to contribute to fill in this
gap. In this work samples of commercial paraffin wax A53 doped
with graphene-based nano-platelets were produced and characterised.
Different types of nano-platelets, with diameters in the 1–15 μm range
and thicknesses in the 6–15 nm range, were experimentally tested. The
nanoparticles load varying from 0.5%wt up to 6%wt. Furthermore, full
3D numerical simulations were developed to analyse the impact of the
nanoparticles and the fin pitch over the energy discharge process of
a LHTES system equipped with a compact multi-pass finned tube HE.
This geometry closely mimics the geometric features of the HE used
ubiquitously in the HVAC industry, providing a solid base from which
to develop this solution into a practical storage system application
employing PCMs. The system performance was evaluated using the
outlet temperature to make a comparison between delivered heat and
useful delivered heat.

2. NePCM samples and experimental measurements

2.1. NePCM samples

The base PCM used in this work is an organic paraffin wax with the
commercial designation of A53 (nominal melting temperature of 53 ◦C)
provided by PCM Products Company. The graphite nano-platelets xGnP
were provided by XG Sciences Inc. The graphite nano-platelets are
ultrathin graphite particles that can also be thought of as short stacks of
graphene sheets made with thickness ranging from a few nanometers
and diameters ranging a few microns. Three different types of nano-
platelets were employed: Grade M with thickness of 6–8 nm, diameter
of 5 μm (M5) and of 15 μm (M15) and typical surface area of 120
to 150 m2/g; grade H with 15 μm thickness and 5 μm diameter (H5)
and typical surface area of 50 to 80 m2/g and grade C that typically
consist of aggregates of sub-micron platelets having diameter of less
than two microns, typical thickness of a few nanometers and with a
specific surface area of 750 m2/g (C750). These particles were chosen
because of their superior thermal conductivity, comparable to that of
carbon nanotubes, at a much less cost and thus feasible for applications.
3

Table 1
Graphene nanoplatelets properties.

Type Diameter[nm] Thickness[nm] Specific surface - area [m2/g]

M15 15 6–8 120–150
M5 5 6–8 120–150
C750 5 15 750
H5 <2000 a 50–80

aFew nm.

They also come with high dimensional aspect ratios that can be tailored
to different sizes. The main geometric properties of the graphene nano-
platelets are presented in Table 1. To manufacture the NePCM samples
the base PCM A53 was melted at 70 ◦C and the nano-platelets were
added to the liquid paraffin at 0.5, 1, 2, 3, 4 and 6%wt, the liquid
composite was magnetically stirred for 30 min.

2.2. Thermal properties measurements

The thermal properties of the pure and enhanced PCM samples were
evaluated by laboratorial measurements. The thermal conductivity was
measured by a modified enthalpy-based water bath method [29]. The
specific heat capacity and fusion latent heat were measured by the Mod-
ulated Differential Scanning Calorimetry (MDSC) method. MDSC differs
from the standard DSC in that it uses two simultaneous heating rates,
a linear one that provides information similar to standard DSC, and a
sinusoidal or modulated heating rate that permits the measurement of
the sample’s heat capacity.

2.3. Experimental data

The measured thermal conductivities, of the pure PCM and the
NePCM samples for the different particles type are depicted in Fig. 1.
The results show an overall increase in the thermal conductivity due
to nano-platelets addition, the effect is not linear and differs for each
particular type of nanoparticle’s. The largest increase occurs for M15
samples, in the low regime up to 1%wt and for the fraction of 6%wt.
The thermal conductivity enhancement does not present a monotonic
evolution with the particle load. This behaviour was also reported by
Fan and Khodadadi [7] for an organic PCM (cyclohexane) enhanced by
copper oxide nanoparticles. For 1%wt M15 particles fraction (0.4%vol)
the thermal conductivity was increased by 100% from the 0.22 W/m
K for pure paraffin to the value of 0.44 W/m K and is multiplied by a
factor of 3.5 for 6%wt (2.5%vol) particles load. The increase observed
is similar to that found in the literature for a similar sized graphite
nano-platelet of 15 μm diameter [15,16].

Nano-platelets M5 and M15 differ only in the diameter, H5 has the
same diameter as M5 but smaller overall surface area. The samples
added with M5 nano-platelets also exhibit a significant increase in the
thermal conductivity, of the order of 60% to 100% for mass fractions
between 2 and 6%wt (0.8%vol and 2.5%vol), the maximum value was
obtained for 4%wt particles load. The composite with C750, the nano-
platelets with the smaller size, more spherical shape and the larger
surface area has less effect on the thermal conductivity than the rest,
a small increase of 14%, rather constant for the whole range studied.
At the higher end studied, 6%wt mass fraction for samples added with
M5 and H5 nano-platelets, the enhancement is levelled or reduced in
contrast to M15 in which the thermal conductivity is greatly enhanced.

The effects of the nanoparticles addition to A53 on the fusion latent
heat value is presented in Fig. 2. It can be seen that for the mass fraction
of 1%, in the case of samples M15, the thermal conductivity increases
100% and the fusion latent heat reduced by (2%). The fusion latent
heat is gradually reduced with the increase of M15 fraction, for the
mass fraction value of 6% the latent heat is reduced approximately
12% comparatively to the pure PCM. Similar trend was obtained for
the samples with C750 nano-platelets. The values measured for the
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Fig. 1. Thermal conductivity of pure A53 and A53 NePCMs vs. nanoparticles mass fraction.
Fig. 2. Fusion latent heat of pure A53 and A53 NePCMs vs. nanoparticles mass fraction.
Fig. 3. Specific heat capacity of pure A53 and A53 NePCMs vs. nanoparticles mass fraction.
NePCM added with M5 nano-platelets presented a different evolution,
this nano-platelets have a smaller effect on the latent heat at the larger
mass fraction values.

The effect of the nanoparticle in the specific heat capacity for the
solid and liquid phase is presented in Fig. 3. The maximum variation
is less than 17% and occurs in the solid phase for M5 type particles
at the 6%wt load. In the solid phase for M15 at 1%wt the reduction
of the heat capacity comparatively to the pure PCM is 2% and at the
higher mass faction tested is 14%. In the liquid phase the effect of the
nanoparticles in the specific heat capacity of the samples is smaller and
follows the same trend than the solid phase for all particles type.
4

3. Numerical simulation

3.1. Mathematical model

The PCM solidification was simulated by the enthalpy-porosity for-
mulation, the ability of this approach to model the solidification process
of PCMs has been demonstrated in the past [23,24,30]. The complete
numerical model solves the mass, momentum and energy transport
equations for constant density. The viscous dissipation term is consid-
ered negligible while the energy equation is solved in the form of total
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enthalpy.
𝜕𝜌
𝜕𝑡

+ ∇ ⋅ (𝜌𝜈) = 0 (1)

𝜕
𝜕𝑡
(𝜌𝑉 ) + ∇ ⋅ (𝜌𝑉 𝑉 ) = −∇𝑝 + 𝜇∇2𝑉 + 𝜌𝑜𝛽(𝑇 − 𝑇𝑜)𝑔 + 𝑆 (2)

𝜕𝜌𝐻
𝜕𝑡

+ ∇ ⋅ (𝜌𝑉 𝐻) = ∇ ⋅ (𝑘∇𝑇 ) (3)

V represents the velocity, 𝜌 the density, 𝜇 the dynamic viscosity, k
the thermal conductivity, 𝑇 the temperature and H the total enthalpy,
defined as:

𝐻 = ℎ + 𝛥𝐻 (4)

ℎ = ℎ𝑟𝑒𝑓 + ∫

𝑇

𝑇𝑟𝑒𝑓
𝐶𝑝 𝑑𝑇 (5)

h represents the sensible enthalpy, Cp the specific heat and 𝛥H the
phase change enthalpy. The temperature is calculated through the total
enthalpy and the liquid mass fraction 𝛾 defined as:

𝛾 =

⎧

⎪

⎨

⎪

⎩

0 , 𝑇 < 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠
𝑇−𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠

𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠−𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠
, 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠 < 𝑇 < 𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠

1 , 𝑇 > 𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠

(6)

Locally, the phase change enthalpy can be written in terms of the
liquid mass fraction and the PCM latent heat, L, as, 𝛥H = 𝛾L. The
enthalpy-porosity formulation treats different phases as a porous media
by means of the following source term 𝑆:

𝑆 =
(1 − 𝛾)2

(𝛾3 + 𝜉)
𝐴𝑚𝑢𝑠ℎ𝑦𝑉 (7)

𝐴𝑚𝑢𝑠ℎ𝑦 is the mushy zone constant which describes how steeply the
velocity is reduced to zero when the material solidifies. This is usually a
very large value, ranging between 104 and 108 kg/(m3s), in the present
study a standard value of 𝐴𝑚𝑢𝑠ℎ𝑦 = 105 is employed. The constant 𝜉 is a
small value, in this case 10−3, introduced to prevent division by zero.

The effect of natural convection in the PCM was accounted for by
the Boussinesq approximation. This approach considers the density of
fluid as a constant value in the governing equations, except for the
source terms of the momentum equation that models buoyancy, in
which the density temperature dependence is modelled according to
the following equation:

𝜌 = 𝜌𝑜(1 − 𝛽(𝑇 − 𝑇𝑜)) (8)

where 𝜌𝑜 represents the PCM liquid density, 𝛽 is the thermal expansion
coefficient and 𝑇𝑜 is defined as 𝑇𝑜 = (𝑇𝑠 + 𝑇𝑙)∕2 the subscript s and l
indicate solidus and liquidus respectively. The HTF flow turbulence was
simulated by the standard k-epsilon model [31] and buoyancy effects
were neglected. In internal flows of liquid with small density variation
the velocity field is dominated by pressure and friction effects.

3.2. Computational details and cases

The simulated geometry is a rectangular tank with a compact finned
tube heat exchanger with copper tubes and aluminium fins. This HE
type was selected because it is commonly used in commercial appli-
cations and can be manufactured with a great variety of tubes and
fins patterns. Furthermore, compact finned tubes HEs have one the
most suitable typologies for latent thermal energy storage applica-
tions because they combine a large storage capacity per unit volume
with high heat transfer rates [32]. The ability of a PCM storage pro-
totype equipped with multi-pass finned tubes HE, for meeting the
requirements of domestic hot water applications, have been recently
experimentally demonstrated [33]. The exterior dimensions of the tank
are 500 mm in length, 146 mm in width and 195 mm in height, a sketch
of one of the geometries simulated is presented in Fig. 4. The HE has a
single circuit six meters long (not accounting for the bends). The circuit
5

Fig. 4. LHTES simulated geometry.

has 12 passages in a parallel arrangement, the distance between the
tubes centre is 49 mm. The tubes have an internal diameter of 8.6 mm
and 10 mm of external diameter. The fins have 0.3 mm thickness and
simulations were done for three fin pitch values, 20, 10 and 5 mm.
Water was used as HTF, the inlet was through the top tube and the
outlet from below.

The numerical simulations were performed for organic PCM A53
and A53 doped with M15 graphene nanoparticles at 1%wt and 6%wt
fraction. The values of the latent heat, the specific heat and thermal
conductivity of the pure PCM and NePCM considering in the sim-
ulations were the values experimentally measured and displayed in
Figs. 1–3. It was assumed that the values do not change within the
narrow range of the PCM operating temperature simulated. The thermal
conductivity was considered to be equal for both phases. Table 2 sum-
marises the materials’ properties used in the numerical simulations for
the pure A53, A53 enhanced by the nanoparticles and the HE materials,
Copper and Aluminium. The increase of the dynamic viscosity of the
PCM samples due to the nanoparticles were estimated based on the
following correlation [34]:

𝜇𝑁𝑒𝑃𝐶𝑀 = 0.983𝑒(12.959𝜙𝑛)𝜇𝑃𝐶𝑀 (9)

𝜇 represents the dynamic viscosity, 𝜙 the nanoparticles volume
fraction and the subscript 𝑛 and 𝑃𝐶𝑀 indicates nanoparticle and PCM.
For HTF the specific heat, density, and viscosity were defined as a
function of the temperature, for a range from 20 to 60 ◦C based on
the data mentioned in [35].

The simulations were performed for fully turbulent conditions with
a mass flow rate of 0.069 kg/s (4.18 l/min). The average velocity is
1.2 m/s, which is near the maximum recommended value for flows
inside copper tubes in the range of temperature considered in the
situations [36]. The 𝑅𝑒𝑑 number is ≈17 700, calculated based on the
water inlet conditions. The turbulent regime was chosen because is
the most common on practical systems. The initial temperature of the
system was 54 ◦C and the water inlet temperature was 47.2 ◦C, five
degrees below the PCM solidus temperature.

The simulated cases are summarised in Table 3, the latent energy
storage capacity of each case was calculated based on the net volume
around the tubes and fins, filled by PCM, and the density and fusion la-
tent heat values of the pure and nanoparticles enhanced PCM samples.
Table 3 also displays presents the ratio between the net volume around
the HEs and the correspondent volume without fins.
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Table 2
Material properties.

Property Water A53 A53 + 1%wt NP A53 + 6%wt NP Copper Aluminium

𝜌 [kg/m3] Variation(20–60 ◦C) 775 780 806 8978 2719
Cp𝑠 [J/kg K] – 2270 2277 1999 381 871
Cp𝑙 [J/kg K] Variation(20–60 ◦C) 2400 2410 2228 – –
k [W/m K] Variation(20–60 ◦C) 0.22 0.44 0.78 378.6 202.4
𝜇 [kg/m s] Variation(20–60 ◦C) 0.0059 0.0060 0.0077 – –
𝛽 [1/K] Variation(20–0 ◦C) 0.0001 0.0001 0.0001 – –
Melting latent heat [kJ/kg] – 195 192 170 – –
Solidus temperature [◦C] – 52.2 52.2 52.2 – –
Liquidus temperature [◦C] – 53.6 53.6 53.6 – –

s-Solid phase; l - Liquid phase.
Fig. 5. Mesh and computational domain of the 5 mm fin pitch geometry.
Table 3
Simulated cases.

Case Number
of fins

Fin pitch
[mm]

PCM/NePCM Volume
ratio [–]

Latent energy
storage capacity
[kJ]

A1 25 20 A53 0.985 2049
A2 25 20 A53 + 1%wt NP 0.985 2030
A3 25 20 A53 + 6%wt NP 0.985 1858
B1 50 10 A53 0.970 2018
B2 50 10 A53 + 1%wt NP 0.970 1999
B3 50 10 A53 + 6%wt NP 0.970 1829
C1 100 5 A53 0.940 1955
C2 100 5 A53 + 1%wt NP 0.940 1938
C3 100 5 A53 + 6%wt NP 0.940 1773

3.2.1. Computational details
The simulations were run with Fluent 19 code. The SIMPLE algo-

rithm was used to couple velocity and pressure fields. The equations
of the turbulent quantities, energy and momentum were discretised
by second order upwind scheme and for the pressure the PRESTO
scheme was used. The tank exterior surfaces were modelled as adiabatic
walls. The HTF inlet boundary was set as velocity inlet and the outlet
boundary was modelled as outflow flow type boundary. The computa-
tional mesh for all cases has a superior density inside the HTF circuit,
in particular near the tube wall, to capture any effect of turbulence
boundary layer in the flow field and in the heat transfer rate on the
interior wall that may occur. Fig. 5 shows the computational domain
and the mesh of one of the HE geometries.

The convergence criteria for mass, velocity and turbulent quantities
transport equations were 10−3 and 10−8 for the energy equation.
These values ensure convergence and were selected based on trial
runs. Simulations were also developed to ensure mesh and time step
6

independent results. The trial runs showed that reducing the time step
size below 0.25 s has a marginal effect on the results. Concerning
mesh independence Fig. 6 shows the PCM liquid fractions evolution
over time for three different meshes, the difference between the results
is small and it is clear that the 3.7 × 106 elements mesh provides
mesh independent results. The numerical results presented below were
obtained with a time step size of 0.25 s and using three different
meshes. The simulations for 20 mm fin pitch geometry were developed
with a 3.1 × 106 elements mesh, a mesh with 3.3 × 106 elements was
employed to simulate the 10 mm fin pitch geometry and a 3.7 × 106

elements mesh was used for 5 mm fin pitch geometry. The employed
meshes do not have exactly the same elements because of the slight
differences of the HEs geometries.

The machine used to run the numeric work was an Intel Xeon W-
2155 3.30 GHz processor with RAM 63 GB and graphic card GPU
NVIDIA Quadro P4000. The time for each case to run varied mostly
with regards to the respective geometry, specifically with the of number
of fins, the run times were between 300 for the cases with higher
fin count and closer to 600 h for the cases with fewer fins, with the
nanoparticles concentration also influencing the time.

4. Results and discussion

An analysis of the results was conducted for the different techniques
in use and how it influenced the discharge process for the chosen
geometries. Figs. 7 and 8 illustrate the distribution of the temperatures
and the liquid mass fraction of cases A1 and A3, at three different
stages of the solidification process, with three different planes, two
planes cross the LHTES system longitudinally between the tubes, and
another transversal plane that crosses the middle section of the HE.
Figs. 9 and 10 depicts the corresponding images for cases C1 and
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Fig. 6. Mesh independent study at 0.25 s time step (case C1).
Fig. 7. Temperature distribution at three stages of the solidification process (left: case A1; right: case A3).
C3. The results showed that nanoparticles accelerate the solidification
process. However, for each one of the three pitches the distribution
of the temperatures and liquid mass fractions, in similar stages of
the discharge process, are qualitatively similar for the pure PCM and
the 6%wt GnP enhanced PCM. On the contrary, the effect on the fin
pitch on solidification is clear. For 20 mm fin pitch (cases A1 and
A3) the solidification process is characterised by temperature gradients
and the liquid mass fraction between the fins. At each stage of the
discharge process the contours of the transversal middle plan shows the
7

progress development of the solidification front uniform around all tube
cross sections. As solidification advances, the gradient between the fins
becomes more evident and it is possible to also observe temperature
gradients and the liquid mass fraction across the vertical direction. The
temperature increases from bottom to top, and the liquid mass fraction
exhibits an inverse evolution. This suggests that convection streams
transport the colder and denser PCM down and the hotter and lighter
PCM up. The PCM between the fins, at the top of the tank, is the last
material to solidify as shown in the last stages of Fig. 8. For the 5 mm
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Fig. 8. Liquid mass fraction distribution at three stages of the solidification process (left: case A1; right: case A3).
fin pitch cases the solidification process is more homogeneous. The
main temperature gradients are around the tube sections over great
part of the discharge process. Only in the later stage of solidification the
temperature shows gradients over the longitudinal planes, decreasing
from top to bottom. The internal distribution of the liquid mass fraction
displays a similar trend. The liquid mass fraction distribution on the
middle transversal plane shows that, at each stage of the discharge
process, the solidification front develops inversely to the HTF flow
circulation. Solidification it is more developed around the tube cross
sections near the HTF inlet and is progressively less developed as it
approaches the outlet. This indicates that for the 5 mm fin pitch cases
the discharge process is dominated by thermal diffusion.

The time progression of the solidification process and the HTF outlet
temperature during solidification are displayed in Figs. 11 and 12. The
solidification process is characterised by the continuous decrease of the
HTF outlet temperature. The outlet temperature, of the cases with 10
and 20 mm fin pitch and with the nanoparticle enhanced paraffin, has
a larger gradient at the beginning of the process comparatively to the
other ones. Solidification starts forming a layer of solid material over
the surfaces of the fins and around the tubes, for the NePCM cases, the
layer of solid material grows quickly increasing the thermal resistance
between the liquid PCM and HTF that decreases the heat transfer rate
and consequently the HTF outlet temperature. For the other cases, this
effect is lessened due to the PCM lower thermal conductivity and due
to the larger total fin area. This smooths the HTF outlet temperature
evolution at the early stages of the solidification process and explains
the differences between the cases. The final stage of solidification is
characterised by a sudden decrease of the outlet temperature for all
cases. At full solidification the HTF outlet temperature comes close
to the inlet value, which indicates than not all the discharged energy
during the PCM solidification is useful energy.

The results clearly indicated that the fin pitch has a great impact
in the solidification rate and nano-additives benefit becomes more
8

important as the fin pitch increases. The full solidification time is
reduced almost 60%, from 188 min to approximate 77 min with the
reduction of the fin pitch from 20 mm (case A1) to 10 mm (Case B1).
For the 5 mm fin pitch case (C1) the time to achieve full solidification
is less than 45 min which represents a reduction of 77% comparatively
to case A1 and 43% to case B1. The discharge rate is also accelerated
by the GnP, it is clear that the benefit of nano-additives increases with
the fin pitch. For the fin pitch of 20 mm adding 1%wt GnP (case A2)
reduces the full discharge time approximately 37% to 122 min. For
6%wt nanoparticles load (case A3) the reduction is higher, the time
to achieve full solidification is 92 min which represents a reduction
in 51% comparably to the base PCM (case A1) case and 25% for the
1%wt NP. For the 10 mm fin pitch the advantage of the nanoparticles
enhancement is lower, comparatively to the pure A53 (case B1) the
full solidification time is reduced approximately 18%, from 77 min to
63 min, due to 1%wt GnP additions (case B2) and 31% to 53 min for the
6%wt NP case (Case B3). Finally, for the 5 mm fin pitch heat exchanger
the results showed that adding nanoparticles to the PCM has little effect
on the full discharge time. Comparatively to the pure A53 case (case
C1) the maximum reduction is 11%, from 45 min to 37.5 min, for the
6%wt particles load (case C3). Adding 1%wt (case C2) of nanoparticles
decreases the discharge time less than 6.5% to 42.1 min.

The data shown in Fig. 11 also indicates that, concerning the
discharge rate enhancement in multi passages finned tube heat ex-
changers, increasing the area of fins in contact with the PCM is more
effective than enhancing the PCM thermal conductivity. As it can be see
comparing the solidification curves of cases A1, A2 and B1. The PCM
thermal conductivity of cases A1 and B1 are the same and the fin area of
case B1 doubled the fin area of case A1. On the other hand, case A2 and
case A1 have the same fin area and the NePCM thermal conductivity
of case A2 doubles the pure A53 thermal conductivity of case A1.
However, the solidification process is faster for case B1 than case A2.
The same can be said based on the results of cases B1, B2 and C1,



Applied Thermal Engineering 212 (2022) 118569

9

J. Pássaro et al.

Fig. 9. Temperature distribution at three stages of the solidification process (left: case C1; right: case C3).

Fig. 10. Liquid mass fraction distribution at three stages of the solidification process (left: case C1; right: case C3).
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Fig. 11. Liquid fraction history.
Fig. 12. HTF outlet temperature over solidification.
nevertheless the differences between the solidification curves of these
cases are smaller. Furthermore, the results of cases A1, A3 and B1 and
cases B1, B3 and C1 showed that doubling the fin area provides even
better results than enhancing the PCM thermal conductivity medium
by a factor of 3.5.

On one hand fin addition decreases the PCM inside storage system
and consequently the system’s latent storage capacity, on the other
hand, fins added mass to the system, which increases the capacity
of stored sensible energy. Nanoparticles change the PCMs properties,
which also affects the thermal energy storage capacity. To assess the ef-
fect of the fin pitch and the nanoparticles additions in the system energy
discharge capacity Fig. 13 showcases the thermal energy discharged at
10
three stages of the solidification process. One stage at PCM full solid-
ification and two for the instants until the HTF outlet temperature is
higher than 49 ◦C and 50 ◦C. The discharged energy was calculated by
the time integration of the heat transfer rate from the tubes wall to the
HTF. Fig. 13 also shows the latent storage capacity for an equivalent,
hypothetical system without fins and nanoparticles evaluated based on
the properties of pure A53 and the system storage volume capacity
without fins. Fig. 13 shows that, for all cases with a load of NP ≤1%wt,
the thermal discharged energy at full solidification, combining latent
and sensible heat, is superior to the latent heat storage capacity of the
equivalent system without fins and nanoparticles. Case C3 presented
the worst results in which the amount of thermal discharge energy
at full solidification is 93% of the latent heat storage capacity of the



Applied Thermal Engineering 212 (2022) 118569J. Pássaro et al.
Fig. 13. Thermal energy discharge capacity at different stages of solidification.
equivalent system without fins and NP. Nevertheless, the system ability
for delivering useful heat is better assessed based on the discharged
thermal energy for the HTF outlet temperature >49 ◦C and >50 ◦C.
The data presented in Fig. 13 clearly shows the benefits of add fins,
the capacity for discharge heat at both temperature levels, increases
significantly with the reduction of the fin pitch. This is particularly
important for the upper temperature scenario. The thermal energy
discharged for the HTF temperature >50 ◦C, is marginal for case A1
and for case C1 is 1595 kJ, which represents 89.8% of latent storage
capacity of this case (see Table 3).

Combining fins and nanoparticles can improve the thermal energy
discharge performance. However, the effect of NP depends on the
fin pitch and the required level of the HTF outlet temperature. For
the 20 mm and 10 mm fin pitch, the capacity for delivering useful
heat increases with the GnP load for both values of the HTF outlet
temperature. Nevertheless, for the 20 mm fin pitch cases despite the
nanoparticles the discharged energy is low for both temperature levels.
Below 150 kJ for the 50 ◦C and just 610 kJ for the 49 ◦C, in both cases
obtained combining the fins with 6%wt particles load. For the 10 mm
fin pitch and for the HTF outlet temperature >49 ◦C, combining fins
and 1%wt GnP increases the discharge energy capacity 22.3%, from
1357 kJ to 1714 kJ. Increasing the GnP load from 1%wt to 6%wt
increases the heat discharge capacity less than 2% to 1740 kJ. For the
HTF temperature >50 ◦C, even for the 6%wt GnP load the maximum
capacity of discharge thermal energy is just 604 kJ (case B3), which
represents only 33.1% of the latent storage capacity. Concerning the
5 mm fin pitch cases (C1, C2 and C3 cases) the useful heat discharge
capacity presents different evolution according with the HTF outlet
temperature requirements. For the HTF outlet temperature >49 ◦C,
comparatively to employing fins alone, combining fins and NP at 1%wt
load does not affect the thermal energy discharged and increasing the
NP load to 6%wt has a negative impact on this value. Regarding the
capacity for discharging heat above 50 ◦C, the results show that fins
alone and combining fins with 6%wt NP provide similar results. The
best result is obtained combining fins with 1%wt NP. Nevertheless,
for both temperatures, the influence of the NP in the heat delivered
capacity is relatively small. For the 49 ◦C, the discharge heat capacity
of case C3 is reduced 8.2% comparatively to case C1 and for the 50 ◦C
the increment of the discharged useful heat due to the GnP (case C2)
comparatively to the use of fins alone is 6.4%.
11
5. Conclusions

This work analysed the heat discharge process of a latent en-
ergy storage system. Firstly, the enhancement of an organic PCM
thermal conductivity through addition of graphene nano-platelets was
investigated. Particles with different shapes and sizes at various con-
centrations were employed. The thermal conductivities specifically,
the heat capacity and fusion latent heat of the pure and enhanced
PCM samples were evaluated by experimental measurements. Resorting
to the gathered experimental data, CFD simulations were developed
to assess the effect of nano-additives and fin pitch on the discharge
performance of a LHTES system with a multi pass finned tube HE under
full turbulent conditions of the HTF flow.

The results showed that paraffin A53 thermal conductivity is signif-
icantly enhanced by the dispersion of graphene nano-platelets nanopar-
ticles at low concentrations. The addition of only 1wt% GnP with high
aspect ratio (M15 Type) doubles the PCMs’ thermal conductivity and
for 6wt% the thermal conductivity increases by a factor of 3.5, in turn,
the fusion latent heat of the samples is reduced between 2% to 12%.

The CFD simulations showed that combining fins and nanoparticles
improve the thermal energy discharge performance. However, the ef-
fect of NP depends on the fin pitch and the required level of the HTF
discharge temperature. For both outlet temperatures, the influence of
the NP in the heat delivered capacity is relatively small. Reducing the
fin pitch, as a single modification, has a great impact on the discharge
rate and significantly enhances the useful heat discharge capacity. The
role of nanoparticles on the solidification rate and the effective thermal
energy discharge capacity becomes secondary with the reduction of the
fin pitch. In the range of the studied fin pitch, doubling the fin surface
area in contact with the PCM provided a greater improvement of the
system discharge performance than enhancing the thermal conductivity
of the PCM medium by a factor of 3.5 via nanoparticles enhancement.

Ultimately, the results demonstrated that, for latent heat storage
application systems, the disadvantages related with the poor thermal
conductivity of common PCMs, can be surpassed without penalising the
useful heat discharge capacity by employing a general purpose HVAC
finned tubes HEs with the proper fin design and sizing.
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