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H I G H L I G H T S  

• Combination of branch-structured fins and nanoparticles to enhance PCM discharging performance. 
• Quantitative assessment of parametric studies in improving the PCM solidification performance. 
• 5% volume fractions of nanoparticles reduce 9.3% solidification time of PCMs. 
• The combination of the fins-nanoparticle idea reduces the discharging time by 85%  
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A B S T R A C T   

In the present study, we propose the combination of novel branch-structured fins and Al2O3 nanoparticles to 
enhance the performance of a phase change material (PCM) during the solidification process in a triple-tube heat 
exchanger. The inevitable drawback of PCMs is their lower heat conductivity, which can result in a long response 
time during the phase change process in latent heat thermal storage systems. Therefore, any serious improvement 
strategy needs an optimized phase change process. A mathematical model for a two-dimensional structure 
composed of a PCM with paraffin RT82 and Al2O3 nanoparticles that considers the thermal conduction in metal 
fins, Brownian motion of nanoparticles, and natural convection in a liquid phase PCM is proposed and verified 
based on experimental results. The impact of various volume fractions and fin layouts on the solidification 
process is discussed, involving the evolution and deformation of solid–liquid interfaces and distribution of iso-
therms and average temperature and liquid fraction curves. The results imply that the solidification behaviour 
can be significantly enhanced by the application of nanoparticles and metal fins. Compared with the inherent 
structure of the heat exchanger, the solidification time is decreased by 8.5%, 9.3%, and 10.3% for Al2O3 
nanoparticles (at 2%, 5%, and 8%, respectively) only and by 83.0%, 80.7%, 80.8%, and 82.9%, respectively, for 
various fin layouts only. This is attributed to increased heat transfer by thermal conduction and natural con-
vection. It can be concluded that the impact of the use of fins is preferable compared to that for nanoparticles, 
and the benefit of nanoparticles is limited.   

1. Introduction 

The need to reduce the emissions from burning fossil fuels and focus 
on global warming and resource limitation impacts is a growing concern 

worldwide. In this regard, the presently applied environmentally 
friendly resources, such as solar, wind, hydropower, etc., have been 
extensively developed as a relatively effective solution [1]. However, 
the natural characteristic of intermittency restricts further application, 
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resulting in less competition for these resources in the energy markets. 
Therefore, the use of a thermal energy storage system as a supplemen-
tary part is regarded as an attractive method. The purpose of employing 
this system is to store heat energy to balance the existing break between 
the energy requirement and supply. There are three choices available: a 
sensible heat strategy based on varying the temperature of storage ma-
terials, a latent heat strategy based on a phase change process for storage 
materials, and a chemical strategy based on chemical reactions for en-
ergy storage. Based on phase change materials (PCMs), the latent heat 
energy storage method has been studied by numerous researchers on 
account of its excellent capacity to restore large amounts of energy with 
only a small temperature change, high latent heat of fusion for PCMs and 
nearly isothermal nature save course compared with the sensible heat 
storage strategy [2]. However, the cost of producing PCMs is one of the 
primary drawbacks. This may generate high expenses when PCMs are 
distributed to real industry applications, i.e., heating and cooling sys-
tems, and energy storage systems. One of the solutions is to use cheaper 
materials with additional new techniques to improve their performance. 
For example, general paraffin could be used as a medium for energy 
storage by using fins or nanoparticles to improve their thermal 
conductivities. 

The low thermal conductivity of PCMs results in a long response time 

for the charging/discharging process. This can impact the rate of energy 
storage and recovery; hence, enhancement methods need to be com-
bined to improve heat transfer. A wide range of heat transfer enhance-
ment methods has been reported such as those based on the use of metal 
fins [3,4], heat pipes [5], metal foams [6], nanoparticles [7,8], and 
multitubes [9]. Among these methods, metal fins are a commonly used 
enhancement method between PCMs and heat transfer fluids (HTFs) in 
various fin configuration structures, such as circular, longitudinal, 
rectangular, etc. The use of these structures is highly attractive due to 
the features of economic cost, ease of manufacture, and good adapt-
ability. Liu et al. [10] numerically studied a shell and tube latent heat 
thermal storage device employing a longitudinal triangular fin structure. 
They analyzed the dynamic temperature response, effects of the fin 
geometric parameters, fin materials, and initial temperature during the 
solidifying process for three different fin structures. The results showed 
that the use of longitudinal triangular fins can lead to an enhancement of 
the solidification performance. The solidifying time was improved by 
applying materials with high thermal conductivity and increasing the fin 
lengths or decreasing the initial temperature. It was found that the 
temperature difference between the PCM and internal wall should be 
over 20 K to achieve a relatively faster cooling rate. Huang et al. [11] 
numerically investigated the solidifying performance in a finned shell 

Fig. 1. The triplex-tube thermal storage system configurations with fins: (a) a three-dimensional physical model and (b) a two-dimensional cross-section domain: 
black fins are bonded to the outer tube and green fins are bonded to the inner tube. 

Fig. 2. The cross-section configurations in various fin layouts.  

J. Zhang et al.                                                                                                                                                                                                                                   



Applied Energy 342 (2023) 121158

3

and tube ice storage apparatus compared with that for the same unit 
without fins, and the discharging response and ice front evolution were 
analyzed as well. They chose structural parameters such as fin thickness, 
length, and numbers to investigate the impact of the solidification pro-
cess. The results imply that natural convection is bad for solidification 
behaviour and that the application of fins can enhance the energy- 
discharging process because of the coupling effect of thermal conduc-
tion enhancement and natural convection suppression. They also found 
that the fin thickness and number can significantly influence the storage 
performance. Wu et al. [12] numerically studied the solidification effi-
ciency of spiderweb-like fins compared with plate fins structures under 
the same volume and revealed a solidification strengthening mechanism 
and the role of natural convection. The results imply that the heat 
transmission hysteresis zone is eliminated because of the application of 
spiderweb-like fins and that the entire solidifying time for new structure 
fins is shortened by 47.9%. In addition, although the heat transmission 
of the solidification course is dominated by natural convection at the 
early stages, thermal conduction dominates in the later stages. Patel 
et al. [13] studied the performance of both solidifying and melting rates 
for PCMs considering longitudinal fins with three different parameters, 
such as fin shape, fin number and arrangement. They developed a 
melting/solidifying model based on two dimensions for PCMs, and the 
results indicate that an arrangement with eight fins is the most effective 
for the combined melting-solidification duration, and the enhancement 
of performance due to an increase in the number of fins with a reduced 
length is significant. 

Generally, employing fins as a kind of enhancement method is an 
efficient way to improve heat transfer, while combining fins with 
nanoparticles as another commonly used method can be used to further 
improve the charging/discharging process. This is because of the better 
heat storage behaviour and higher heat conductivity of nanoparticles. 
Researchers have reported corresponding studies for different nano-
particles coupled with fins in various structures. Sheikholeslami et al. 
[14] numerically studied the heat transfer performance of nanoparticles 
(Cu) during the solidifying process through an enclosure with V-shaped 
fins. The effect factors, such as the concentration and size of nano-
particles, length of fins, and angle of V-shaped fins, were considered. The 
consequences reveal that the solidification rate is increased with an 
increase in the angle of the V-shaped fin and that the augmentation of 
the fin length can lead to a decreased solidification rate. Mahdi et al. 
[15] numerically investigated the simultaneous charging-discharging 
process for an energy storage system with various fin configurations 
and nanoparticles (Al3O2) in a triplex-tube heat exchanger (TTHX) 
applying paraffin as a PCM. To obtain the optimal fin configuration, a 
response surface methodology (RSM) considering different fin geometric 
parameters is employed. The results indicate that the optimal fin 
structure proposed in the triplex-tube heat exchanger is preferable 
compared with the usage of nanoparticles in the same volume. Hos-
seinzadeh et al. [16] studied the solidifying process using PCM with fins 
and Al2O3 – Go hybrid nanoparticles as enhanced technology in a latent 
heat thermal energy storage system. The effect of adding fins and 
nanoparticles is analyzed, and fins with different thicknesses were also 
investigated. In addition, the response surface method (RSM) is applied 
to find the best fin configuration for the system. They demonstrated that 
the use of an optimal fin structure can lead to a higher solid fraction rate 
compared with only dispersing hybrid nanoparticles in the PCM. Qin 
et al. [17] numerically studied the freezing process in an annulus zone 
using paraffin as the PCM and Al2O3 nanoparticles as an enhanced 
strategy. The governing parameters included the sizes and positions of 
the fins as well as the volume fraction of the nanoparticles. The results 
imply that the solidifying rate is increased by approximately 14.5% by 
varying the position of the fins. 

Alizadeh et al. [18] studied the solidification course employing 
nanoparticles combined with V-shaped fins as enhanced strategies for 
PCMs in a triple-tube latent heat thermal energy storage system that 
aims to balance the energy supply and requirement. In addition, they 

Fig. 3. Grid independency analysis: (a) average temperature and (b) 
liquid fraction. 

Fig. 4. Comparison of the temperature data obtained from simulation and 
experiment from Al-Abidi et al. [23]. 
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applied the response surface method (RSM) to optimize the parameters 
of the system. The results show that the application of a V-shaped fin in 
the system leads to a higher solidification rate in comparison with 
nanoparticle dispersion in different volume fractions. Sarani et al. [19] 
used nanoparticles with a distribution of discontinuous strip fins as a 
solution to the long response time problem in PCM energy storage sys-
tems. The researchers chose the fin materials and the distribution of fins 
as effect factors to find the optimal structure. The results indicate that 
the application of discontinuous fins can lead to an obvious enhance-
ment of the response time and that the application of nanoparticles 
contributes little to improving the discharging time. Mahdi et al. [20] 
numerically investigated the influence of incorporating Al2O3 on the 
solidification process of a PCM (RT82) in a triplex-tube heat exchanger 
(TTHX). The heat transfer characteristics and impacts of incorporating 
nanoparticles over different stages were analyzed. The results indicate 
that a nanoparticle concentration in the range of 3–8% can save the 
completed solidification time between 8% and 20%, whereas at the early 
stages of the solidification course, the presence of nanoparticles makes 
little difference. Elbahjaoui et al. [21] employed a numerical method to 
research the melting behaviour of a PCM (paraffin wax) with Al2O3 
nanoparticles in the rectangular latent heat storage part. They consid-
ered the Reynolds number and Rayleigh number of the flow character-
istics, the thermal performance of the storage unit, the volumetric 
fraction of the nanoparticles, and the effect of the aspect ratio. The re-
sults indicate that the dispersion of high-conductivity nanoparticles can 
lead to a decrease in the melting time with augmentation in the volume 
fraction of nanoparticles (≤8%). In addition, an increased Rayleigh 
number can influence the melting time to improve energy storage in the 
form of sensible heat. 

The objective of this paper is to numerically investigate the heat 
transfer improvement during the solidification process employing fins 
combined with Al2O3 nanoparticles in a triplex-tube heat exchanger. 
The TTHX is selected because of its large heat transfer area and the 
annulus space that can house PCM with nanoparticles. A two- 
dimensional computational fluid dynamics model is proposed that 
considers the thermal conduction and natural convection in fins and the 
Brownian motion of nanoparticles. The various volume fractions of 

Al2O3 nanoparticles as enhancement methods in the original structure 
are studied, and the impact of different positions of longitudinal fins 
with three different lengths on the solidifying process for the PCM is 
discussed. Based on the fin length, we develop four diverse fin layouts to 
determine the optimal structure for which the solidification rate is 
significantly improved. In addition, the variation in the solid–liquid 
interfaces and the average temperature in the heat exchanger employing 
the aforementioned fin layouts are investigated, and the different 
enhanced strategies are compared based on the average temperature 
and liquid fraction curves. 

The knowledge gap that this work can fill includes a) How does the 
combination of fins and nanoparticles affect the solidification process of 
PCMs for energy storage performance? b) What is the role of nano-
particles in enhancing the discharging process of PCMs compared to the 
branch-structured fins? and c) The quantitative analysis of parametric 
studies of fins and nanoparticles in improving the PCM solidification 
performance. The qualitative and quantitative evaluations in the present 
study are useful to improve the understanding of discharging perfor-
mance of PCMs in thermal energy storage units. 

2. Problem descriptions 

Fig. 1 shows the schematic diagram of a finned triplex-tube heat 
exchanger for (a) a three-dimensional physical model and (b) a two- 
dimensional cross-section model with boundary and initial conditions. 
TTHX is widely employed in the beverage, food and medical pharma-
ceutical industries and has a larger thermal-exchanger area compared 
with the double-tube heat exchanger [22]. Additionally, it can be used to 
make the phase change process faster, leading to a decreased response 
time. Al-Abidi et al. [23] used a triplex-tube heat exchanger as a thermal 
energy storage unit with PCM in a solar-powered liquid desiccant air 
conditioning system. As shown in Fig. 1(b), the original structure only 
includes three concentric tubes that are made of copper, while fins, 
represented by black and green colours are incorporated with the in-
ternal and external tubes in the paper to improve the heat transfer. Three 
different lengths of external and internal longitudinal fins are selected. 
The use of higher thermal conductivity copper tubes enhances the heat 

Table 1 
The relative error between experimental and numerical results.  

Experiment (K) 365.61 356.38 353.49 352.03 351.14 350.29 348.77 

Simulation (K)  366.15  355.84  354.13  353.01  352.08  351.24  349.81 
Error (%)  0.15  0.15  0.18  0.28  0.27  0.27  0.30  

Fig. 5. The contours for the solidifying liquid fraction of phase change materials for Case A.  
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transmission between the PCM and HTF. The computational domain 
represented by the shadow areas is PCM or PCM with nanoparticles, and 
the blank sections are filled with HTF for the TTHX. While the overall 
length of the heat exchanger is 500 mm, the inner, middle, and outer 
tubes have radii of 26.6, 75, and 100 mm with thicknesses of 1.2, 2, and 
2 mm, respectively. Eight fins that are oriented perpendicular to the 
walls have thicknesses and lengths (w) of 1 mm and 42 mm, and the 
parameters a, b and c represent different longitudinal lengths. In addi-
tion, the cross-section plot of the original TTHX and four different fin 
layouts proposed in the paper for Cases A to E are illustrated in Fig. 2. 
The related arguments in cases for various fin layouts across the annulus 
are listed in a previous paper [24]. Considering the material cost and 
space for installation, the 90◦ interval for the fins incorporated in the 
inner and middle tubes is chosen to ensure uniform heat transmission. 
Alumina (Al2O3) is employed as nanoparticles, paraffin (RT82) is chosen 
as the PCM due to its long lifetime and excellent stability without the 
supercooling effect, and water is chosen as the HTF on account of its 
high heat capacity and ease of preparation. 

Initially (t = 0), the temperature of the walls and fins is set as 343.15 
K (same as the HTF), and the temperature of the PCM with nanoparticles 
or PCM is set to 366.15 K. The solidification temperature of the PCM is 
350.15 K due to the liquidus temperature of the PCM being 358.15 K, the 
PCM is regarded as a liquid, and the boundary condition is sufficiently 
low to maintain the solidification process. For time t > 0, the PCM in the 
heat exchanger will form a temperature gradient at this moment, 

meaning that natural convection and thermal conduction are affected 
simultaneously. As the temperature gradient forms, the direction of heat 
transfer is outward, and each surface will start to appear in the solidified 
layer. 

3. Governing equations and numerical model 

While the PCM flow is solidifying, both conduction and convection 
will play an important role in the solid and liquid phases. The conser-
vation equations of continuity, momentum and energy employed to 
numerically describe the temperature distribution and fluid motion are 
defined as follows [28-30]: 

∇ • U = 0 (1)  

∂u
∂t

+U • ∇u =
1
ρ
(
− ∇p+ μ∇2u

)
+C

(1 − γ)2u
γ3 + ε (2)  

∂v
∂t

+U • ∇v =
1
ρ
(
− ∇p+ μ∇2v+ ρβg

(
T − Tref

) )
+C

(1 − γ)2v
γ3 + ε (3)  

∂h
∂t

+
∂(ΔH)

∂t
+∇ • (Uh) = ∇ •

(
k

ρCp
∇H

)

(4)  

where U = (u, v)T. As the PCM with nanoparticles solidifies, a constant C 
is defined to describe the mushy zone state and how fast it reduces to 

Fig. 6. Isotherm and vectors for the solidifying process of the PCM for Case A.  
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zero. Generally, this constant is set to a number ranging from 105-106 for 
many studies [31]. For the present study, the constant C = 105 was 
found to produce results in good agreement with experimental data of 

Al-Abidi et al. [23]. In addition, to avoid division by zero, a small con-
stant (ε = 0.001) is defined, and ΔH represents the latent heat. h rep-
resents the sensible enthalpy, which is expressed as follows [32-34]: 

h = href +

∫ T

Tref

CpdT (5)  

where the relevant enthalpy can be calculated using 

H = h+ΔH (6)  

ΔH = γL (7)  

where L is the latent heat of fusion, γ represents the varying liquid 
fraction as the PCM solidifies between temperature Ts and Tl, which is 
defined as [35-37]: 

γ =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0,
(T − Ts)

(Tl − Ts)
,

1,

T⩽Ts
Ts < T < Tl

Tl ≤ T (8) 

In addition, to investigate the temperature field in the fins, the cor-
responding governing energy equation can be expressed as [28]: 

∂
(

ρf Cpf Tf

)

∂t
= ∇ •

(
kf∇Tf

)
(9) 

The parameters in this equation are dependent on the fin material. To 
further improve heat transmission, dispersion nanoparticles are 
commonly used during the solidification process. The thermophysical 
properties can be found in Ref [8]. To vary the corresponding parame-
ters, such as the volume fraction (ϕn) of PCM with nanoparticles, the 
following equations are used [24]: 

ρnpcm
= ϕnρn +(1 − ϕn)ρpcm (10)  

(
ρCp

)

npcm
= ϕn

(
ρCp

)

n +(1 − ϕn)
(
ρCp

)

pcm (11)  

(ρL)npcm
= (1 − ϕn)(ρL)pcm (12)  

(ρβ)npcm
= ϕn(ρβ)n +(1 − ϕn)(ρβ)pcm (13)  

μnpcm
= 0.983e(12.959ϕn)μpcm (14)  

knpcm =
kn + 2kpcm − 2

(
kpcm − kn

)
ϕn

kn + 2kpcm +
(
kpcm − kn

)
ϕn

kpcm + 5

× 104βϑϕnρpcmCppcm

̅̅̅̅̅̅̅̅̅
kBT
ρndn

√

f (T,ϕn) (15)  

f (T,ϕn) =
(
2.8217 × 10− 2ϕn + 3.917 × 10− 3) T

Tref
+
(
− 3.0669

× 10− 2ϕn − 3.91123 × 10− 3) (16)  

where kB is the Boltzmann constant, β is the thermal expansion coeffi-
cient calculated using βAl2O3

= 8.4407(100ϕn)
− 1.07304 with concentra-

tion ranging from 1% ≤ ϕn ≤ 10% and temperature region of 
298K ≤ T ≤ 363K [38], and f(T,ϕn) is a function. In addition, it is worth 
noting that the equations include the impact of Brownian motion (sec-
ond part in Eq. (15)) on the temperature dependence, size and concen-
tration of the alumina nanoparticles. Because no Brownian motion 
occurs in the solid phase of the PCM, ϑ is used as a correction factor to 
describe the state. 

A numerical model of the PCM with nanoparticles is developed using 
enthalpy-porosity methodology. The mushy zone as a region that exists 
in the solid and liquid phases is modelled as a “pseudo” porous medium 

Fig. 7. The average temperature and liquid fraction curves for Case A.  

Fig. 8. The various concentrations of Al2O3 in the liquid fraction for the 
original structure. 
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with a porosity decreasing from 1 (liquid) to 0 (solid) when the materials 
are solidified [25]. To define the physical properties of the PCM and 
various concentrations of nanoparticles, a number of user-defined 
functions (UDFs) based on C++ language are used. The UDFs are 
loaded into the Fluent solver to solve the energy and momentum 
equations. In addition, since the heat exchanger is stationary and the 
solidification course proceeds simultaneously, the use of a two- 
dimensional model can be considered to be proper, and the computa-
tional time cost is another vital influencing factor. For details on the 
application of FLUENT, the solver type is chosen using the pressure- 
based method with absolute velocity formulation under a transient 
time type, and the acceleration due to gravity is taken to be − 9.81 m/s2 

in the Y direction. The governing equations are discretized by the finite 
volume method and the semi-implicit method for the pressure-linked 
equations (SIMPLE) algorithm is employed for the calculation of the 
pressure–velocity coupling [26]. The PRESTO scheme is applied for the 
correction of the pressure equation [27]. The second-order upwind is 
chosen for the spatial discretization of energy and momentum, and the 
first-order implicit option is chosen for the transient formulation. The 
time-step is 0.1 s to ensure that the solution is stable, and the under- 
relaxation factors for energy, velocity components, and pressure 
correction are set as 1, 0.5 and 0.3, respectively. The condition of pre-
determined convergence for continuity and momentum equations is 10- 

4, and that for the energy equation is 10-6. 

4. Results and discussion 

4.1. Verification 

4.1.1. Grid independence analysis 
The grid independency is analyzed for three different numbers of 

cells 37352, 73192, and 144523, with Case E of Fig. 2 selected as the 
computational layout. The variation in the average temperature and 
liquid fraction curves for a diverse number of grids is shown in Fig. 3. It 
can be observed that the differences are decreased with the augmenta-
tion of the grid numbers. In addition, to ensure that the results are stable, 
the time step is set as 0.1 s, and a cell number of 73,192 is selected for the 
grid for the computational case to describe the accuracy. A further in-
crease in the cell number for the grid led to little change in the average 
temperature and liquid fraction curves, and the computational time cost 
is considered as well. 

4.1.2. Validation of the numerical model 
The numerical model proposed in this paper employs a previous 

study by Al-Abidi et al. [23] to verify identical initial and boundary 
conditions and related experimental data. The simulation data are 
compared with the experimental data obtained for the solidifying per-
formance of paraffin (RT82) with nanoparticles (Al2O3) in the annulus of 
a triple-tube heat exchanger (TTHX). A comparison of the average 
temperature obtained from the two studies during solidification is 
shown in Fig. 4. It can be observed that while the results of the simu-
lation are in an acceptable range although they do not fully capture the 
experimental data. Table 1 is used to further clarify the accuracy of the 
model. It can be seen that the maximum relative error between experi-
mental measurements and numerical results is around 0.30%. This 
demonstrates that our developed model is accurate to describe the so-
lidification process of phase change materials. 

4.2. Solidifying process of the inherent structure 

The solidification course in the triple-tube heat exchanger is eluci-
dated by none-enhanced strategies (Case A) of Fig. 2 for the distribution 

Fig. 9. Liquid fraction contour graphs for various concentrations of nanoparticles for Case A.  
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of temperatures and varying solid–liquid interfaces. The whole solidi-
fying time is 337.6 min under the initial temperature conditions. The 
different periods of liquid-fraction contours at certain intervals are 
shown in Fig. 5. Fig. 6 shows the evolution of the isotherms while Fig. 7 
represent the variations in the profiles of the average temperature and 
liquid fraction. 

As shown in Fig. 5, the blue and red areas represent the solid and 
liquid phases, respectively, and the light green colour represents the 
solid–liquid interfaces. The temperature differences influence the in-
tensity of the thermal conduction and natural convection that occurs 
during the whole process of PCM solidification. At the initial time of 5 
mins, it can be observed that two solidified layers are formed with in-
dependent solid–liquid interfaces, and the direction of deformation is 
oriented toward the annulus. Due to the effect of gravity, the solidifying 
process proceeds at the downward region of the annulus first, which 
means that the heat transfer is dominated by natural convection. At 15 
min, the deformation of solid–liquid interfaces begins to form adjacent 
to the annulus, and some raised sections form. This is because of a 
change in the density of the paraffin, and a loss of fluidity for the liquid 
phase PCM is apparent. With time, at 35 min, the solid–liquid interface 
of the internal part continues to expand and tends to be smooth. Below 
the tube, due to the effect of buoyancy and variation in paraffin density, 
the solidifying speed starts to decrease, and the role of natural convec-
tion is restricted. As solidification proceeds, at 55 min, it can be observed 
that the amount of liquid phase for the upper half of the sample is 
decreased, and the shape of the solid–liquid interface exhibits different 
irregular parts. This is due to the impact of the temperature drop on the 
interaction between thermal conduction and natural convection. In 
addition, further shrinkage of the solid–liquid interfaces signifies that 
heat transfer continuously proceeds. At 85 min, the main difference in 
this period is the decline in the overall liquid fraction, and for the 
downward area of the solid–liquid interface, which is more uniform, the 

internal layer expands continually. As the solidifying process continues, 
at 115 min, the thermal conduction dominates the heat transfer, and the 
increase in the solid phase paraffin content retards the Brownian mo-
tion. At the half section of the heat exchanger, the solid–liquid interfaces 
substantially shrink, and the liquid fraction of the overall solid phase 
continues to decrease. With time, at 165 min, due to the augmentation of 
PCM density and the effect of gravity, the size of the underlying solid-
–liquid interfaces continues to shrink, and the upper part starts to merge. 
The temperature of the solid phase is close to the wall temperature, so 
the time required for the solidifying process is increased. At 225 min, 
while the maximal temperature of the PCM is close to the wall tem-
perature, the upper part of the tube still contains unsolidified sections. 

The distribution of temperature plots for the original structure 
investigated in the paper is presented in Fig. 6 over eight periods of time. 
For the solidifying course, the temperature change is continuous and 
dynamic; at the same time, the temperature gradient directly influences 
heat transmission. For the initial time, the impact of thermal conduction 
and natural convection will reach a maximum extent due to the maximal 
temperature difference between the PCM and wall. The isotherms fill the 
overall space across the heat exchanger because the liquid phase of the 
PCM is dominant. Due to the effect of gravity, the temperature of the 
upper half of the annulus is higher than that of the downward part, and 
two concentric circles close to the wall are formed to represent the 
solid–liquid interface. At 15 min, some small vortices are formed in the 
downward part of the internal tube due to the buoyancy force that 
originates from the variation in density between the cold and hot liquids. 
The solid–liquid interfaces develop toward the annulus. With time, at 35 
min, compared to the preceding period, the main difference is the 
disappearance of vortices due to a weakening of natural convection and 
an increase in the amount of solid phase. At 55 min, the shape of the 
solid–liquid interfaces at the upper part of the heat exchanger is 
significantly deformed, but the colour does not change much. At 85 min, 

Fig. 10. Distribution of isotherms for various concentrations (ϕn) of nanoparticles for Case A.  
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the solid–liquid interfaces near the internal wall develop more smoothly, 
and the upper vortices start to decrease. At this moment, the free natural 
convection stops being effective, and the heat transmission is dominated 
by thermal conduction. With time, at 115 min, the rate of increase in the 
solid phase content close to the internal and external walls continues to 
increase. At 165 min, the solidifying speed for the downward area is 
much higher due to the impact density, and the vortices at the upper part 
of the tube merge. At 225 min, the solid–liquid interface at the down-
ward area in the annulus nearly disappears, which means that the so-
lidifying process is close to completion, and convection has only a small 
impact. 

4.3. Enhancement methods for nanoparticles 

Nanoparticles, as one of the enhancement strategies, are generally 
employed because of their modification of both viscosity and thermal 
conductivity. In this study, the impact of the concentration and disper-
sion of Al2O3 nanoparticles in a heat exchanger with volume fractions of 
2%, 5%, and 8% are analysed. In addition, a new correction for the heat 
conductivity of Al2O3 nanoparticles based on a test developed by Vajjha 
et al. [29] is employed, which is shown in Eq. (15), for a βAl2O3 

con-
centration in the range of 1% ≤ ϕn ≤ 10%. The results obtained for 

different concentrations of nanoparticles in the liquid fraction curve are 
shown in Fig. 8. As shown in the figure, the differences among the 
various concentrations are small, but the enhancement methods that 
involve employing nanoparticles can lead to a reduction in the solidi-
fication time by 8.5%, 9.3%, and 10.3% compared to the original 
structure (with a complete solidification time of 337.6 mins which is not 
shown in Fig. 8). 

Fig. 9 shows the contours at 15 min, 65 min, and 125 min in three 
different volume fractions. In this figure, at 15 min, due to natural 
convection across the annulus of the heat exchanger being more 
obvious, the vortices are first formed at the lower part. The deformation 
of solid–liquid interfaces for three volume fractions is distinguished near 
the internal wall, and the augmentation of the volume fraction can in-
crease the area of the vortices. Compared with the original fin layout 
(Case A in which there are no fins shown in Fig. 2), the rate of defor-
mation for the nanoparticle case develops slightly faster due to the 
dispersion of nanoparticles presenting a higher convection contribution. 
With time, at 65 min, deformation of the solid–liquid interface is found 
to occur in the upper part of the annulus, as the effect of natural con-
vection as a useful heat transmission mode starts to weaken during the 
solidification process. With the presence of nanoparticles, the thermal 
resistance against heat transfer is increased. With increasing time, at 
125 min, the differences in the density of the liquid PCM are significant, 
and due to the weak buoyancy effect, the solidification process in the 
upper area is slower than that in the downward area. With respect to the 
dispersion of nanoparticles, there is little influence on the deformation 
of the solid–liquid interfaces with increasing nanoparticle volume 
fraction. 

The distribution of temperature at various periods is shown in 
Fig. 10. From this figure, among the various volume fractions, there is no 
noticeable impact of the isotherms across the heat exchanger. This is 
why the improvement in the solidification time due to the use of 
nanoparticles is limited. On the one hand, the dispersion of nano-
particles can only further enhance thermal conduction because of the 
higher heat conductivity and viscosity between the walls and liquid 
PCM. On the other hand, the augment of the nanoparticle can limit the 
role of natural convection so that a modest improvement in the solidi-
fying speed of the phase change course is obtained. 

4.4. Solidifying process for novel branch-structured fins 

In this section, metal fins are applied to the enhanced solidifying 
process in the TTHX. Based on a previous study by Al-Abidi et al. [23], 
four different fins layouts are proposed to investigate the solidification 
performance. To study on the impact of the fins, Fig. 11 shows the 
average temperature and liquid fraction curves obtained for different 
cases, Fig. 12 represents the contour plots for the liquid fraction over 
various periods, and the variation in the isotherm plots over the various 
periods is shown in Fig. 13. 

Fig. 11(a) represents the solidifying rate of the liquid fraction in 
different cases. As shown in this figure, the full solidifying time is 57.51 
min for Case B, 65.32 min for Case C, 64.75 min for Case D, and 60.45 
min for Case E. The proposal of novel fins’ structures can decrease the 
solidifying time by 83.0%, 80.7%, 80.8%, and 82.9%, respectively, 
compared with the inherent structure of a triplex-tube heat exchanger. 
Therefore, the application of fins leads to a significant improvement in 
the solidifying course on account of an enhancement of the heat transfer 
intensity. The differences among these cases expressed from 5 min to 30 
min are apparent due to the impact of heat conduction and natural 
convection, but the solidifying time for the whole process in different 
cases is small. In addition, Fig. 11(b) describes the evolution of the 
average temperature for the various cases, and it can be seen that the 
data show a difference mainly from 10 min to 40 min. 

4.4.1. The evolution of the solid–liquid interfaces 
Fig. 12 represents the evolution of the solid–liquid interfaces for 

Fig. 11. (a) The liquid fraction and (b) temperature curves for various 
fin structures. 
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various fin layouts. In this figure, four time periods of 5 min, 15 min, 25 
min and 35 min are chosen to describe the solidifying process. At 5 min, 
all cases form significant solid–liquid interfaces because of the temper-
ature difference between the PCM and walls, which influences the in-
tensity of natural convection and heat conduction. The application of 
fins increases the contact area between the PCM and cold boundaries, 
and due to the relatively higher thermal conductivity of copper, the 
solidifying process is enhanced. Although the lengths of the fins in 
various cases lead to no differences, the fin position directly influences 
the space of the PCM in the annulus. 

In addition, it can be observed that a significant solid area is formed 
near the fins, which means that the fins can well promote heat transfer, 
and the evolution of solid–liquid interfaces at the downward part in the 
annulus is faster than the upper part because of the variation in the PCM 
density so that the liquid phase area appears to be distributed. At 15 min, 
it can be observed that while the colour of the annulus is similar, the 
deformation of solid–liquid interfaces shows a significant variation due 
to the attenuation of natural convection and augmentation of density in 
the liquid phase. During this period, as the liquidity of the liquid phase 
declines, thermal conduction plays a crucial role in the solidifying 
course. The fin layout results in various shapes of solid–liquid interface 
parts, and the length of the fins are directly relevant to the thermal 
resistance for the heat transfer. In addition, as shown in the figure, the 
areas of the solid–liquid interfaces near the longer fins have a relatively 
smaller proportion. This is because longer fins can benefit from the 
transfer of heat directly to the PCM in the evolution of the solidification 
course across the annulus. As the solidifying process continues, at 25 
min, from Case B to E, the solid–liquid interfaces shrink significantly, 

and because of the impact of density and gravity, the solidifying rate in 
the downward part of the annulus is faster than that in the upper part. 
The shape of the solid–liquid interface is spotted except for Case B, 
which is banded, and the liquid fraction (represented by the colour) is 
lower than that in the past period. At this point, the central area near the 
internal wall is already solidified in all cases. At 35 min, most of the 
areas across the annulus for the solid phase have already formed, and the 
solid–liquid interface continues to shrink. Although the colours 
observed for all cases are comparable, the shape of the solid–liquid 
interface for Case B is slender. That is why the solidifying process for 
Case B is the fastest, and it can be concluded that the increase in the 
length of the fins with tube radius can result in a good solidifying speed 
in the course of heat transfer across the annulus. 

4.4.2. Analysis of the isotherm plots 
The distributions of the isotherm plots for various fin layouts are 

shown in Fig. 13. The heat transmission for natural convection and 
thermal conduction can directly influence the shape change of solid-
–liquid interfaces and the speed of the solidification process. At 5 min, as 
shown in the graph, the solid phases of PCM are formed near and around 
the fins due to the direct heat transport pathway provided by the fins. 
The fin layout determines the shapes of solid–liquid interfaces, and the 
temperature difference between PCM and walls can lead to the 
achievement of increased heat transfer during this period. With time, at 
15 min, although the shapes of the structures for the solid–liquid 
interface are different, they are found to gather at the fin intervals and 
shrink. This is due to the buoyancy force generated by the density dif-
ference impacting the intensity of the natural convection. As the 

Fig. 12. The variation in the solid–liquid interfaces (liquid fraction).  
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solidifying process proceeds, at 25 min, from Case C to E, the internal 
part of the PCM in the liquid phase transforms into the solid phase. The 
solid–liquid interfaces for all cases further shrink, and the effect of 
natural convection decreases significantly. This is because applying the 
fins results in a more intense augmentation of density in the PCM and 

thermal conduction in the solid phase. At 35 min, the isotherms for all 
cases show the same colour due to the overall space in the approximately 
equal temperature, and then the thermal transfer is dominated by heat 
conduction. Natural convection has little effect due to the areas of the 
solid phase already formed. 

4.5. Comparison of all enhanced strategies 

Fig. 14 shows the solidifying speed for various enhanced methods 
based on the liquid fraction curves. In this figure, four kinds of cases are 
chosen: origin structure, origin with 5% nanoparticles, the optimal fin 
layout and fins with 5% nanoparticles, respectively, at four periods of 
solidification: 10, 20, 30 and 40 min. The complete solidification times 
are 337.6 min (origin structure without fins and nanoparticles), 306.3 
min (origin with nanoparticles but no fins), 57.5 min (fins only) and 
50.7 min (fins with nanoparticles). Compared with the original structure 
of the triple-tube heat exchanger, the application of enhanced methods 
can lead to a reduction in the solidifying time of 9.3%, 83.0%, and 
85.0%, respectively. Therefore, it can be concluded that fins can be used 
to improve the solidification process. Compared with nanoparticles, the 
extent of the enhanced solidifying rate of the fins has great advantages. 

To better investigate the solidifying process, Fig. 15 shows a com-
parison of the contour plots obtained for the different enhancement 
strategies studied in this paper. As shown in the figure, the differences 
between the origin structure (without fins and nanoparticles) and origin 
with nanoparticles are concentrated on the downward section of the 
internal wall and the upper section of the external wall. This is because 
of the impact of natural convection, which is expressed as buoyancy 
dominating at the initial time. For the cases with fins, the shape 

Fig. 13. The distribution of the isotherms.  

Fig. 14. The liquid fraction curves obtained for the different enhance-
ment methods. 
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variation of the solid–liquid interfaces for fins with nanoparticles is 
relatively smaller than that for the fin-only case, which means that the 
use of nanoparticles can lead to an improvement in the solidifying 
process but with a limited effect. In addition, compared to the no-fin 
cases, solid–liquid interfaces for the with-fin cases show significant 
variation. 

5. Conclusions 

The solidification process for heat transmission in a triple-tube heat 
exchanger (TTHX) with enhancement methods, such as nanoparticles 
and metal fins, used to increase the solidification speed is studied 
numerically in this paper. Based on a two-dimensional mathematical 
model, the solidification process for the original structure without any 
improvement strategies is addressed and discussed first. Three fins of 
various lengths are formed with or without Al2O3 nanoparticles at 
different concentrations in four kinds of layouts, which are then used to 
study variations in the liquid fraction and temperature for enhancing the 
solidification process. Meanwhile, the distribution of isotherms and 
variation in the solid–liquid interfaces across a heat exchanger for PCMs 
with nanoparticles are discussed. The consequences reveal that the 
application of fins and nanoparticles has a significant effect on the dis-
charging rate during the solidification process. 

The heat transfer for natural convection and thermal conduction 
directly influences the process of solidification. Compared with the 
original structure without fins and nanoparticles, the usage of nano-
particles can only reduce the solidification time by 8.5%, 9.3%, and 
10.3% using 2%, 5% and 8% volume fractions, respectively. In addition, 
the application of fins in different layouts can reduce the solidification 

time by 83.0%, 80.7%, 80.8%, and 82.9%, respectively. This demon-
strates that the use of metal fins offers a much better enhancement 
method than that based on the use of nanoparticles. Longer fins located 
near the external wall contribute more to the solidification process. 
Natural convection plays an important role initially, while thermal 
conduction influences heat transfer during the entire process. This is 
because of the augmentation of PCM density and the limitation of flow 
generated by the fin structure. 

It is realized that the effect of the nanoparticles is evaluated based on 
the assumptions that the nanoparticles are distributed uniformly in the 
PCM. This assumption limits the understanding of the effect of nano-
particles on the solidification process of PCMs at the molecular level, 
which needs to be clarified in future studies. Also, parametric optimi-
zation will be carried out in the future to achieve better performance of 
the PCM solidification including the length of fins, number of fins, and 
different materials of nanoparticles. 

CRediT authorship contribution statement 

Ji Zhang: Investigation, Discussion, Writing - Original draft prepa-
ration and Revising. Zhi Cao: Investigation, Writing - Original draft 
preparation and Revising. Sheng Huang: Discussion and Reviewing. 
Xiaohui Huang: Discussion and Reviewing. Yu Han: Conceptualiza-
tion, Methodology, Investigation, Reviewing and Revising. Chuang 
Wen: Conceptualization, Supervision, Discussion, Reviewing and 
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