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A B S T R A C T   

Latent heat thermal energy storage plays a key role in the thermal management of heat transfer systems, shifting 
thermal loads, and developing renewable systems. A latent heat thermal energy storage (LHTES) unit can store/ 
release a significant amount of heat in a compact space. However, the main issue of LHTES units is their poor 
heat transfer characteristics. Thus, the thermal response time of most LHTES is low, and they cannot absorb/ 
release the required energy in a timely manner. Hence, the heat transfer enhancement approaches such as using 
nano additives, metal foams, and extended, wavy surfaces are promising approaches to improve the heat transfer 
capability of LHTES. The present study aims to address the impact of using wavy tubes in a composite phase 
change material and metal foam LHTES unit. A phase change heat transfer model based on enthalpy-porosity was 
introduced and solved via the finite element approach. The influence of nanoparticle volumetric fraction (VFna), 
tube wave amplitude (A), tube wave number (N), and the porosity coefficient (ε) was investigated on the 
charging time, stored energy, and heat transfer behavior of the LHTES unit. According to the findings, employing 
metal foams and nanoparticles enhances heat transmission and decreases charging time. A simple tube with no 
wavy surface produces lower pressure drop and better charging power compared to a wavy tube.   

1. Introduction 

Latent heat thermal energy storage (LHTES) is a promising approach 
in green energy development. LHTES systems fill the gap between sup
ply and demand time mismatch in solar [1,2] and waste heat recovery 
[3] applications. LHTES units are compact thermal energy storage 
components filled with PCM. The PCM sinks/release the thermal energy 
on phase change at a constant fusion temperature and stores/releases 
the thermal energy on demand [4,5]. Thus, LHTES acts as a capacitor in 
a thermal cycle, damping transient load demands, compensating for 
thermal load mismatches, or providing load shift capabilities [6,7]. 

PCM can store much energy in a small space with high thermal en
ergy density, but their drawback is the low thermal conductivity and 

long required time for the charging and discharge process [8]. The low 
thermal conductivity of PCMs is a heat transfer barrier for the rapid 
charging or discharging of an LHTES unit on demand. Thus, although an 
LHTES unit can hold a significant amount of thermal energy to meet a 
cycle demand, its low heat transfer characteristics cannot adequately 
regulate a cycle demand. 

To increase the heat transfer efficiency of LHTES units, many re
searchers attempted to promote the heat transfer characteristics of 
LHTES units by utilizing fins, nano additives, metal foams, close contact 
melting, extended surfaces, and encapsulation techniques. For example, 
Arshad et al. [9] employed nanoparticles to enhance the heat transfer of 
PCMs in a phase change heatsink. The results found that using 1 % 
copper nanoparticles could optimally enhance the heat transfer rate in 
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the heatsink. In another study, Arshad et al. [10] examined the impact of 
using 0 %–5 % copper nanoparticles embedded in RT-28HC for passive 
cooling of electronics using PCM-heatsinks. They also showed that using 
1 % nanoparticles could optimally promote the heat transfer rate by 
1.87 %, with a drawback of a 7.23 % decline in storage capacity. The 
reduction in storage capacity was since the nanoparticles cannot 
contribute to latent heat storage. Xu et al. [11] addressed an idea of a 
cascade of thermal energy storage heat transfer to find an optimal design 
for thermal energy storage. 

Bondareva and Sheremet [12] explored the impact of fins, as a 
thermal enhancer, in a passive PCM-heatsink. The PCM was embedded 
in the space between fins, and there was a heat flux source below the 
heatsink. They considered the natural convection effects in their model. 
The results showed that the frequency of transient heating loads and the 
natural convection current could play a major role in the melting 
behavior of PCM. Al-Najjar et al. [13] utilized a composite layer of PCM- 
metal foam for heat transfer enhancement in a photovoltaic (PV) solar 
collector. The authors reported that the average temperature of the PV 
cell could be declined by 12 ◦C due to a 127 % improvement in the 
melting time. 

Esapour et al. [14] utilized metal foams as PCM enhancers in a multi- 
tube LHTES unit. The PCM and metal foam were made of RT35 and 
copper, respectively. The authors changed the foam porosity between 
0.7 and 0.9 could be changed. Using a metal foam with a 0.9 porosity 
reduced the melting time by 14 %, while a denser foam with a porosity 
of 0.7 declined the melting time by 55 %. Thus, it can be deduced that 
the metal foams effectively enhance heat transfer and reduce the melting 
time (thermal energy storage). Xu et al. [15] examined the impact of 
porous media on the melting behavior of a PCM in a cavity. They showed 
that the porous media weakened the natural convection circulations in 
the cavity. 

Some researchers attempted to change the structural shape of an 
LHTES unit to benefit from a combination of natural convection circu
lations and thermal conduction. For example, Sardari et al. [16] 
designed an LHTES air heater, in which an air channel was placed in the 
middle of a PCM slab while PCM was embedded in a metal foam layer. 
The airflow could charge/discharge the unit from two sides in this 
design. Mahdi and Nsofor [17] placed multiple metal foam segments in a 
horizontal shell-tube LHTES unit with different porosities. Their findings 
indicated that the energy recovery times could be considerably reduced 
by employing foam cascading instead of a uniform single segment metal 

foam. The impact of metal foam [18] or a partial layer of metal foam 
[19] on heat transfer in tubes was also investigated. 

A novel approach that could lead to an improvement in heat transfer 
is using wavy surfaces. Wavy surfaces increase the length of the heat 
transfer interface between heat transfer fluids, and hence, they can raise 
the overall heat transfer rate. However, the waviness of a surface could 
impact the hydraulic of convection flows and reduce or promote the 
local heat transfer rate in some regions. Several recent investigations 
considered wavy surfaces in natural and forced convection applications 
without phase change heat transfer. The convection heat transfer of 
nanofluids, viscous fluids, and flow in porous media were addressed in 
an excellent book by Shenoy et al. [20]. 

Moreover, Sheremet et al. [21,22], Alsabery et al. [23,24], and 
Azizul et al. [25] investigated different aspects of natural convection 
heat transfer in wavy wall enclosures. They concluded that using wavy 
walls will increase the heat transfer. However, there is an optimum 
number of undulations in some cases that could maximize the heat 
transfer. In such studies, the fluid was fully molten, and there was no 
region involving solid-liquid phase change heat transfer. The behavior of 
phase change heat transfer in a wavy wall cavity could be completely 
different from these literature works since there are two separate solid 
and liquid regions in a LHTES enclosure that evolve over time and shift 
the hydrodynamic of convection flows. 

Only a few studies consider phase change heat transfer and wavy 
surfaces. Abdollahzadeha and Esmaeilpour [26] investigated the influ
ence of nanoparticle dispersion and surface waviness on the thermal 
discharging of Cu–water nanofluid in a vertical wavy cavity. The authors 
revealed that the normal waviness of 0.25 and 0.4 could result in a 
maximum of 60 % decline in discharging time when the Grashof number 
is high (i.e., 106). Shahsavar et al. [27] utilized a single wavy shell-tube 
latent heat exchanger. The heat transfer fluid was flowing in a wavy tube 
while the PCM was inserted in the space between the shell and the tube. 
The findings indicated that the best configuration of the wavy tube could 
reduce the melting time by 50 % compared to a smooth design. Ma et al. 
[28] employed a single passage wavy channel LHTES design for air 
cooling of a domestic building. These authors also utilized copper oxide 
nanoparticles and further improved the heat transfer in the thermal 
storage design. 

The literature review indicated a few studies investigating the phase 
change heat transfer of PCMs in wavy wall enclosures [26–28] in the 
existence or absence of nano-additives. However, the phase change heat 

( ) = − × (1 − cos(2 ))

+

(a) (b) (c)

Metal foam

Fig. 1. The schematic view of the physical model: (a) LHTES unit, (b) single tube with the NEPCM domain, and (3) computational domains.  
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transfer of PCMs metal foam composites in wavy wall enclosures have 
not been addressed yet. The heat transfer behavior of PCMs in metal 
foam-filled enclosures could be different from clear flow designs 
[26–28]. In clear flow phase-change heat transfer, there is a poor con
duction regime and moderate natural convection circulation, while in 
composite metal foam PCMs there is a conduction-dominant tendency 
and poor natural convection flow. Thus, the current research intends to 
address the thermal energy storage and phase change heat transfer of 
metal foam composite PCMs with nano additives in wavy wall enclo
sures for the first time. 

2. Mathematical model 

A shell and tube latent heat thermal energy storage (LHTES) unit 
consists of several wavy tubes, as depicted in Fig. 1 (a). LHTES is filled 
with a composite copper metal foam and nano-enhanced Coconut oil- 
CuO. The metal foam is an open foam with a porosity ε where it al
lows a liquid PCM to move freely between the pores. A hot heat transfer 
fluid (HTF) with temperature Th flows inside the tubes and melts the 
PCM around them. Considering the symmetrical configuration of the 
tube bundle, one of the tubs can be selected for the unit design, as 
depicted in Fig. 1 (b). Table 1 list the characteristics of the utilized 
material. The geometrical configuration of each wavy tube is illustrated 
in Fig. 1 (c). Here, L = 200 mm, and Ri = 9 mm. The outer radius of the 
enclosure was adjusted based on the volume of the wavy tube to provide 
a constant volume of composite PCM as follows: (A = 0 mm, Ro = 50.4), 
(A = 1 mm, Ro = 50.2 mm), and (A = 2 mm, Ro = 50.11 mm). The thin 
copper tube's temperature gradients and transient energy storage were 
neglected. The parameters of interest are amplitude (A) and period of 
the waves (N). 

3. Governing equations and boundary conditions 

3.1. Convective phase change heat transfer in NEPCM 

The molten NEPCM can move between the pores in open metal foams 
and benefit from natural convection circulations. Thus, the governing 
equations representing the flow and heat transfer in the composite metal 
foam-NEPCM are the conservation of mass, momentum, and energy, 
which can be explained as follows:  

I) Mass conservation 

1
r
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+
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= 0 (1)    

II) Momentum equations 
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III) Energy conservation 
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(3)  

where the Darcy-Brinkman model was invoked to describe the flow in
side the metal foam. Where u is the Darcy velocity, P is the pressure, and 
T is the temperature field. In the above equations, dynamic viscosity (μ), 
density (ρ), volume thermal expansion (β), porous permeability (K), the 

Table 1 
Thermophysical characteristics of the Coconut oil and the nano additives 
[29,30].  

Property Coconut oil (measured) Nano 
additives 
CuO 

HTF 
(Water) 

Copper 
metal foam 

Solid 
(15 ◦C) 

Liquid 
(32 ◦C) 

ρPCM (kg 
m− 3) 

920 914 ±
0.11 % 

6500 993.73 8900 

μPCM(Ns 
m− 2) 

– 0.0326 ±
3 % 

– 0.705 ×
10− 3  

Cp (J kg− 1 

K− 1) 
3750 2010 ±

0.2 % 
540 4178 386 

γ (W m− 1/ 
K) 

0.228 0.166 ±
1.2 % 

18 0.623 380 

hf (kJ 
kg− 1)  

103 ± 1 % –   

Pr  394.73 ±
3.2 % 

–   

Tme (◦C) 24 – – – –  

Table 2 
Details of mesh study when VFna = 0.02, A = 3 mm, N = 3, and ε =0.85.  

Cases Number of uniform meshes MVF|t=2000s Computation time 

Case I 75 × 75 × 15 0.8252 8 h 20 min 
Case II 100 × 100 × 20 0.7927 13 h 5 min 
Case III 125 £ 125 £ 25 0.7781 18 h 15 min 
Case IV 150 × 150 × 30 0.7711 25 h 12 min 
Case V 200 × 200 × 40 0.7652 32 h 8 min 

The bold row was selected for the computation of the results section. 
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Cass V

Fig. 2. Impact of grid size on the melting volumetric fraction for case A = 3 
mm, N = 3, VFna = 0.02 and ε = 0.85. 
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volume fraction of nanoparticles (VFna), latent heat of fusion (hf), spe
cific heat capacity (Cp), thermal conductivity (λ), and gravity accelera
tion constant (g) are the parameters. The subscripts of PCM, na, NP, eff, l, 
and s indicate the base PCM material, nanoparticles, NEPCM material, 
effective properties of PCM and metal foam, liquid PCM, and solid PCM, 
respectively. 

In the above equations, the enthalpy-porosity method is employed to 
model the phase change in the LHTES. In this approach, the phase 
change takes place in a small temperature range around the fusion 
temperature of the NEPCM. A phase-field variable, ω(T), determines the 
domain with the volume fraction of liquid. A sink term, Amush[(1 − 2ω 
(T) + ω2(T))/(λe + ω3(T))]u), is added to the momentum equations, 
which forces the velocities to zero in solid domains where ω = 0. In the 
sink term, Amush is a large constant value, 1010, and λe is a small number 
to avoid division to zero. In a solid region, ω tends to be zero, and 
consequently, the sink term is very large, which forces the velocity to 
zero. The liquid volume fraction, ω(T), is introduced around a small 
temperature range, ΔTme around the NEPCM's fusion temperature, Tme, 
to avoid temperature discontinuities in the heat equation. Here, ω(T) is 

defined as: 

ω(T) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0 T < Tme − ΔTme/2
T − Tme

ΔTme
+

1
2

Tme − ΔTme/2 < T < Tme + ΔTme/2

1 T > Tme + ΔTme/2

(4) 

In addition, the permeability of the porous domain reads [31]: 

K = d2
p

73 × 10− 5

(1 − ε)0.224

(
dld− 1

p

)− 1.11
(5a)  

(
dld− 1

p

)
= 1.18

(
1 − ε

3π

)0.5

[1 − exp( − (1 − ε)/0.04 ) ]− 1

(5b) 

In which dp = 254 × 10− 4ωp
− 1 (PPI) where ωp is the pore per inch 

characteristics of metal foam (PPI). The effective heat capacity of metal 
foam and NEPCM is evaluated as: 

(a) (b) (c) (d)

b

c

d

Fig. 3. A view of adopted mesh with a size of 125 × 125 × 25 for the computational domain.  
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Fig. 4. A comparison between the results of the present study and the experimental study of [37] and numerical data of [39] for (a) the average melting volume 
fraction (MVF) and (b) the stored energy in the enclosure. 
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(
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eff,NP = ω(T)
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(
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eff,NP,s

]
+
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)
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(
ρCp

)
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Subscript mf denotes the solid matrix of the porous medium. 
Considering the liquid fraction, ω, the thermal conductivity of the 
composite copper foam-NEPCM is a function of liquid fraction as: 

λeff,NP = ω(T)λeff,NP,l +(1 − ω(T) )λeff,NP,s (7) 

The effective thermal conductivity of composite-NEPCM is evaluated 
utilizing the following relation [32,33]: 

λeff,NP,l(s) =

[
λNP,l(s) + π

( ̅̅̅χ√
− χ

)
Δλl(s)

][
λNP,l(s) + (χπ)Δλl(s)

]

λNP,l(s) +
[

4
3

̅̅̅χ√
(1 − ε) + π ̅̅̅χ√

− (1 − ε)
]
Δλl(s)

(8)  

where χ = 1− ε
3π ,Δλl(s) = λmf − λNP,l(s). 

3.2. The NEPCM effective properties 

The effective density, thermal expansion, and heat capacity of 

NEPCM are computed as volume average of PCM and nanoparticles as: 

ρNP = ρPCM +VFna(ρna − ρPCM) (9a)  

ρPCM(T) = ω(T)
(
ρPCM,l − ρPCM,s

)
+ ρPCM,s (9b)  

ρNP,lβNP,l = ρPCM,lβPCM,l +VFna
(
ρnaβna − ρPCM,lβPCM,l

)
(9c)  

(
ρCp

)

NP = ρPCMCp,PCM +VFna
(
ρnaCp,na − ρPCMCp,PCM

)
(9d)  

ρPCMCp,PCM(T) =
ω(T)

[
ρPCM,lCp,PCM,l − ρPCM,sCp,PCM,s

]

+ρPCM,sCp,PCM,s

(9e) 

The dynamic viscosity and thermal conductivity of NePCM are 
evaluated using the Brinkman and the Maxwell equations as: 

μNP,l = μPCM,l(1 − VFna)
− 2.5 (9f)  

λNP,l(s)

λPCM,l(s)
=

(
λna + 2λPCM,l(s)

)
− 2VFna

(
λPCM,l(s) − λna

)

(
λna + 2λPCM,l(s)

)
+ VFna

(
λPCM,l(s) − λna

)

(9g)  

3.3. Forced convection heat transfer inside the tube 

The hot liquid (HTF) enters the wavy tube with a uniform velocity uz, 

in and temperature Th. The governing equations for the forced convec
tion laminar heat transfer in the tube are explained by the conservation 
of mass, momentum, and energy in a cylindrical coordinate system as 
follows:  

I) Conservation mass 

1
r

∂(rur)

∂r
+

∂uz

∂z
= 0 (10)   

1.5 h 3 h 4.5 h

Fig. 5. The empirical observations of [33] and the computed numerical melting interface of the present study.  

Table 3 
Further investigation on the impact of design parameters around the optimum 
point.  

Case Parameter VFna A (mm) N ε ΔP (Pa)  

1 VFna  0  0  4  0.8  0.2  
2  0.02  0  4  0.8  0.2  
3  0.06  0  4  0.8  0.2  
4 A  0.04  1  4  0.8  0.40  
5  0.04  2  4  0.8  1.4  
6  0.04  3  4  0.8  10.1  
7 N  0.04  3  1  0.8  6.5  
8  0.04  3  2  0.8  8.3  
9  0.04  3  3  0.8  9.4  
10  0.04  3  4  0.8  10.1  
11 ε  0.04  3  4  0.85  10.1  
12  0.04  3  4  0.90  10.1  
13  0.04  3  4  0.95  10.1  
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II) Momentum equations 
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III) Energy conservation 
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where subscript HTF indicates the HTF liquid. 

3.4. Initial and boundary conditions 

Initially, the NEPCM domain and tube are at the initial temperature 
Tinitial below the fusion temperature and thus: 

ur |NP = uz|NP = 0, T|NP = THTF = Tinitial (13) 

The HTF enters the tube with a specific uniform hot temperature and 
velocity 

T|HTF = Th, ur|HTF = 0, uz|HTF = uz,in (14a)  

and it leaves the tube with a developed convective condition as: 

ur |HTF = 0,
∂T
∂z

⃒
⃒
⃒
⃒

HTF
=

∂uz

∂z

⃒
⃒
⃒
⃒

HTF
= 0 (14b) 

The fluid flow in the tube is considered a steady-state, and the steady- 
state velocity was applied as the initial condition for the HTF flow. For 
the internal boundary between HTF and metal foam-NEPCM domains, 
the continuity of heat flux and continuity of temperature were applied as 
[34,35]: 

γHTF
∂T
∂n

⃒
⃒
⃒
⃒

HTF
= γeff,NP

∂T
∂n

⃒
⃒
⃒
⃒

NP
, T|HTF = T|NP (14c)  

where n is normal to surface. The velocity and heat flux at the perimeter 
of the composite-NEPCM domain is zero as: 

ur |NP = uz|NP = 0,
∂T
∂z

⃒
⃒
⃒
⃒

NP
= 0 (14d) 

The vertical perimeter was also considered insulated because of the 
symmetrical placement of the tube bundles. The present model applied 
the following conditions: Tinitial = 20 ◦C, Th=, 50 ◦C, and uz,in = 0.01 m/ 
s. 

Fig. 6. (a) Melting volume fraction, and (b) Total energy stored as a function of time for different volume fraction (VFna parameter) for case A = 0, N = 4 and ε = 0.8.  

Volume fraction 

(VFna)
t=750s t=1500s t=2250s

VFna =0

VFna =0.06

Fig. 7. Impact of volumetric fraction of the nanoparticles on the contours of 
isotherm, (a) case 1 with VFna = 0, and (b) case 3 with VFna = 0.06, in three 
specified times for A = 0, N = 4 and ε = 0.8. 
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3.5. Characteristics parameters 

The total energy stored in the unit (ES), melting volume fraction 
(MVF), and charging power of the unit (CP) are the design characteris
tics and are introduced as follows: 

ES(t) =
∫

V

∫ T

Tinitial

(
ρCp

)

eff,NPdT dV +

∫

V

ω(T)(1 − VFna)ρPCM,lεhf ,PCMdV

(15)  

the melting volume fraction is computed as the volume of liquid NEPCM 
to the overall volume of NEPCM as: 

MVF(t) =
∫

V ω(T)dV
∫

V dV
(16)  

where the integrations are volumetric integrals due to the axis- 
symmetric nature of the model. Finally, the thermal energy storage 
capability of the LHTES unit can be determined by dividing the amount 

of stored energy by the storage time (full melting time) as: 

CP =
ES when the melting process complete

complete melting time
(17) 

The outlet relative pressure for HTF was zero, so the pressure drop 
was computed as the average of inlet pressure: 

ΔP =

∫ Ri
0 rpdr
∫ Ri

0 rdr
(18)  

4. Numerical approach and mesh dependency 

4.1. Numerical approach 

The governing partial differential equations in the HTF and PCM 
domain were solved using the finite element approach. The momentum 
and heat equations in the HTF tube and PCM domain were fully coupled 
with the Newton method's phase change energy equation. A reference 
pressure-point with a gauge pressure zero was placed at the top left 
corner of the PCM enclosure as a reference point for the pressure. The 
momentum and heat equations used the second-order discretization 
with quadratic shape functions. The equations were solved with a 
relative error tolerance of 1e-4. The backward differential free step 
method automatically adjusted the time step and kept the relative error 
small. More details about the employed method can be found in 
Ref. [36]. 

4.2. Mesh study 

A non-uniform structured mesh was selected in the HTF and PCM 
domains. The mesh is uniform on the input, output, and walls, but due to 
the undulation of the wavy wall, the mesh shrinks or extends inside the 
computational region. Several mesh sizes (vertical cells × horizontal 
cells × HTF horizontal cells) were tested when VFna = 0.02, A = 3 mm, 
N = 3, and ε =0.85. The detail of each mesh and computational times are 
listed in Table 2. The computational time for eight cores, each 2.8 GH 
and 12 Gb RAM, are also brought in this table. 

The average melt volume fraction, MVF, was computed as a function 
of time and plotted in Fig. 2. As seen, a mesh with a size 125 × 125 × 25 
can provide reasonable accuracy with a fair computational cost. Thus, 
this mesh was selected for computations of the current research. A view 
of this mesh is illustrated in Fig. 3. 

4.3. Model verification 

The current numerical code's findings are compared to some litera
ture works to guarantee the correctness and accuracy of the models and 
calculations. As the first comparison, The current study's results are 
compared with the experimental results of Kamkari et al. [37] for 
melting of lauric acid in an enclosure with an initial temperature of 
25 ◦C. The enclosure was a cavity of size 5 cm (width) × 12 cm (height). 
The cavity walls were well insulated except for one of the vertical walls, 
which was subject to a constant wall temperature of 70 ◦C. The volu
metric thermal expansion of lauric acid (dodecanol) was adopted as 
0.0008 1/K [38], and other thermophysical characteristics of PCM can 
be found in [37]. Fig. 4 compares the empirical data with the theoretical 
findings. Fig. 4 (a) demonstrates a high level of concordance between 
experimental and theoretical data. 

Moreover, the empirical stored energy is close to the evaluated 
theoretical energy storage. There is a gap between empirical stored 
energy and current data in the final stages of melting. The gap could be 
due to heat losses. Hence, the empirical energy loss is also plotted in 
Fig. 4 (b), which increases as time passes. Thus, the results of the present 
code very well agree with the empirical observations. 

Considering the melting heat transfer in metal foams, the current 
study results are compared with the empirical observations of Zheng 

Volume

fraction 

(VFna)

t=750s t=1500s t=2250s

VFna =0

VFna
=0.06

Fig. 8. Imapct of volumetric fraction of the nanoparticles on the streamlines, 
(a) case 1 with VFna = 0, and (b) case 3 with VFna = 0.06, in three specified 
times for A = 0, N = 4 and ε = 0.8. 
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et al. [33] for thermal charging of composite paraffin wax copper metal 
foam. The melting heat transfer was taking place in a cavity of size 10 cm 
filled with 5PPI copper foam of porosity 0.95. The enclosure walls were 
subject to no heat transfer except the left vertical wall, which was sub
ject to a heat flux of rate 1150 W/m2. A small heat loss of 7.5 % was 
considered. The effective thermal conductivity of the composite and 
effective latent heat of fusion were 5 W/m K and 132.5 (kJ/kg), 
respectively [40], while the permeability of the medium was 0.27 mm2. 
The remaining thermophysical properties can be found in [33]. As can 
be observed (See Fig. 5), there is a reasonable agreement between the 
current investigation's findings and empirical literature works. 

5. Results and discussions 

The factors of importance in current research are the nanoparticle's 
concentration (0 ≤ VFna ≤ 0.06), the wave amplitude (0 ≤ A ≤ 3mm), 
wave period (1 ≤ N ≤ 4), and foam porosity (0.8 ≤ ε ≤ 0.95). In order to 
study the influence of each parameter on the melting behavior of PCM in 
the LHTES unit, here 13 numeric experiments were performed. Table 3 
shows the details of each case. Then, the characteristics parameters, 
contours of melt volume fraction, and temperature distribution are 
discussed. 

The following sections of the present study show the effectiveness of 
various parameters, including the volumetric fraction of nanoparticles, 
wave amplitude, number of waves, and porosity coefficient over the 
melting fraction of the phasing material, the amount of stored energy, 
constant temperature, and streamlines are investigated. 

The impact of waviness on the pressure drop was also investigated in 
Table 3. As seen, the pressure drop is minimal for a straight channel with 
no wavy surface (0.2 Pa). A channel with small wave amplitudes also 
induces a small pressure drop (0.4 Pa). Moreover, as the number of 
waves increases, the pressure drop also increases. The maximum pres
sure drop corresponds to the case of A = 3 mm and N = 4 with ΔP = 10.1 
Pa. 

5.1. Volume fraction of nanoparticles 

Fig. 6 (a) and (b) illustrates the procession rate of the melting front 
and the stored energy for various values of the nanoparticle volume 
fractions within the time interval of 0 to 2500 s. As can be seen, over 
time, the curve corresponding to the melting front of the phase change 
material has been ascending as the entire phase change material is 
melted in the presence or the absence of nanoparticles after 2500 s. To 
be more precise, according to Fig. 6 (a), the maximum presence of 
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Fig. 9. (a) Melting volume fraction, and (b) Total energy stored as a function of time for different values of wave amplitute (A parameter) for case VFna = 0.04, N = 4, 
ε = 0.8. 

wave 
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(A)

t=750s t=1500s t=2250s

A=1 mm

A=3 mm

Fig. 10. Impact of wave amplitude (A parameter) on the contours of isotherm, 
(a) case 4 with A = 1 mm, and (b) case 6 with A = 3 mm, in three specified 
times for VFna = 0.04, N = 4 and ε = 0.8. 
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nanoparticles in the phase change material (pure phase change material) 
has little influence on the progress of the melting front compared to the 
absence of nanoparticles. The PCM is completely melted in all four 
curves after about 2200 s. Moreover, the amount of the stored energy 
decreases as the concentration of nanoparticles increases since nano
materials do not undergo phase change within the considered temper
ature range. Nonetheless, the curves in Fig. 7 (a) and (b) oppose each 
other. Besides, 2000 s after initiation of the melting process, the MVF 
was computed as 0.925 (VFna = 0), 0.934 (VFna = 0.02), and 0.948 (VFna 
= 0.06). Thus, using a 6 % concentration of nanoparticles increases the 
amount of molten NEPCM by 2.5 % compared to a pure PCM. 

In the maximum presence of nanoparticles in the phase change 
material (VFna = 0.06), the highest level of melting, and without any 
nanoparticle (VFna = 0), the amount of stored energy is slightly 
improved. In fact, increasing the volumetric fraction of nanoparticles 
increases both the thermal conductivity and the dynamic viscosity, 
enhancing the heat transfer rate and accelerating the melting process. 
On the other hand, since the latent heat of the nanoparticles is less than 
the latent heat of the phase change material, the total latent heat of 

phase change nanomaterial is reduced compared to the pure PCM. 
Hence, the total energy stored in the absence of nanoparticles is more 
than in other cases. 

In Figs. 7 and 8, constant temperature contours and flow streamlines 
at three instances of 750, 1500, and 2250-s are evaluated for pure phase 
change material (VFna = 0), case 1, and phase change nanomaterial with 
a volume fraction of 0.06 (VFna = 0.06), Case 3. As shown in Fig. 8, 
excluding the latest time for Case 3, the temperature range is generally 
within 298 K to 300 K at all three of the time instances, and over time, 
more areas of the energy storage unit are occupied by higher tempera
tures. This indicates that the temperature rises in different areas, and the 
melting front further proceeds. By looking more closely at the constant 
temperature lines, it can be seen that the patterns obtained in the first 
two instances (750 and 1500 s) are almost the same for both cases, while 
in the final time, both the pattern and the range of the temperature for 
these cases are different. In a way, the lower temperature bond in the 
first and third cases are equal to 298 K and 302 K, respectively. 
Following the results obtained in Fig. 8 (a), in the final times, the 
discrepancy between the curves for VFna = 0 (case 1) and VFna = 0.06 
(case 3) has reached the maximum value. In fact, the progress of the 
melting front depends on the heat transfer rate and the obtained tem
perature patterns. The largest distance in ending times represents the 
largest difference between the patterns of constant temperature lines. 
Hence, at 2250 s, there is a noticeable difference between the constant 
temperature lines for the first and the third cases. Fig. 8 depicts 
streamlines at the three-time instances considered before. Streamlines in 
the molten areas are formed at the bottom of the storage unit and the 
vicinity of the tube containing hot fluid and have expanded to higher 
areas as the molten front advances. In the last time, in accordance with 
Fig. 6 (a), the melting has been completed, and the streamlines are 
circulating in all areas of the energy storage unit. As mentioned, the 
origin of streamlines is in the lower areas and adjacent to the pipe 
containing hot fluid. Therefore, the streamlines are highly packed in 
these areas for all instances. This is why the strongest circulation cur
rents and, in other words, the highest velocity of the PCM/nanomaterial 
would occur at the floor of the energy storage unit. 

5.2. Wave amplitude 

The effect of wave amplitude on the melting fraction and the amount 
of energy stored by the phased change nanomaterial is shown in Fig. 9 
(a) and (b). For this purpose, the flat tube (A = 0) and the corrugated 
tube with different wave amplitudes (A = 0, 1 mm, 2 mm, and 3 mm) are 
analyzed. It is worth noting that the area in which the phasing nano
material is present remains the same for all four curves. Still, the flat 
tube area is larger than that of corrugated tubes and decreases with 
growing wave amplitude. According to the results, both the melting 
fraction and the amount of energy stored while employing the flat tube 
are greater than corrugated tubes. However, for the curved tubes, the 
results are not linear. To clarify, the tube with a wave amplitude of 1 mm 
has more melting fraction and stored energy than the wave amplitudes 
of 2 mm and 3 mm, while the 3-mm wave amplitude also reflects better 
results than the 2-mm one. However, the two curves of the 2- and 3-mm 
amplitude are very close to each other. In general, corrugation of the 
pipe is considered an interfering factor for heat transfer from the pipe to 
the nanomaterial and the circulation of the molten nanomaterial. The 
increase of the wave amplitude creates both narrow and wide passages 
on the HTF side. The heat transfer in the HTF side increases at the 
narrow passages since the local velocity and wall temperature gradients 
rise. However, it also creates wide passages with minimum flow circu
lation at the PCM side. The overall heat transfer enhancement is a 
competition between the increase of heat transfer on the HTF side and 
the reduction of heat transfer on the PCM side. Thus, no monotonic 
behavior could be expected. The charging power can be considered as 
the total stored energy over the required time to store the energy. The 
charging power at t = 2000 s was computed as 78 W (156 kJ/2000 s for 

wave 

amplitute

(A)

t=750s t=1500s t=2250s

A=1 mm

A=3 mm

Fig. 11. Effect of wave amplitute (A parameter) on the streamlines, (a) case 4 
with A = 1 mm, and (b) case 6 with A = 3 mm, in three specified times for VFna 
= 0.04, N = 4 and ε = 0.8. 

M. Ghalambaz et al.                                                                                                                                                                                                                           



Journal of Energy Storage 54 (2022) 105277

10

A = 0 mm), 75 W (150 kJ/2000 s for A = 1 mm), 70 W (140 kJ/2000 s 
for A = 2 mm), and 71 W (142 kJ/2000 s for A = 3 mm). Therefore, case 
A = 2 mm provides about 10 % less power than case A = 0 mm. 

Figs. 10 and 11 show the constant temperature lines and streamlines 
of cases 4 (with A = 1 mm) and 6 (A = 3 mm) in three default time 
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Fig. 12. (a) Melting volume fraction, and (b) Total energy stored as a function of time for various values waves number (N parameter) for case VFna = 0.04, A = 3 
mm, ε = 0.8. 
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Fig. 13. Impact of waves number (N parameter) on the contours of isotherm, 
(a) case 7 with N = 1, and (b) case 10 with N = 3, in three specified times for 
VFna = 0.04, N = 4 and ε = 0.8. 
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Fig. 14. Effect of number of waves (N parameter) on the streamlines, (a) case 7 
with N = 1, and (b) case 10 with N = 3, in three specified times for VFna = 0.04, 
N = 4 and ε = 0.8. 
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instances of 750, 1500, and 2250 s. As can be seen in Fig. 10, at the 
initial time (t = 750 s), the development of the constant temperature 
lines in the vicinity of wavy surfaces tube with larger amplitude was 
greater than a wavy tube with smaller amplitude. The lower areas of the 
chamber are the place of development of the constant temperature lines 

when wave amplitude is less. Over time, in case 6 with a larger wave 
amplitude, the patterns of constant temperature lines have a contrac
tionary trend, and their development rate decreases, while the devel
opment in the lower areas of the chamber for case 4 with less wave 
amplitude continues and greater parts of the chamber is occupied by 
high temperatures. 

In accordance with Fig. 10, the flow characteristics of cases 4 and 6 
are depicted in Fig. 12. As can be seen, more potent streamlines are 
initially formed for the larger wave amplitude, but over time, the 
streamlines associated with the smaller wave amplitude emerges from 
the lower regions of the chamber and, as a function of the melting front 
advance, exhibits more development than larger wave amplitudes. Ul
timately (t = 2250 s), the phase-changing nanomaterial for the smaller 
wave amplitude reaches the point of almost complete melting. In com
parison, the melting process of this material at the larger wave ampli
tude is not fulfilled. 

5.3. Wave number 

Fig. 12 exhibits the number of waves of the tube within the default 
time range and its effect on the melting fraction as well as the amount of 
stored energy. As can be seen, at primary moments, for the lower 
wavenumber (N = 1), the melting front progress is more than in other 
cases, although this difference is very small. However, with time and the 
development of the flow, increasing the number of waves (N = 4) leads 
to the continuous advance of the melting front. In fact, when the number 
of waves increases, the possibility of developing thermal gradients in the 
vicinity of the wavy tube at a secondary time is becoming higher, the 
conduction heat transfer mode is strengthened, and consequently, the 
melting front advances. Here, the melting process is a comparative 
function of the boundary-geometric conditions; thus, with the progress 
of the melting front, the corrugated tube is able to store more energy. It 
should be noted that the curve of n = 4 in these figures is the same curve 
corresponding to the curve of A = 3 mm in Fig. 9. In the previous section, 
for case 1 with no undulations, the charging power was computed as 78 
W at t = 2000 s. Considering case 7 with an undulation amplitude of A =
3 mm and just one undulation (N = 1), the charging power at t = 2000 is 
obtained as 68 W (136 kJ/2000 s). This is while Table 3 shows the 
pressure drop for Case 1 is just 0.2 Pa while the pressure drop for Case 7 
is 6.5 Pa. Thus, an undulation increases the pressure drop and also re
duces the charging power. The increase of the wave numbers raises the 
pressure drop notably and enhances the charging power. By increasing N 
to 4, the charging power reaches 71 W at t = 2000 s, which is still lower 

Fig. 15. (a) Melting volume fraction, and (b) Total energy stored as a function of time for different values of porosity (ε parameter) for case VFna = 0.04, A = 3 mm, 
N = 4. 

Porosity 

(ε)

t=750s t=1500s t=2250s

ε = 0.85

ε = 0.95

Fig. 16. Effect of porosity (ε parameter) on the contours of isotherm, (a) case 
11 with ε = 0.85, and (b) case 13 with ε = 0.95, in three specified times for 
VFna = 0.04, A = 3 mm, and N = 4. 
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than the case of a simple tube without waves. Therefore, it can be 
reckoned that a case (case 1) with flat walls and no wave could result in a 
higher charging power and lower pressure drop compared to wavy-tube 
cases. 

Constant temperature and streamlines are shown in Figs. 13 and 14 
for the lowest and the highest number of waves, N = 1 and N = 4, at 
three default time instances. As it is perceptible from Fig. 13, with the 
increase of the waves number, the spread of temperature lines in the 
closed chamber (storage source) intensifies, which agrees with the re
sults obtained in Fig. 12. According to Fig. 14, it can also be perceived 
that for the lowest number of waves, the melting front advances to a 
greater extent through the lower areas of the chamber, and the formed 
throat significantly halts the melting of the phase-changing nano
material in the upper regions of the chamber. The distribution of the 
streamlines for a higher wavenumber is more developed, and the 
melting of mentioned nanomaterial would continue with a greater bal
ance between the lower and upper area of the chamber. 

5.4. Metal foam porosity 

Fig. 15 (a) and (b) shows the influence of the porosity coefficient on 

the melting fraction of the PCM and the amount of stored energy. As it 
can be seen, with the growing porosity coefficient parameter, the 
advance of the melting front decreases, and in the last considered time 
instance, the phase change material does not completely melt. In gen
eral, as the porosity coefficient increases, the porous medium inclines to 
a simple medium. Therefore, on the one hand, the effect of conduction 
heat transfer mode is weakened, and on the other hand, convection heat 
transfer mode prevails. Consequently, the phase change material re
quires more time to melt through the melting process fully. Increasing 
the porosity coefficient reduces the contribution of the solid matrix and 
consequently the thermal conductivity, so the rate of energy stored by 
the nanomaterial of the phase change declines. Hence, the significance 
of the porous environment on the performance of phase change pro
cesses can be reckoned. It should be noted that the increase of the 
porosity should increase the overall heat capacity of the enclosure since 
more NEPCM is available to contribute to the phase change heat trans
fer. However, here the estimated physical time was 3000 s (along with 
the fully melted condition); thus, the estimated time was not enough to 
fully melt the NEPCM for cases ε = 0.9 and ε = 0.95. 

Figs. 16 and 17 show the impact of the porosity coefficient on the 
constant temperature and streamlines at the three default time intervals. 
According to Fig. 16, the distribution of constant temperature lines for 
smaller values of the porosity coefficient (ε = 0.85) has increased at all 
times compared to the high values of this parameter (here ε = 0.95). 
With further progress of melting front, streamlines for lower values of 
porosity coefficient compared to higher values are also more developed. 
Also, following the results obtained in Fig. 16, none of the cases 11 and 
13 melted until the last time (t = 2250 s). 

6. Conclusion 

The melting process of the phase change coconut oil containing 
copper oxide nanoparticles in an energy storage unit in the presence of a 
wavy tube was evaluated. Hot water passes through the wavy tube and, 
through satisfying the melting conditions, prompts the melting of the 
mentioned nanomaterial. The LHTES unit was modeled employing the 
enthalpy-porosity method and solved using the viable finite element 
approach. The present fluid dynamics code was compared with previous 
credible studies. The comparisons demonstrate a reasonable agreement 
between the current code and the results of prior studies. The inde
pendence of the results from the size of the computational grid was 
analyzed, and the results were extracted according to the size of the 
selected computational grid. The most substantial results are as follows:  

1. By increasing the volumetric fraction of nanoparticles (VFna) within 
the PCM, on the one hand, the thermal conductivity and dynamic 
viscosity are improved; thus, the speed of the melting process in
creases. On the other hand, the thermal capacity of the resulting 
nanomaterials declines, and the stored energy level would decrease. 
Also, dispersion of a larger volumetric fraction of nanoparticles 
within the PCM improves the development of the constant temper
ature lines, streamlines, and melting front advancement. Using 6 % 
nanoparticles, increases the melting fraction by 2.5 % after 2000 s.  

2. Straight (A = 0) and wavy- (A ∕= 0) tubes with different amplitude 
sizes were evaluated. Raising the heat transfer level by considering 
different amplitudes is not a proper option to enhance the melting 
process and stored energy. As the flat surface tube offers far better 
results than the wavy tube, the melting front progresses to a greater 
degree, and the spread of constant temperature and streamlines ex
tends. A wave amplitude of A = 2 mm results in minimum charging 
power (70 W) after 2000 s of charging when N = 4. The maximum 
charging power was 78 W for a simple tube. The pressure drop 
sharply increased with the increase of the wave amplitude, and the 
maximum pressure drop was 10.1 Pa for A = 3 mm and N = 4.  

3. The number of tube waves (N) with constant amplitude size was 
investigated, and its effect on heat-current outputs was determined. 

Porosity

(ε)

t=750s t=1500s t=2250s

ε = 0.85

ε = 0.95

Fig. 17. Impact of porosity (ε parameter) on the streamlines, (a) case 11 with ε 
= 0.85, and (b) case 13 with ε = 0.95, in three specified times for VFna = 0.04, 
A = 3 mm, and N = 4. 
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As the number of waves increases, the melting fraction and the 
amount of energy stored are amplified. Moreover, the increase in the 
wave number increases the development of constant temperature 
lines, streamlines, and melting fronts. However, even the results 
obtained from the maximum number of waves (N = 4) cannot boost 
the mentioned outputs as much as the flat-walled tube. The increase 
of the wave number increases the pressure drop.  

4. The increase in the porosity coefficient (ε), by reducing the solid 
matrix's share, pushes the porous medium to a simple environment. 
Therefore, the conduction and convection heat transfer modes are 
weakened and strengthened, respectively; It takes longer to melt 
fully, and the level of energy stored diminishes. Furthermore, the 
distribution of the constant temperature and streamlines deteriorate, 
and the progress of the melting front in comparison with the lower 
values of the porosity coefficient decreases. 
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