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A B S T R A C T   

The melting heat transfer of capric acid Phase Change Material (PCM) was numerically addressed in a channel 
shape Thermal Energy Storage (TES) unit. A combination of Cu nanoparticles and copper foam was used to 
improve the charging time of TES. A fixed amount of copper foam was applied to improve the heat transfer rate. 
The enthalpy-porosity approach, along with the finite element method, was used to simulate the free-convection 
melting heat transfer of composite PCM in the TES unit. Automatic time-step control and mesh adaptation 
technique were used to ensure the accuracy and convergence of the numerical solution. The porosity and the 
shape of the copper foam layer and volume fraction of nanoparticles were systematically optimized for minimum 
charging time using the Taguchi optimization approach. The results showed that a left right-hand triangle porous 
zone could lead to minimal charging time. The higher the porosity and volume fraction of nanoparticles, the 
lower the charging time. The combination of copper-foam, Cu nanoparticles, and optimum design of the porous 
layer reduced the melting time by three times. The optimal total charging time is reduced by 12.8% and 21.96% 
while changing the porous zone configuration from the RHT to REC and LHT.   

1. Introduction 

The phase change heat transfer has gained considerable attention 
during the past years due to its important applications in Thermal En
ergy Storage (TES) systems and Thermal Management Systems (TMS). 
The Phase Change Material (PCMs) are capable of storing/releasing a 
huge amount of thermal energy in the form of latent heat energy at a 
constant fusion temperature. The thermal energy storage properties of 
PCMs provide critical features for solar energy storage [1], transient 
systems thermal management [2], and the thermal load shifting in do
mestic [3, 4] and industrial [5] cooling and heating systems. 

The practical drawback of PCMs is their poor thermal conductivity 
[6], which leads to a low heat transfer rate, affecting the charging and 
discharging time of a Thermal Energy Storage (TES) unit. Thus, various 

approaches such as extended surfaces and fins [7], nanoadditives [7, 8], 
metal foams [9–11], multi-layer PCMs [12], and heat pipes [13] have 
been employed to improve the heat transfer rate of PCMs. 

Sheikholeslami [14] investigated the thermal energy release of a TES 
unit in the presence of extended surfaces and nanoadditives. The results 
showed that the presence of nanoadditives, CuO nanoparticles, im
proves the discharging time of the TES unit. The geometrical shape of 
the PCM container was also another important design parameter that 
could influence the discharging time. In another investigation, Shei
kholeslami [15] revealed that the surface shape of heat transfer fluids’ 
tubes is another important design variable that can improve the dis
charging of PCMs. 

Mohammed et al. [16] employed metal foams to improve the 
charging response time of a TES unit. The PCM was embedded in an 
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electrical resistive metal foam, and thus, the heat generation could 
uniformly distribute in the PCM container and reduce the melting time 
by 21%. Talebizadeh et al. [17] analyzed the energy discharge of a 
copper foam heat exchanger filled by a PCM. Several air channels were 
placed in the PCM-copper foam enclosure. The air stream in the channels 
absorbs the latent heat and gets heated. The authors showed that 
improving the container’s geometrical design could reduce the dis
charging time from 13.6 h to 6 h. 

Yang et al. [18] experimentally and numerically studied the effect of 
aspect ratios of a tilted rectangular enclosure on the melting flow of a 
composite of a PCM and metal foam. They found that a cavity with a 
lower aspect ratio outperforms the one with a higher aspect ratio. In 
addition, the aspect ratio has not a significant influence on the melting 
process. In the other work, Yang et al. [19] used the combination of 
PCMs and metal foams to improve the charging response of a TES unit. 
The energy storage was a shell-tube heat exchanger where the heat 
transfer fluid was flowing, and the shell was filled with PCM-metal foam. 
The metal foam was made of open cells, so free convection heat transfer 
was possible. The presence of metal foam reduced the charging time by 
64% compared to pure PCM. 

Capric acid is an organic phase change PCM which can be embedded 
in metal foams [20]. This PCM has promising applications in building 
[21], solar [22], battery cooling [23], and other energy storage appli
cations [24]. Low fusion temperature and the medium thermal con
ductivity of capric acid compared to other PCMs are the reasons that 

capric acid has been chosen for study. Moreover, Capric acid has good 
compatibility with nanoadditives [25, 26]. 

Esapour et al. [27] studied the melting and solidification heat 
transfer of paraffin (RT35) in a shell heat exchanger composed of mul
tiple heat transfer tubes. The shell was fully filled with PCM and copper 
foam, while the heat transfer tubes were embedded inside the 
PCM-metal foam domain. The cool/hot water was flowing in the tubes to 
discharge/charge the TES unit. The authors found that the melting rate 

Fig. 1. Schematic view of the physical model and the metal foam configuration for three cases of (a): right-hand triangular porous medium (RHT); (b): left-hand 
triangular porous medium (LHT); (c): rectangular porous medium (REC). 

Table 1 
Specifications of the used material [55, 56].  

Materials Fusion temperature 
(◦C) 

Kinematic viscosity 
(m2 s− 1) 

Latent heat (kJ 
kg− 1) 

Thermal expansion 
coefficient (K− 1) 

Thermal conductivity 
(Wm− 1 K− 1) 

Specific heat (kJ 
kg− 1 K− 1) 

Density (kg 
m− 3) 

Foam // // // // 380 0.386 8900 
nano- 

additives 
// // // 1.67e-5 401 0.385 8933 

PCM 32 3e-6 152.7 1e-3 L*: 0.153 
S: 0.372 

L: 2.4 
S: 1.9 

L: 888 
S: 1018  

* L: Liquid, S: Solid 

Table 2 
Grid independency test details for a case with right-hand triangle porous insert 
and Cu nano additives. (ε = 0.9 and ωna = 0.04).  

Cases Number of domain/boundary elements Time to run 

Case I 2346/414 24min 32s 
Case II 5098/435 1hr 2min 38s 
Case III 8005/459 1hr 50min 19s 
Case IV 16704/495 4hr 23min 14s 
Case V 32848/607 9hr 32min 47s  

Fig. 2. The effect of mesh size on the MVF versus charging process time for Cu- 
additives when ε = 0.9, ωna = 0.04and the shape of the porous medium is a 
right-hand triangle in which lv = 40mm 
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Fig. 3. Selected mesh Case III for the computations of the present study at various time steps with adaptations (a) t = 1000 s, (b) t = 2000 s, (b) t = 4000 s, and (d) t 
= 6000 s; the red color indicates the liquid region, blue shows the solid region, and the green line represents the melting interface for Cu nano-additives when ε = 0.9, 
ωna = 0.04 and the shape of the porous medium is a right-hand triangle in which lv = 40mm 

Fig. 4. The experimental melting images of Kumar et al. [46] (left column) and the current simulations (right column) for t= (a): 139s, and (b): 554s.  
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was not under the influence of the arrangement of tubes. The copper 
foam with a porosity of 0.9 reduced the charging time by 14%. Besides, 
the PCM-metal foam design was more sensitive to the number of utilized 
heat transfer tubes than pure PCM. Guo et al. [28] addressed the influ
ence of a new fin-metal foam structure on the performance of a TES 
system. They observed that the fin-foam hybrid structure declines and 
increases the melting time and transient temperature response by 

83.35% and 529.1% compared to a simple tube. 
Employing metal foam improves the thermal conductivity of com

posite PCM-foam, notably. However, the metal foam suppressed the 
natural convection flow. Hence, the porous structure of metal foam acts 
as a barrier to advective heat transfer. Moreover, the metal foam does 
not contribute to latent thermal energy storage and could reduce the 
unit’s total capacity with a fixed volume. As a result, some researchers 

Fig. 5. The experimental images of [39] (top) and the present simulations (bottom) at various time steps of t= (a): 5400s (b): 10800s, and (c): 16200 s.  

Fig. 6. The melting line of phase change, reported in the literature [47], and the current simulations. It is worth noting that Fo = αt/L2 and Ste = Cp,PCM(Th −

Tin)/hsf ,PCM. 

S.A.M. Mehryan et al.                                                                                                                                                                                                                         



Journal of Energy Storage 48 (2022) 103950

5

attempted to improve TES units’ heat transfer response by filling a 
portion of the enclosure with metal foam. In this regard, Zhu et al. [29] 
applied a partial layer of copper foam in a heatsink thermal management 
enclosure. The copper foam was filled with paraffin (RT40). The authors 
investigated the effect of the height of the foam layer in the heatsink. 
The results revealed that the porous layer’s height reduces the heatsink 
temperature during transient high heat loads. Thus, the more metal 
foam, the better latent cooling thermal performance. However, the full 

filling of the heatsink by the copper foam did not significantly improve 
the cooling rate compared to partial filling. Thus, a partial-filling of the 
heatsink by the copper foam was found more advantageous compared to 
the full-filling of the heatsink. 

Xu et al. [30] attempted to improve the thermal response of a tube 
shape TES using a fixed amount of metal foam. Their results showed that 
the metal insert should be continuously placed at the bottom of the 
enclosure. Thus, using the layer of metal foam, the energy storage time 
could be improved by 80%, and the melting rate was enhanced by 5.1 
times. 

The literature review shows that the geometrical design of a PCM 
enclosure and the shape of a porous layer could notably affect the 
thermal performance of a TES unit. Thus, the present study aims to 
address the impact of a partial layer of metal foam and nanoadditives on 
the thermal behavior and melting rate of a channel shape TES unit for 
the first time. The area of the metal foam layer was considered constant 
and the placement and geometry of the foam layer was changed. Then, 
the Taguchi optimization approach was employed to systematically find 
the optimized geometrical shape of the metal foam layer and volume 
fraction of nanoadditives. 

2. Mathematical model 

2.1. Model description 

The configuration of the studied thermal energy storage unit is 
depicted in Fig. 1. Triangular or rectangular porous zones are placed 
inside a square container. The clear domain and pores of the porous 
medium are filled by capric acid, which is the selected as the phase 
change material (PCM). The shape of the porous medium can be right- 
hand triangular porous medium (RHT), left-hand triangular porous 

Fig. 7. The free convection isotherms of present simulation (first column) and 
experimental isotherms of [48] (second column). 

Table 3 
Taguchi L9 orthogonal table corresponding to range and levels of control parameters for the case of RHT.  

Experiment number Control Parameters when MVF = 1 
Melting time (s) ES(kJ/m) P(kW/m) S/N Ratio 

ωna Е lv(mm) 

1 0.00 0.8 32 3825 258.366 0.0675 -71.6526 
2 0.00 0.9 36 7000 263.485 0.0376 -76.9020 
3 0.00 1 40 10400 282.328 0.0271 -80.3407 
4 0.04 0.8 36 6300 245.335 0.0389 -75.9868 
5 0.04 0.9 40 6450 258.215 0.0401 -76.1912 
6 0.04 1 32 9475 274.573 0.0290 -79.5316 
7 0.08 0.8 40 5825 240.451 0.0413 -75.3059 
8 0.08 0.9 32 4125 244.282 0.0592 -72.3085 
9 0.08 1 36 8675 266.941 0.0308 -78.7654  

Fig. 8. Mean values of the S/N ratios for all the levels of the controlling parameters; test case RHT  
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medium (LHT), and rectangular porous medium (REC). 
Cu nanoparticles are dispersed within the PCM with the purpose of 

improving its thermal characteristics. The left outer surface of the 
container is kept at a constant temperature of Th (Th = 42), which is 
more than the fusion temperature of the phase change substance (Tfu =

32). The rest of the container walls are all insulated. The thermophysical 
specifications of the materials involved in the problem are listed in 
Table 1. The surface area of the porous medium is the same for all the 
cases. Thus, the surface area of the porous medium is a constraint in this 
study. As a result, when lv changes, lh should vary to keep the surface 

Fig. 9. Mean values of the S/N ratios for all the levels of the controlling parameters; test case LHT  

Table 4 
Taguchi L9 orthogonal table corresponding to range and levels of control parameters for the case of LHT.  

Experiment number Control Parameters when MVF = 1 
Melting time (s) ES(kJ/m) P(kW/m) S/N Ratio 

ωna ε lv(mm) 

1 0.00 0.8 32 3025 269.953 0.0892 -69.6145 
2 0.00 0.9 36 2925 276.367 0.0945 -69.3225 
3 0.00 1 40 10475 282.239 0.0269 -80.4031 
4 0.04 0.8 36 2725 262.920 0.0965 -68.7073 
5 0.04 0.9 40 2700 269.462 0.0998 -68.6273 
6 0.04 1 32 9525 274.408 0.0288 -79.5773 
7 0.08 0.8 40 2450 255.221 0.1042 -67.7833 
8 0.08 0.9 32 2625 261.370 0.0996 -68.3826 
9 0.08 1 36 8700 266.639 0.0306 -78.7904  

Table 5 
Taguchi L9 orthogonal table corresponding to range and levels of control parameters for the case of REC.  

Experiment number Control Parameters when MVF = 1 
Melting time (s) ES(kJ/m) P(kW/m) S/N Ratio 

ωna ε lv(mm) 

1 0.00 0.8 8 3350 268.798 0.08024 -70.5009 
2 0.00 0.9 20 4000 275.629 0.06891 -72.0412 
3 0.00 1 32 10400 282.393 0.02715 -80.3407 
4 0.04 0.8 20 3400 261.506 0.07691 -70.6296 
5 0.04 0.9 32 6000 264.051 0.04401 -75.5630 
6 0.04 1 8 9500 274.515 0.02890 -79.5545 
7 0.08 0.8 32 4825 246.772 0.05114 -73.6699 
8 0.08 0.9 8 2925 260.697 0.08913 -69.3225 
9 0.08 1 20 8650 266.609 0.03082 -78.7403  

Table 6 
The optimum values of the controlling parameters; test case RHT.  

Optimum value Factor Time When MVF ¼ 1 Taguchi Value MVF Time ES (kJ/m) P 
(kW/m) ωna ε lv(mm) 

0.08 0.8 32 3300 3538.89 183.631 0.0556  

Table 7 
The rank values of the controlling parameters; test case RHT.   

ωna  Е lv(mm) 

Level 1 -76.30 -74.32 -74.50 
Level 2 -77.24 -75.13 -77.22 
Level 3 -75.46 -79.55 -77.28 
δ 1.78 5.23 2.78 
Rank 3 1 2  
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area constant. Metal foams are typically produced in rectangular shape 
cubes. Cutting and producing metal foams with straight cutting-path is a 
production advantage. Producing a triangular shape or a rectangular 
shape is possible by performing just one straight cutting action. Hence, 
the triangular and rectangular shapes were adopted in the present study. 

2.2. Governing equations and boundary conditions 

The governing equations, including the continuity, momentum, and 
energy equations, are expressed below [31–33]. The enthalpy-porosity 
technique is implemented to simulate the melting within the PCM. 

∇⋅ V→= 0 (1)  

ρNeP,l

ε2
r

[

ε− 1
r

∂u
∂t

+
(

V→⋅∇
)

u
]

+
∂p
∂x

−
μNeP,l

εr
∇2u +

μNeP,l

Kr
u + Amush

(1 − δ(T))2

δ3(T) + ς
u

= 0
(2)  

ρNeP,l

ε2
r

[

ε− 1
r

∂u
∂t

+
(

V→⋅∇
)

v
]

+
∂p
∂y

−
μNeP,l

εr
∇2v +

μNeP,l

Kr
v

+Amush
(1 − δ(T))2

δ3(T) + ς
v − ρNeP,lgβNeP,l

(
T − Tfu

)
= 0

(3)  

in which, 

δ(T) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0 T < Tfu − ΔT/2

T − Tfu

ΔT
+

1
2

Tfu − ΔT/2 < T < Tfu + ΔT/2

1 T > Tfu + ΔT/2

(4) 

Also, εr and Kr are defined as the following. 

εr =

{
ε r= 1
1 r= 2 , Kr =

{
K r= 1
∞ r= 2 (5)  

where in r = 1 and 2 denote the porous and clear zones, respectively. ε is 
the porosity of the porous regions, and K is the permeability of the 
porous zone and can be calculated using Eqs. (6a)-(6c). 

K = d2
p

73 × 10− 5

(1 − ε)0.224

(
dld− 1

p

)− 1.11
(6a) 

Table 8 
The optimum values of the controlling parameters; test case LHT.  

Optimum value Factor Time When MVF ¼ 1 Taguchi Value MVF Time ES 
(kJ/m) 

P 
(kW/m) ωna ε lv(mm) 

0.08 0.9 40 2575 2516.67 262.271 0.1018  

Table 9 
The rank values of the controlling parameters; test case LHT.   

ωna Е lv(mm) 

Level 1 -73.1134 -68.7017 -72.5248 
Level 2 -72.304 -68.7775 -72.2734 
Level 3 -71.6521 -79.5903 -72.2712 
δ 1.461271 10.88854 0.253572 
Rank 2 1 3  

Fig. 10. Mean values of the S/N ratios for all the levels of the controlling parameters; test case REC  

Table 10 
The optimum values of the controlling parameters; test case REC.  

Optimum value Factor Time when MVF ¼ 1 Taguchi Value MVF Time ES (kJ/m) P 
(kW/m) ωna ε lv(mm) 

0.08 0.8 8 2875 2794.44 254.236 0.0884  

Table 11 
The rank values of the controlling parameters; test case REC.   

ωna ε lv(mm) 

Level 1 -74.29 -71.60 -73.13 
Level 2 -75.25 -72.31 -73.80 
Level 3 -73.91 -79.55 -76.52 
δ 1.34 7.95 3.40 
Rank 3 1 2  
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dl

dp
= 1.18

(
1 − ε

3π

)0.5

[1 − exp( − (1 − ε)/0.04)]− 1 (6b)  

in which, 

dp = 254 × 10− 4ω− 1(PPI) (6c)  

(
ρCp
)

r
∂T
∂t

+
(
ρCp
)

NeP,l

(
V→⋅∇

)
T = ∇⋅(λr∇T) − ρNeP,lhsf ,NePεr

∂δ(T)
∂t

(7)  

where, 

(
ρCp
)

r =

{ (
ρCp
)

pm,eff r= 1
(
ρCp
)

NeP r= 2
(8)  

in which, 
(
ρCp
)

pm,eff = χ(T)
(
ρCp
)

pm,eff ,l + (1 − χ(T))
(
ρCp
)

pm,eff ,s (9a)  

(
ρCp
)

pm,eff ,i = (1 − εk)
(
ρCp
)

sm + εk
(
ρCp
)

NeP,i (9b)  

i refers to the liquid and solid states of the NePCM. λr of the Eq. (7) is: 

λr =

{
λpm,eff r = 1
λNePr = 2 (10)  

in which, 

λpm,eff = χ(T)λpm,eff ,l + (1 − χ(T))λpm,eff ,s (11a)  

λNeP = χ(T)λNeP,l + (1 − χ(T))λNeP,s (11b) 

The literature review shows that many relations can be used to es
timate the thermal conductivity of the porous zones [34]. For example, 
literature works used empirical correlations by Bhattacharya et al. [35] 
or analytical models by Yang et al. [36, 37]. In the current study, which 
is in good agreement with our test cases [38, 39]: 

λpm,eff ,i =

[
λNeP,i + π

( ̅̅̅χ√
− χ
)
Δλ
][

λNeP,i + (χπ)Δλ
]

λNeP,i +

[
4
3
̅̅̅χ√
(1 − ε) + π ̅̅̅χ√

− (1 − ε)
]

Δλ
(12a)  

in which, 

χ =
1 − ε

3π ,Δλ = λsm − λNeP,i (12b) 

The thermophysical specifications of the composite, i.e. NePCM, can 
be listed as the following: 

Density: 

ρNeP = ρPCM + ωna(ρna − ρPCM) (13a)  

ρPCM(T) = ρPCM,lχ(T) + (1 − χ(T))ρPCM,s (13b) 

Dynamic viscosity: 

μNePCM,l = μPCM,l(1 − ωna)
− 2.5 (14) 

Thermal-volume expansion coefficient: 

ρNeP,lβNeP,l = ρPCM,lβPCM,l + ωna
(
ρnaβna − ρPCM,lβPCM,l

)
(15) 

Thermal conductivity: 

λNeP,i

λPCM,i
=

(
λna + 2λPCM,i

)
− 2ωna

(
λPCM,i − λna

)

(
λna + 2λPCM,i

)
+ ωna

(
λPCM,i − λna

) (16) 

Heat capacity: 

ρNePCp,NeP = ρPCMCp,PCM + ωna

(
ρnaCp ,na − ρPCMCp,PCM

)
(17a)  

ρPCMCp,PCM(T) = ρPCM,lCp ,PCM,lχ(T) + (1 − χ(T))ρPCM,sCp ,PCM,s (17b) 

Latent heat: 

ρNeP,lhsf ,NeP = (1 − ωna)ρPCM,lhsf ,PCM (18) 

The controlling boundary conditions for the above-presented physics 
are as follows: 

On the borders of clear and porous domains: 

T| cz = T|pz, λNeP
∂T
∂n

⃒
⃒
⃒
⃒

cz
= λpm,eff

∂T
∂n

⃒
⃒
⃒
⃒

pz
(19a) 

On the left horizontal border: 

u = v = 0, T = Th (19b) 

On the rest borders: 

u = v = 0,
∂T
∂n

= 0 (19c)  

n of the above relation is x and y for the vertical and horizontal walls. 
The energy stored in the composite can be divided into two parts; 

sensible and latent energies. 

ES =

∫

A

(
ρCp
)

r(T − Tin)dA +

∫

A

ρNeP,lhsf ,NePεrdA (20) 

The first and second terms of the right side of the above relation 
denote the sensible and latent energies, respectively. Tin is the initial 
temperature of the domain and considered to be 22◦C. Moreover, the 
melted volume fraction keeping the latent heat is: 

MVF =

∫

A εrχ(T)dA
∫

A εrdA
(21)  

3. Numerical approach, grid dependency test, and validation 

3.1. Mesh adaptation and numerical method 

In order to model the phase change problem in this study, two main 
source terms need to be introduced. First, the velocity source term of the 
momentum formula, Amush[(1 − δ(T))2

/δ3(T)+ς](u, v) controlling the 
velocity vector of solid/liquid interface area. This term is defined based 

Fig. 11. Effect of the location of the porous insert on the melting volume 
fraction (MVF) in cases with Cu nano-additives at optimum values as shown in 
Tables 6, 8 and 10. 
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on the domain temperature (T). While the fusion temperature is higher 
than the domain temperature, this term reaches a large value in this area 
leading to stopping the liquid flow. Second, the energy sink related to 
the latent heat of fusion, i.e., ∂δ/∂T, playing an important role. The 
phase domain is controlled by this term during the fusion temperature of 
the domain study (constant temperature). It is needed to take into ac
count the considerable variations of momentum and heat equations 
during the solidification and melting interface zone. So, a high quality 

and resolution grid is essential in this area. 
Also, the interface of solidification/melting area within the domain 

study is not big because of the effects of natural convection inside the 
enclosure and the low thermal conductivity of PCMs. By the help of the 
fusion temperature range, ΔT, its thickness is controlled. It is physically 
anticipated that a small amount of ΔT leads to a very thin solidification/ 
melting interface zone. These specifications of the solidification/melting 
area make it clear that a highly intense grid is essential in this thin area 

Fig. 12. Temperature contours of optimum values for different state of porous zones with specific percent of melting progress at different times for Cu nano-additives  
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leading to a very costly and time-consuming numerical computations. 
So, in order to capture the phase change phenomena around this zone, 
mesh adaption is used, contributing to low-cost with high-resolution 
numerical computations. 

Considering the fusion source term, i.e., ∂δ(T)/∂T, is found that δ is 
temperature dependent. Thus, the quality of the grid inside the domain 
study and the chosen time step are vital. As said, the computation time 
increases due to the use of a dense mesh. However, it occurs when a non- 

dense mesh is utilized because of smaller time-step leading to more 
computational time. All in all, both mesh adaption and correct time are 
achieved by choosing an automatic time-step. 

The controlling equations as well as the boundary and initial con
ditions are solved by developing a Finite Element Method (FEM). Also, 
in order to control the mushy zone, the solid/region area, from mesh 
adoption and velocity viewpoint, user-defined codes are written. The 
velocity, pressure, and temperature equations are expanded by the basis 

Fig. 13. Streamlines of optimum values for different states of porous zones with specific percent of melting progress at different times for Cu nano-additives  
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set {Ni}
M
i=1, and the governing equations are transformed to a weak form. 

(u, v, p,T) ≈
∑M

m=1
[u, v, p,T]Nm(x, y) (22) 

Galerkin finite element method is invoked for this study. By this 
method, residual functions at nodes of the computational zone are used 
to rewrite the governing equations. Also, by linear shape functions, the 
temperature, velocity, and pressure are expanded. N, i.e. the basis 
function, is the same for all parameters. 

R1
k ≈

∑M

m=1
um

∫ ∂Nm

∂x
Nkdydx +

∑M

m=1
vm

∫ ∂Nm

∂y
Nkdydx (23a)   

R2
k≈

ρNeP,l

εr

∑M

m=1
um

∫ ∂Nm

∂t
Nkdydx+

ρNeP,l

ε2
r

∑M

m=1
um

∫

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

(
∑M

m=1
umNm

)
∂Nm

∂x

+

(
∑M

m=1
vmNm

)
∂Nm

∂y

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

Nkdydx

+
∑M

m=1

∫ (

−
∑M

m=1
pmNm

)
∂Nm

∂x
Nkdydx+

μNeP,l

εr

∑M

m=1
um

∫ ∂Nm

∂x
∂Nk

∂x
dydx

+
μNeP,l

εr

∑M

m=1
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∫ [∂Nm

∂y
∂Nk
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]

dydx−
μNeP,l

εr

∫ (∑M

m=1
umNm

)

Nkdydx

− Amush
(1− δ(T))2

δ3(T)+ς

∫ (∑M

m=1
umNm

)

Nkdydx

(23b)     

Fig. 14. Effect of (a) total energy stored (ES) and (b) power energy stored during time for Cu nano-additives at optimum values, shown in Tables 6, 8, and 10.  
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R4
k≈
(
ρCp
)

r
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where 

∂δ(T)
∂T

=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0 T ≤ Tfu − 0.5ΔT

1
ΔT

Tfu − 0.5ΔT < T < Tfu + 0.5ΔT

0 T ≥ Tfu + 0.5ΔT

(24) 

Second-order Gaussian-quadrature method is used to integrate the 
residual equations. The complete information around Galerkin finite 
element method is expressed in [40, 41]. 

δ∗ as a phase-field variable plays the role of the bound for grid 
adaptation, so δ∗ = 1 is the mesh adaptation space-domain. The tem
perature rate is considered at a wider domain of 3ΔT/2 against ΔT. This 
wider fusion domain makes the solidification/melting zone bigger, 
contributing to the smooth mesh transient in this area. δ∗ = 1 makes the 
refined mesh in the domain study five-times smaller compared to the 
regular mesh. δ∗ is expressed as: 

δ∗(T) =

⎧
⎨

⎩

0 T ≤ Tfu − 1.5ΔT
1 Tfu − 1.5ΔT < T < Tfu + 1.5ΔT
0 T ≥ Tfu + 1.5ΔT

(25) 

Furthermore, the grid is sufficient while the interface of phase 
change locates within the adoption domain. So, the adoption procedure 
decreases by a wider adoption region around the interface. As the grid 
adoption of a larger domain leads to a higher number of grid elements 
and cost of computation, this high-cost computational step can be 
replaced with a larger grid-adaptation domain. This makes the used 
approach computationally effective. 

3.2. Grid independence test and time step 

Accurate and correct results of numerical investigations depend on 
the proper grid of domain study. In order to achieve the best mesh, grid- 
independency is carried out in the current study by examining five 
meshes containing different element numbers. Table 2 shows five cases 
of adopted grids with various domain and boundary elements provided 
for this study. The case study of grid independency test is the right hand 
triangular porous insert with the following parameters: ε = 0.9, ωna =

0.04 and lv = 40mm 
The melt volume fraction (MVF) at different time steps of the 

charging process is examined as the case of comparison of all grid cases. 
It can be seen a negligible difference among five cases, especially for 
cases III, IV, and V  (Figs. 2 and 3). Considering the computational time, 
it is evident that the number of domain/boundary elements of case III is 
adequate for the numerical calculations. 

In order to control the time-step in the current study, the free step 
Backward Differentiation Formula (BDF) as an automatic time step in 
the range order of one-two is used [42]. Newton method using a PAR
allel DIrect SOlver (PARDISO) solver [43–45] is utilized to solve the 
residual Eq. (25), with a residual error O(10− 6) and Newtonian damping 
factor of 0.8. 

3.3. Validation 

In order to validate the results of the present study, former related 
numerical and experimental investigations are considered to be 

compared. First, The interface of solid/liquid during melting of lead 
performed by Kumar et al. [46] experimentally is considered as the 
validation case. Their results were obtained by the flux neutron radi
ography. The vertical sidewalls were exposed a heat flux. However, the 
other walls were with no heat flux. The comparison of the melting front 
of the current investigation and those of Ref. [46] are demonstrated in 
Fig. 4 . The governing parameters in this comparison are Ra = 14 × 106, 
Ste = 4 × 10− 1, and Pr = 236 × 10− 4. A good agreement is evident 
between the results of the two studies. Afterward, the experimental data 
of the research of Zheng et al. [39] is utilized to prove the correctness of 
the outcomes of the current work. They investigated around the heat 
transfer of melting phenomena within a square metal foam cavity 
embedded with paraffin wax. The pores of porous cavity having the size 
of o.1 m and porosity of o.95 were occupied with paraffin composite 
phase change material. The enclosure’s left wall was exposed a heat flux 
of 1150 W/m2. To compare the experimental results of Ref. [39] and 
present research, three-time steps are captured, and the interfaces of 
liquid/solid in the melting process are demonstrated in Fig. 5. As seen, 
the shape of the interface of both studies is completely similar. 

Third, the comprehensive information and graphs of Ref. [47] are 
utilized to validate the results of the present study. The melting of a base 
PCM was the case study of Ref. [47]. The domain was a square cavity, 
and the boundary condition included hot/cold left/right vertical walls 
(Th > Tc), respectively, and horizontal insulated walls. The results 
depicted in Fig. 6 are captured for Pr = 50, Ra = 12.5 × 104, and two 
values of Fo. Ste =2 × 10− 3 and 10− 2. A good agreement is seen among 
the results. Finally, in order to validate the natural convective heat 
transfer behavior within the cavity, the results of Calcagni et al. [48] are 
examined. They numerically and experimentally studied around the 
natural convection inside a square cavity that its bottom wall was 
exposed to a constant heat by a heater and the top wall was adiabatic, 
and two vertical walls are acting as coolers. According to Fig. 7, a 
desirable agreement is evident between the temperature distribution 
inside the cavities for the present study and experimental results of 
Ref. [48] at Pr = 0.71, ϕ = 0.0, ε = 1 and Ra = 1.425 × 105. 

4. Results and discussion 

The key parameters studied in the current work are the nano- 
additives volume fraction (0.0 ≤ ωna ≤ 0.08), the porosity of porous 
medium (0.8 mm ≤ ε ≤ 1.0 mm), the shape of the porous medium (i.e., 
RHT, LHT, and REC), and the height of the triangular porous medium 
(32 mm ≤ lv ≤ 40 mm). 

The goal of optimization in this study is to minimize the required 
time for the experiment. In this respect, "the smaller-the better" category 
of the Taguchi method is used [49, 50]. The mean values of the 
signal-to-noise ratios for all the levels of the controlling parameters can 
be seen in Table 3 and Fig. 8 for the test case of RHT. The optimum levels 
of controlling parameters are related to the highest values of the S/N 
ratio of the goal function. Therefore, as reported in Table 6, the corre
sponding optimal values of the parameters are: ωna = 0.08, ε = 0.8 and lv 
= 32 mm. In Table 7, the difference between the maximum value and the 
minimum value for the three-level values of each controlling parameter 
is denoted by delta (δ). The higher value of delta δ is associated with a 
higher influence of the parameter [51, 52]. According to this descrip
tion, the effectiveness of the parameters can be ranked based on their δ 
values in the following order: ε > ωna > lv. This order demonstrates that 
parameter ε contributes more to reducing the running time of the 
experiment when compared to the two other parameters. 

Similarly, the results of the Taguchi L9 DOE analysis for the test case 
of LHT is demonstrated in Fig. 9 and Table (4). As shown in Table 8, the 
optimal values of the parameters in this case are: ωna = 0.08, ε = 0.9 and 
lv = 40 mm. According to Table 9, in this case, the effectiveness of the 
parameters can be ranked in this order: ε > ωna > lv. This order dem
onstrates that parameter ε contributes more to reducing the running 
time of the experiment when compared to the two other parameters for 
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the case of LHT porous medium. The charging time for the optimum case 
with metal foam was 2575s, while the charging time for a poor design of 
case 3 is 10400s. Thus, using metal foams, nanoadditives, and optimum 
geometrical design results in a 3-fold reduction in charging time. 

Moreover, the use of the Taguchi method for the last test case (REC) 
results in the data shown in Table 5 and Fig. 10. The optimum values of 
ωna = 0.08, ε = 0.8 and lv = 8 mm have been obtained in this case 
(Table 10). Also, in this case, ε has the highest effect and lv has the lowest 
effect on reducing the goal function (see Table 11). 

The obtained results suggest that, in general, lower melting times are 
obtained for the case with a triangular porous structure located in 
contact with the heated wall. In this case, the porous structure covers a 
larger vertical section of the heated wall as compared to the case where 
the porous structure is located at the bottom of the container. Therefore, 
due to the increased contact area and the higher effective thermal 
conductivity of the porous-PCM, a stronger conduction heat transfer 
exists at the beginning of the melting process, which accelerates the 
onset of natural convection. The formation of natural convection has a 
remarkable effect on the melting rate. 

The addition of nanoparticles to the PCM accelerates the melting 
process by increasing the effective thermal conductivity of the PCM and 
by decreasing the latent heat of fusion. The effects of nano additives are 
smaller compared to the other considered parameters, as indicated by 
the Taguchi method. The dispersion of nanoparticles increases the vis
cosity, which adversely affects the melting process by suppressing the 
fluid flow and, hence, natural convection within the molten PCM. 

On the other hand, it should be noted that the porosity of the porous 
insert has a significant influence on the effective thermal conductivity of 
the composite porous insert-PCM; therefore, it is indicated as the 
parameter with the highest influence. The porosity of 1 refers to the case 
with no porous structure. As the porosity decreases, the effective ther
mal conductivity increases; therefore, a higher rate of heat transfer 
through the porous regions is expected. However, it should be noted that 
the porosity also affects the permeability and thereby influences the 
natural convection mechanism in the melting process. The optimal value 
of porosity is dependent upon the geometry and configuration of the 
porous insert. 

Regression analysis by Minitab-18 is used to discover the best rela
tionship between the output and the controlling variables in all three 
test cases [53]. After conducting a nonlinear regression analysis via the 
Newton Raphson method [54], the regression equation for the test case 
of RHT is as shown in Eq. (23). Also, Eqs. (24) and (25) show the 
regression equation for the test case of LHT and REC, respectively. 

MVF = − 19444.44 − − 10833.3ωna + 21000ε + 218.8lv (23)  

MVF = − 25966.7 − − 11041.7ωna + 34166.7ε + 18.75lv (24)  

MVF = − − 20856.9 − − 5625ωna + 28291.7ε + 75.6944lv (25) 

To better understand the effects of porous structure configuration 
and location on the melting process, the melting liquid fraction, iso
therms, and streamlines are shown in Figs. 11, 12 and 13 for the studied 
cases. It should be noted that the results are presented for the optimal 
case of each configuration. Slower melting rates are obtained for the 
case with the triangular porous matrix located at the right side when 
compared to the other two cases. As Figs. 12 and 13 illustrate, a 25% 
melting fraction is obtained after 900 seconds, while the corresponding 
liquid fraction occurs at t = 100 s and t = 150 s for LHT and REC cases. 
The reason this occurs is because the other two configurations are in 
contact with the heated wall; therefore, the contact area increases, 
which causes a faster rate of heat penetration to the PCM. The increased 
conduction heat transfer triggers an earlier onset of natural convection 
and a faster growth rate of the recirculation zones. As a larger section of 
the heated wall is in contact with the porous structure in the LHT case, as 
compared to the REC configuration, faster melting rates are obtained at 
the initial stages of the melting process. As shown in Fig. 13, a large 

circulation zone is formed in the LHT case only 100 seconds after the 
start of the melting process. The curved isotherms in Fig. 12 also indicate 
the formation of natural convection in the porous region. 

In configuration LHT, the majority of the melting initially occurs 
inside the porous region. This can be explained by the high thermal 
conductivity of the porous matrix, hence imposing a lower thermal 
resistance. The temperature of the PCM is quickly increased above the 
melting temperature, and melting occurs in a larger portion of the PCM. 
As shown in Fig. 11, a higher melting rate is also obtained for this stage 
of the melting process, and the melting liquid fraction plot has a higher 
slope (t < 400 s). After this stage, the melting rate decreases. The melting 
in the upper diagonal is now similar to the melting inside a triangular 
cavity heated along its diagonal and left wall. The isotherm shown in 
Fig. 12 illustrates how the melting process proceeds for this case. The 
bending of the isotherms is an indication of the convective flow in the 
upper region. 

In the case of the REC configuration, where a rectangular porous 
region is located at the bottom, the melting process starts in the porous 
region due to the same reasons mentioned earlier. In addition, a small 
layer of the PCM that is in contact with the rest of the heated section is 
melted. As the melting continues, the melting front is progressing in the 
porous region and in the upper left corner due to the established natural 
convection. At t > 400 seconds, the melting rates decrease as indicated 
in Fig. 11, which is likely due to the fact that the majority of the PCM in 
the porous zone is now melted. After this stage, the melting is similar to a 
melting process of a rectangular cavity heated from the bottom and left 
sidewall. The melting process is now assisted by the natural convection 
recirculation zones formed next to the sidewall and the bottom porous 
zone. 

In configuration RHT, the triangular porous matrix is located in the 
right diagonal with the objective of accelerating the melting process in 
that region. It should be noted that the melting process in a cavity heated 
from the left side, the melting process will progress faster in the left 
diagonal due to the natural convection. The triangular porous zone is 
placed in the right diagonal with the aim of accelerating the melting 
process in this region. Based on the obtained results, this case is not as 
effective as the other two cases. The study of liquid fraction history re
veals that the optimal total melting time decreases by 12.8% and 
21.96% as the porous zone configuration changes from the RHT to REC 
and LHT. 

The presence of a metal foam layer greatly enhances thermal con
ductivity. In the LHT and REC configurations, the metal foam located 
adjacent to the hot wall drastically increases the heat transfer to the 
PCM. Hence, the melting rate of the PCM rises until the PCM inside the 
metal foam fully melts. After that, the PCM inside the clear region 
(without metal foam) starts to melt. Due to the low thermal conductivity 
of the PCM, the melting rate decreases. In fact, in these two configura
tions, the turning point that appeared is due to the different melting 
rates in the porous and clear zones. 

The variation of energy stored and the power (P=ES/t) versus time 
results are depicted in Fig. 14 for configurations RHT, LHT, and REC. As 
noted before, the constant surface area of the porous matrix is imposed 
as the constraint. The results are illustrated for the optimal parameters 
obtained for each case. For all the cases, the optimal value of the con
centration of nanoparticles is 8%. For the RHT and REC configurations, 
the optimal value of porosity is 0.8, while for the LHT configuration, a 
porosity of 0.9 will result in the optimal thermal performance. As the 
density and heat capacity of the selected PCM are greater than the 
copper foam, a higher porosity will result in a higher heat capacity of the 
porous-PCM zones; therefore, higher energy stored is the result for the 
case with an LHT configuration as compared to the other two cases. As 
the melting time is shorter for configurations LHT and REC, higher en
ergy powers are obtained. 
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5. Conclusions 

The effects of the porous insert configuration on the melting process 
of a nano-enhanced PCM in a square container was numerically inves
tigated. Three configurations were considered (i.e., right-hand triangle 
porous medium (RHT), left-hand triangular porous medium (LHT), and 
rectangular porous medium (REC)), with all the configurations having 
the same surface area. The Taguchi optimization method was utilized to 
find the optimal parameters. The optimization was performed with the 
objective of minimizing the melting time. A lower melting time was 
obtained for the case with left-hand triangle porous zone when 
compared to the other two cases. The Taguchi results revealed that the 
porosity of the porous insert contributes more to decreasing the melting 
time in comparison to the other two parameters, which were the volume 
concentration of nano additives and the height of the porous zone. For 
all the studied configurations, the optimal value of 8% was obtained for 
the nano additives volume fraction. The optimal porosity of 0.8 was 
reported for the RHT and REC cases, while this value was found to be 0.9 
for configuration LHT. The optimum height for RHT, LHT, and REC cases 
was found to be 32 mm, 40 mm, and 8 mm, respectively. 
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[43] O. Schenk, K. Gärtner, Solving unsymmetric sparse systems of linear equations 
with PARDISO, Future Gen. Comput. Syst. 20 (3) (2004) 475–487. 

[44] P. Wriggers, Nonlinear Finite Element Methods, Springer Science & Business 
Media, 2008. 

[45] F. Verbosio, A. De Coninck, D. Kourounis, O. Schenk, Enhancing the scalability of 
selected inversion factorization algorithms in genomic prediction, J. Comput. Sci. 
22 (2017) 99–108. 

[46] L. Kumar, B.S. Manjunath, R.J. Patel, S.G. Markandeya, R.G. Agrawal, A. Agrawal, 
Y. Kashyap, P.S. Sarkar, A. Sinha, K.N. Iyer, S.V. Prabhu, Experimental 
investigations on melting of lead in a cuboid with constant heat flux boundary 
condition using thermal neutron radiography, Int. J. Therm. Sci. 61 (2012) 15–27. 

[47] O. Bertrand, B. Binet, H. Combeau, S. Couturier, Y. Delannoy, D. Gobin, M. Lacroix, 
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