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a b s t r a c t 

The fast charging of thermal energy storage (TES) systems is a requirement for the practical application 

of these systems. The thermal energy should be stored in a unit within a reasonable time. The present 

research aims to minimize the thermal charging time of a latent heat TES unit by using aluminium foams, 

nanoparticles (copper oxide), and geometrical optimization of the unit. The melting phase change was 

simulated in the TES unit by using FEM. The Taguchi optimization method was invoked to maximize the 

melting rate during two hours of thermal charging. The results showed that the geometrical design of the 

unit and the porosity of foam are the most influential design parameters on the thermal energy storage 

and melting rate. The variation of the design parameters could improve the melting rate by 41%. The 

presence of nanoparticles could only improve the melting rate by less than 2%. The optimal design of 

the TES unit can be fully charged in two hours. Such fast-charging time could be advantageous in solar 

systems and transient heat recovery. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Many thermal systems deal with transient heating/cooling 

oads. Thus, devices with the capability to store/release thermal 

nergy could essentially damp possible mismatches between pro- 

uction and demand. For example, solar systems could produce 

eat during day time, but consumption of heat could occur dur- 

ng evening or night times. The thermal energy storage could 

tore/release a notable amount of energy on demand. The latent 

eat TES units can store a considerable amount of thermal energy 

n the form of latent heat of phase change in a compact space [1] .
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he latent heat TES systems use the phase change material (PCM) 

or the porpoise of energy storage. Organic PCMs, such as paraf- 

n wax, can store a considerable amount of latent heat energy [2] . 

hus, organic materials are excellent candidates for TES units in 

any domestic and industrial applications. However, the thermal 

onductivity of organic material is low. For example, paraffin wax’s 

hermal conductivity is just 0.21 W/(m K) [3] , which is even sev- 

ral times lower than water. The low thermal conductivity of PCMs 

esults in a slow heat transfer process and a long response time 

charging/discharging time). Thus, special attention to TES units’ 

esign is required to improve their thermal response. 

Some researchers tried to improve the heat transfer of TES units 

y using fins. For example, Shahsavar et al. [4] applied swirl fins 

o improve heat transfer and reduce the melting time. The TES 

nit with swirl fins reduced the charging time of the unit by 54%. 

hinde et al. [5] employed radial fins on the heat transfer tubes to 

mprove the thermal energy release rate. A portion for a fin was 
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Latin symbols 

A mushy Constant of the mushy zone 

ES Amount of energy stored in the storage 

C p Specific heat capacity 

d p Pore size 

d l Ligament diameter 

g Acceleration of gravity 

L sf Latent heat of the PCM 

k Thermal conductivity coefficient 

K Permeability of the porous media 

MVF Melted volume fraction 

p Pressure field 

P Charging power 

r im 

Inner radius of pipe no. m 

r om 

Outer radius of pipe no. m 

S/N Signal to Noise (ratio) 

t Pipe thickness, time 

T Temperature 

�T Phase change temperature range 

T melt Melting temperature 

u velocity component in x -direction 

v velocity component in y -direction 

Greek symbols 

μ Dynamic viscosity 

β Coefficient of thermal expansion 

ε Porosity of the porous media 

ξ Pore density 

σ Melt volume fraction in the elements 

ρ Density 

ω Volume fraction of nanoparticles 

Subscripts 

in Initial value 

CuO CuO nanoparticle 

mf Metal foam 

eff Effective value 

s Solid 

i Phase indicator (i.e., liquid or solid) 

k Domain indicator (i.e., NePCM#1 or NePCM#2) 

sw Solid wall 

PCM Phase change material 

nPCM Nano-enhanced Phase change material 

l Liquid 

n the heat transfer tube and another portion in the PCM domain. 

hus, the fins directly absorb the PCM heat inside the TES unit and 

ransfer it to the fluid inside the heat transfer tube. The results 

howed that there is an optimum design for the fin design. Tiari 

t al. [6] utilized a network of copper tubes as fins (heat pipes) and

nvestigated the charging and discharging time of a cylindrical TES 

nit. The tubes’ temperature could be controlled by the circulation 

f heat transfer fluid (HTF). The results showed that the charging 

ime of the TES unit is under the significant influence of flow cir- 

ulations while the heat transfer in tubes had minimal impact on 

he discharging process. A 300% increase in HTF flow circulation 

educed the discharging time by only 6.5%. Generally, using fins 

ould locally boost the thermal conductivity and direct heat into a 

CM domain, but the thermal diffusion and melting/solidification 

rocess rely on the thermal conductivity of the PCM, which is quite 

ow. 

An interesting approach to improve the heat transfer rate of 

CMs is the dynamic melting enhancement technique. A pump can 

irculate the melted PCM in the LHTES enclosure in the dynamic 
2 
elting technique. Gasia et al. [7] investigated the dynamic melt- 

ng of a shell and tube Latent Heat Thermal Energy Storage (LHTES) 

odule with a small circulation follow of melted PCM. The re- 

ults showed that the melting period was reduced by 30.9% when 

he liquid PCM circulation velocity was only 0.025 m/s. Tay et al. 

8] examined the dynamic melting in a tube-in-tank PCM storage 

ystem and observed that the system could be effective for HTF 

ith high flow rates. Xiong et al. [9] and Yang [10] investigated 

he dynamic melting of PCMs in a U-tube heat exchanger and a 

elical coil heat exchanger, respectively. Both of these studies also 

howed heat transfer enhancement by using dynamic melting. Par- 

ial loading is is another approach for the improvement of the 

harging/discharging time. The concept comes from the fact that 

n LHTES module with a low fraction of melting liquid can better 

bsorb the heat and be charged compared to a module with high 

raction of liquid (high charged percentages). Thus, depending on 

he load demands and time of energy avability, the charging frac- 

ion of a module can be adjusted for maximum heat transfer rate 

11–13] . 

Some researchers utilized open metal foams to improve the 

hermal conductivity of PCM uniformly. The PCM was embed- 

ed in the foam structure, and thus, the foam acts as a thermal- 

onductive structure and contributes to heat transfer and melt- 

ng/solidification of the PCM inside the pores. Zhu et al. [14] in- 

estigated the impact of using copper foam on the melting heat 

ransfer of a heatsink. A portion of the heatsink was filled with 

opper foam, and the rest was pure PCM. The results showed that 

he presence of the copper foam could enhance the melting rate 

otably. El Idi et al. [15] synthesized paraffin/metal foam composite 

CMs using a vacuum method. The thermal conductivity of paraf- 

n/metal foam was improved by 18 folds compared to the pure 

araffin. Duan and Li [16] experimentally examined the effect of 

ore density and porosity of a copper foam on the melting heat 

ransfer. The results showed that the porosity has a major impact 

n the charging time (melting rate) while the pore size has a min- 

mal effect on charging time. 

The addition of thermal conductive nanoparticles to the PCM 

nd the synthesizing of nano-enhanced Phase Change Materials 

NePCM) is another approach to uniformly improve the thermal 

onductivity of a PCM [ 17 , 18 ]. Selvaraj et al. [19] synthesized sam-

les of NePCMs and measured the samples’ dynamic viscosity 

nd thermal conductivity. They compared the measurement data 

ith the well-known Brinkman and Maxwell models. The results 

howed ±4% uncertainty for evaluating dynamic viscosity using 

he Brinkman model, while the Maxwell model could evaluate the 

hermal conductivity by ±2% uncertainty. Faraji et al. [20] exam- 

ned the thermal behaviour of NePCMs in a heatsink enclosure. The 

-eicosane was adopted as PCM, and the impact of four nanopar- 

icle types, Al 2 O 3 , ZnO, CuO, and Cu, on the melting phase change

as analyzed. The results showed that using nanoparticles im- 

roves heat transfer and decreases the temperature of electronic 

omponents. The hybrid use of nanoparticles could further im- 

rove heat transfer. Akash et al. [21] examined the melting process 

f NePCMs in a concentric cylindrical enclosure. These researchers 

howed that using alumina nanoparticles can enhance the melting 

ate. Other researchers such as [ 22 , 23 ] also used nano-additives to 

mprove the heat transfer in TES systems. 

Some researchers have used the integration of foams and 

anoparticles to add improvement to the heat transfer rate. Mahdi 

t al. [24] used a combination of NePCMs and metal foam in a 

riplex-tube latent heat energy storage system. They reach up to 

 90% reduction in the charging time of the TES unit. They find 

hat a dense metal foam (low porosity) and high concentration 

f nanoparticles could further reduce the charging time. However, 

hey recommended a porous medium with high porosity and only 

 low volume fraction of nanoparticles. 
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Table 1 

Thermophysical properties of the coconut oil, nano-additives of copper oxide, aluminium foam, and 

copper [25–28] . 

Properties Coconut oil 

Liquid Solid CuO Aluminium Cu 

Specific heat (J/kg/K) 2010 3750 5400 765 386 

Density (kg/m 

3 ) 914 920 6500 3970 8920 

Thermal conductivity (W/m/K) 0.166 0.228 18 40 401 

Thermal expansion coefficient (1/K) 1.167 ×10 −3 – 8.5 ×10 −6 – –

Fusion temperature ( °C) 24 – – – –

Kinematic viscosity (Ns/m 

2 ) 0.0326 – – – –

Latent heat (kJ/kg) 103 – – – –

Fig. 1. Schematic view of the multi-tube latent heat energy storage unit (the figure 

is not to scale). 
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The present study aims to analyze a cylindrical TES unit using 

 combination of metal foam, nanoparticles, and geometrical im- 

rovement of the enclosure for the first time. The Taguchi method 

s employed to maximize the melting rate by optimizing the design 

arameters. 

. Mathematical model 

The 2D schematic view of the LHTES unit is outlined in Fig 1 . As

hown, the storage is divided into four distinct regions using three 

mpermeable circular tubes. The gold regions denote the location 

f NePCMs (NePCM#1 and NePCM#2), the orange ones show the 

eat transfer fluid area (HTF#1 and HTF#2), and the gray ones 

re the solid walls of the tubes. Coconut oil is the energy storage 

edium, and the tubes are made from copper. Moreover, to im- 

rove the charging performance of the LHTES, PCMs are first en- 

anced with copper oxide nanoparticles (CuO) and then embed- 

ed in the aluminum foam. Thermophysical properties of the em- 

loyed PCM, nano-additives, HTF, metal foam and the solid walls 

re presented in Table 1 . To charge the storage, water is used as the

eat transfer fluid and pumped through the designed spaces for 

he HTF. The shell of the storage is well insulated and considered 

diabatic. Initially, the storage is kept isothermally at T in = 288 K, 

nd the HTFs will start to flow through the tubes. The storage is 

esigned so that HTF#1 flows through the inner pipe with an in- 

er radius of r and then enters the annulus area of HTF#2 in 
i1 

3 
 counter-current direction. As such, to have an equal flow rate 

n both HTFs, the surface area of the inner domain and annulus 

egion associated with HTF#2 are the same. Since the tempera- 

ure difference between the inlet and outlet of HTF is low [4] , the

harging process of the storage can be simplified and simulated in 

 2D computational domain ( Fig. 1 -b). This means that the tem- 

erature on the inner surfaces of the HTF#1 and HTF#2 pipes can 

e considered isothermally as T h . The inner radii of the tubes are 

hown as r im 

( m = 1:4) in Fig. 1 . The thickness of all tubes is the

ame and equals t = 1 mm. The outer radii of the tube can be ob-

ained as r om 

= r im 

+ t (m = 1:3). Owing to the symmetry of the

odel, only half of the domain is numerically analyzed. 

The governing equations for the storage, including the nano- 

nhanced phase change substance, metal foam, and the solid walls, 

re [29–31] : 

Conservation of mass: 

∂u 

∂x 
+ 

∂v 
∂y 

)
= 0 , (1) 

Conservation of momentum in x- and y- directions: 

ρnPCM−k 

ε 2 
k 

(
ε k 

∂u 

∂t 
+ u 

∂u 

∂x 
+ v 

∂u 

∂y 

)

= −∂ p 

∂x 
+ 

μnPCM−k 

ε k 

(
∂ 2 u 

∂ x 2 
+ 

∂ 2 u 

∂ y 2 

)
+ Bu, (2) 

ρnPCM−k 

ε 2 
k 

(
ε k 

∂v 
∂t 

+ u 

∂v 
∂x 

+ v 
∂v 
∂y 

)

= −∂ p 

∂y 
+ 

μnPCM−k 

ε k 

(
∂ 2 v 
∂ x 2 

+ 

∂ 2 v 
∂ y 2 

)
+ B v + ρnPCM−k g βnPCM−k ( T − T melt ) , (3) 

Conservation of energy for NePCMs: 

ρC p ) nPCM−k 

(
∂T 

∂t 
+ u 

∂T 

∂x 
+ v 

∂T 

∂y 

)
= k e f f−k 

(
∂ 2 T 

∂ x 2 
+ 

∂ 2 T 

∂ y 2 

)

−ρnPCM−k L s f,nPCM−k 

∂σ

∂t 
, (4) 

Conservation of energy for the solid copper walls: 

ρC p ) sw 

∂T 

∂t 
= k sw 

(
∂ 2 T 

∂ x 2 
+ 

∂ 2 T 

∂ y 2 

)
, (5) 

In the above equations, subscripts sw and nPCM denote the 

olid wall and Nano-enhanced PCM, respectively. The coefficient B 

n Eqs. (2) and (3) is the sum of Darcy term and porosity function, 

espectively, and reads as: 

 = 

μnPCM−k 

K 

− A mushy 
( 1 − σ ) 

2 

σ 3 + ς 

, (6) 

k 
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A 
here K is the permeability of metal foam, and ς= 0.001 is a small

umber and is added to avoid approaching zero in the denomi- 

ator of Eq. 6 during computations. A mushy , constant of the mushy 

one, is, in fact, a damping factor to model the fluid flow in the 

ushy zone as fluid flow in a porous medium [ 32 , 33 ]. σ is the

elting fraction of the NePCM and can be calculated as: 

= 

{ 

0 T < T melt − �T / 2 

T −T melt 

�T 
+ 

1 
2 

T melt − �T / 2 < T < T melt + �T / 2 

1 T > T melt + �T / 2 

, (7) 

here �T is the phase change temperature range, and L sf,nPCM 

in 

q. 4 is the latent heat of the NePCM. The metal foam’s permeabil- 

ty ( K ) is given as [ 24 , 34 , 35 ]: 

 k = d 2 p 

73 × 10 

−5 

( 3 πτk ) 
0 . 224 

(
d l 
d p 

)1 . 11 

k 

, (8a) 

n the above equation, d l is called the ligament diameter and d p 
s the pore size and both could be obtained from the below equa- 

ions: 

d l 
d p 

)
k 

= 1 . 18 ( τk ) 
0 . 5 

[ 1 − exp ( −( 3 πτk ) / 0 . 04 ) ] 
−1 

, (8b) 

 p = 254 × 10 

−4 ξ−1 ( P P I ) , (8c) 

k = 

1 − ε k 
3 π

, (8d) 

As discussed by Ranut [36] , numerous relations have been pro- 

osed for the effective thermal conductivity of the porous matrix 

nd metal foam. The most prominent and widely-used equation is 

he following [ 37 , 38 ]: 

 e f f−k = 

[
k nPCM,i −k + π( 

√ 

τk − τk ) �k 
][

k nPCM,i −k + ( τk π) �k 
]

k nPCM,i −k + �k 
[
π

√ 

τk + 

4 
3 

√ 

τk ( 1 − ε k ) − ( 1 − ε k ) 
]

i = l, s, (9) 

n which �k = k m f − k nPCM,i −k and τk is defined in Eq. (8d) . In the 

bove equations, the difference between the thermal conductivity 

f the Nano-enhanced PCM is taken into consideration and hence, 

he subscript i = l, s refers to the phase of the NePCM. Moreover, 

he effective heat capacity in Eq. (4) can be evaluated based on the 

olume average of the NePCM and aluminum foam as: 

ρC p ) e f f−k = (1 − ε k ) (ρC p ) nPCM−k + ε k (ρC p ) m f , (10) 

here the subscript mf refers to the aluminium foam. 

Thermo-physical characteristics of the NePCM 

The density and thermal expansion coefficient of NePCM are 

valuated as [ 39 , 40 ]: 

nPCM−k (T ) = ρnPCM,l−k σ (T ) + (1 − σ (T )) ρnPCM,s −k , (11a) 

nPCM,i −k = ρPCM,i + ω k ( ρCuO − ρPCM,i ) i = l, s, (11b) 

nPCM,l−k βnPCM,l−k = ρPCM,l βPCM,l + ω k 

(
ρCuO βCuO − ρPCM,l βPCM,l 

)
, 

(12) 

n which ω k ( k = 1, 2) is the volume concentration of nanoparticles. 

The experimental investigation of Selvaraj et al. [19] shows that 

he Maxwell model and the Brinkman model can adequately eval- 

ate the effective thermal conductivity and dynamic viscosity of 

ePCMs. Hence, here the Maxwell and Brinkman models were uti- 

ized to compute the effective dynamic viscosity and thermal con- 

uctivity of the NePCM [ 39 , 41 ]: 

nPCM,l−k = μPCM,l ( 1 − ω k ) 
−2 . 5 (13) 
4 
 nPCM−k = σ (T ) k nPCM,l−k + (1 − σ (T )) k nPCM,s −k , (14a) 

 nPCM,i −k = 

( k CuO + 2 k PCM,i ) − 2 ω k ( k PCM,i − k CuO ) 

( k CuO + 2 k PCM,i ) + ω k ( k PCM,i − k CuO ) 
k PCM,i i = l, s, 

(14b) 

The Brinkman model and Maxwell model (Eq. 14(b)) were 

dopted for the evaluation of dynamic viscosity and thermal con- 

uctivity of the NePCM, respectively. 

Ultimately, the effective heat capacity and the effective latent 

eat of the NePCM are obtained as: 

ρC p ) nPCM−k = σ (T ) (ρC p ) nPCM,l−k + (1 − σ (T )) (ρC p ) nPCM,s −k , 

(15a) 

ρC p ) nPCM,i −k = (ρC p ) PCM,i + ω k 

(
(ρC p ) CuO − (ρC p ) PCM,i 

)
i = l, s, 

(15b) 

nPCM,l−k L s f,nPCM−k = ( 1 − ω k ) ρPCM,l L s f,PCM 

, (16) 

Initial and boundary conditions 

The continuity of heat flux and temperature was applied at the 

all-NePCM interface: 

 | sw 

= T | nPCM 

, k nPCM 

∂T 

∂n 

∣∣∣∣
nPCM 

= k sw 

∂T 

∂n 

∣∣∣∣
sw 

, (17a) 

The no-slip and zero heat flux were also employed for the in- 

ulated shell ( 
√ 

x 2 + y 2 = r i4 ) as: 

n shell surface: u = 0 , v = 0 , ∂ T /∂ n = 0 (17b)

here n surfaces normal. The symmetry boundary condition is 

onsidered along the vertical symmetrical line ( x = 0 , 0 ≤ | y −
 o1 | ≤ (r i2 − r o1 ) & 0 ≤ | y − r o3 | ≤ (r i4 − r o3 ) ): 

∂u 

∂x 
= 

∂T 

∂x 
= 0 , (17c) 

Further, the surface of the solid walls that are in direct contact 

ith the HTFs are considered isothermal ( 
√ 

x 2 + y 2 = r i1 /r o2 /r i3 ): 

 = T h = 305 K , (17d) 

The NePCM is at a uniform initial super cold temperature as: 

 = T in = 288 K , (18) 

The storage capacity ( ES ) of the unit a combination of sensible 

nd latent heat stored in PCM and sensible heat in walls, which 

an be computed by integration over the unit surface: 

S = 

2 ∑ 

k =1 

⎧ ⎨ 

⎩ 

∫ 
A nPCM−k 

[
( ρC p ) 

nPCM−k 
( T − T in ) + ρnPCM,l−k L s f,nPCM−k 

]
dA 

⎫ ⎬ 

⎭ 

+ 

∫ 
A sw 

( ρC p ) 
sw 
( T − T in ) dA (19) 

Ultimately, the melt volume fraction MVF , the total amount of 

olten PCM, was computed by integration of local melt fraction 

ver the NePCM domains: 

V F = 

∑ 2 
k =1 

{∫ 
A nPCM−k 

σ ( T ) dA 

}
∑ 2 

, (19) 

k =1 { nPCM−k } 
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Table 2 

Details of the studied grids. 

Case study Case I Case II Case III Case IV Case V 

No. of Elements 15200 22440 35550 51660 81600 

Computation time 3h 57 min 5h 26 min 8h 57 min 18h 55 min 19 h 17 min 

MVF at 1500s 0.83112 0.83102 0.83101 0.83097 0.83096 

Fig. 2. MVF (left) and Stored energy (right) as a function of time for different mesh sizes. 
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. Numerical procedure, grid test, and code validation 

The partial differential equations that govern the melting pro- 

ess of the nano-enhanced composite coconut oil-aluminum foam 

qs. 1 - (4) and the heat conduction equation in the solid walls 

q. 5 ) along with the discussed set of boundary and initial con- 

itions (Eqs. 17 and (18) were solved using the commercial com- 

utational fluid dynamics package, COMSOL Multiphysics 5.4. In 

OMSOL Multiphysics, the equations are first transformed into the 

o-called weak form and then expanded using a set of basis func- 

ions for each variable (in the present study, u, v, p, and T ). Sub-

equently, by employing the Galerkin Finite Element Method, the 

xpanded weak form of the governing equations is written as a set 

f residual equations and integrated by utilizing a 2nd-order tech- 

ique called Gaussian-quadrature. Further, to deal with the tran- 

ient behavior of the equations, preventing numerical divergence 

nd minimizing the overall computation time, a free step Backward 

ifferentiation Formula (BDF) is employed to manage the size of 

he time steps with a variable 1 st - or 2 nd - order. The set of residual

quations are solved iteratively by the Newton method using the 

ARDISO solver (PARallel DIrect SOlver). Also, a relative tolerance of 

0 −4 , and a manual damping factor of 0.8 is considered. The mushy 

one constant is an important parameter as discussed in [42–44] . 

ere, it was selected to be A mushy = 5 ×10 5 based on the valida-

ion of the model with experimental results of Al-Jethelah et al. 

26] for coconut oil-aluminium foam composite. Finally, to address 

he flow field in the mushy and solid zones, user-defined functions 

f the temperature field were adopted for the liquid fraction ( σ ) 

nd the porosity functions ( B ). 

Five different non-uniform structured grids, with ascending res- 

lutions (cases I-V), shown in Table 2 , were studied to perceive the 

ppropriate grid for the computations. Two factors, including the 

elted volume fraction ( MVF ) of the NePCM as well as the amount 

f stored energy were chosen for grid check. The results are plot- 

ed in Fig. 2 . It is evident that throughout the melting process, an

nsignificant difference between the profiles of the MVF and local 

n

5 
emperatures could be observed between all the cases of I-V. How- 

ver, to be on the safe side, the grid with 35550 elements (case III)

e selected for the computations. 

To ensure that the developed numerical code is valid and re- 

iable, a comparison has been made between the results of the 

resent study and the experimental study of Al-Jethelah et al. [26] . 

n [26] , a rectangular cavity (5.0 × 7.2 cm 

2 ) with three adiabatic 

alls was analyzed. The left wall is heated continuously through 

n electric heater with a variable heat load. More details about the 

hermophysical properties of the phase change substance and the 

orous medium are listed in Table 3 of [26] . The results are pre-

ented in Figs. 3 . The phase change problem of pure coconut oil- 

luminium foam by experimentations of Al-Jethelah et al. [26] has 

een selected for comparison. The melting interface of the devel- 

ped code well resembles the experimental data at different sim- 

lation times of 1080s, 1440s and 2160s.. Also, the average value 

f the liquid fraction ( MVF ) has been computed and reported as 

 quantitative measurement. A maximum 8% discrepancy can be 

ound that could be attributed to the usual heat loss and un- 

ertainties during experimentations. Hence, the present numerical 

odel is reliable for the analysis of the current problem. 

. Taguchi design of numerical experiments 

Coconut oil is used as the phase change material in both re- 

ions of the storage, and the total amount of pure PCM in the stor- 

ge is constant and equal to 0.01 m 

2 . As such, by dispersion of 

ano-additives and embedding in metal foam, the outer radius of 

he storage expands to store the specified amount of PCM. More- 

ver, the inner radius r i1 corresponding to the HTF#1 is assumed to 

e fixed at r i1 = 0.019 m. The surface areas of the HTFs are equal.

urther, it is assumed that the r o2 (or r i2 ) is variable, and hence,

he r o3 (or r i3 ) can be obtained by equating the surface area of 

TF#1 and HTF#2. For instance, for the optimum case (described 

n Table 7 ), the geometrical values are presented in Table 4 . CuO 

ano-additives and aluminium foam are employed at both regions 
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Table 3 

The range and levels of control parameters. 

Factors Description Level 1 Level 2 Level 3 Level 4 

A ω 1 (volume fraction of particles in the first section) 0 0.015 0.03 0.045 

B ω 2 (volume fraction of particles in the second section) 0 0.015 0.03 0.045 

C ε1 (porosity of metal foam in the first section) 0.8 0.85 0.9 0.95 

D ε2 (porosity of metal foam in the second section) 0.80 0.85 0.9 0.95 

E r o2 (the radius of the narrow heating channel) 50 60 70 80 

Fig. 3. Melting front during phase change of pure coconut oil in aluminum foam (0.0% CuO mass fraction): (a) experimental results of Al-Jethelah et al. [26] ; (b) present 

study. 

Table 4 

Geometrical parameters of the optimum case. 

r i1 (mm) r o1 (mm) r i2 (mm) r o2 (mm) r i3 (mm) r o3 (mm) r i4 (mm) 

19 20 69 70 72.533 73.533 96.177 
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f the unit. The volume concentration of the CuO nano-additive on 

ach side varies between 0.0 to 0.045% and is independent of the 

ther side. In addition, the porosity of the metal foam on each side 

an independently vary between 0.8 to 0.95. 

The major parameters of the present TES unit are the volume 

ractions of nanoparticles in each PCM domain ( ω 1 and ω 2 ), the 

orosity of metal foam in each section ( ε1 and ε2 ), and the radius 

f the narrow heating channel ( r o2 ). The Taguchi Method is applied 

o find the highest charging rate during two hours of charging 

ime. Based on the Taguchi method, the design parameters must 

e divided into several levels. There are several standard orthogo- 
6 
al tables such as L4, L9, L12, L16, and L27, which can be used for

he Taguchi method. Indeed, the orthogonal tables efficiently ex- 

lore the design space with a minimum number of examinations. 

ore details about the Taguchi method can be found in [ 45 , 46 ].

ere, four levels were considered for each parameter. The details 

f each level were brought in Table 3 . Using four levels for each 

esign variable could provide a fair splitting step for each design 

ariable. 

Since there are five design parameters and four variable the de- 

ign space is consist of 4 5 possible causes. The simulation of tran- 

ient phase change for such a huge design space is not practical. 
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Fig 4. Signal to noise ratios based on Taguchi method: Optimum levels for A, B, C, D, and E are 3, 3, 1, 1, and 3, respectively. 

Fig. 5. Dependency of the Melting volume fraction ( MVF ) when ε1 = 0.8, ε2 = 0.8, and r o2 = 70 mm on the volume fraction of the CuO: ( a ) NePCM#1 ( ω 1 ) and ω 2 = 0.03 

(b) NePCM#2 ( ω 2 ) and ω 1 = 0.03. 
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hus, Taguchi invokes an orthogonal table to sample the design 

pace and find an optimum design out of 4 5 possibilities. Based on 

he number of parameters and levels, there could be several possi- 

le standard orthogonal tables. Here, an L16 standard table was se- 

ected, which can provide an orthogonal search space with a mini- 

um number of samples (numerical tests). As depicted in Table 5 , 

ach row of the L16 corresponds to a possible design where the 

imulations should be carried out. The last columns of the L16 ta- 

le report the values of MVF, ES (kJ/m), and Power (kW/m) for each 

imulated case. The aim is to maximize MVF after two hours of 

harging. Here, the S/N ratio was computed based on the Taguchi 

ethod, which introduces the goodness of each design with re- 

pect to the design goal. 

A design with a higher S/N ratio is better. Then, the Taguchi 

ethod utilizes the computed S/N ratios and propose the opti- 

um levels for design parameters. Thus, the proposed optimum 
l

7 
ase could be inside or outside the L16 (any case from 4 5 design 

pace). 

. Results and discussion 

Here, the S/N ratios are summarized in a ranking table as pro- 

uced following the Taguchi method. The delta parameter indicates 

he variation of the S/N ratio following the variation of each pa- 

ameter. The higher the variation the more influential the parame- 

er. Rank 1 denotes a parameter with the highest influence on the 

VF . As seen, the radius of the narrow heating channel r o2 is the

ost important design parameter. After that, the porosities are im- 

ortant. The volume fractions of nanoparticles are the less impor- 

ant parameters. The results of Table 6 are visualized in Fig. 4 , so

he variation of S/N ratios could be better observed. As mentioned, 

 level of a parameter with the highest S/N ratio is the potential 

evel for maximum melting rate. Therefore, the optimum design 
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Fig. 6. Dependency of the stored energy when ε1 = 0.8, ε2 = 0.8, and r o2 = 70 mm on the volume fraction of the CuO: ( a ) NePCM#1 ( ω 1 ) and ω 2 = 0.03 ( b ) NePCM#2 ( ω 2 ) 

and ω 1 = 0.03. 

Fig. 7. Effect of porosity of aluminum foam in the inner region ( ε1 ) on the: ( a ) Melted fraction; ( b ) total energy stored (other parameters are same as the optimum case: 

ω 2 = 0.03, ω 1 = 0.03, ε2 = 0.8, and r o2 = 70 mm). 

Table 5 

Taguchi L16 orthogonal table corresponding to range and levels of control parameters. 

Test No. Parameters Data at 1200s 

ω 1 ω 2 ε1 ε2 r o2 MVF ES ( kJ/m ) 

P = ES/Time 

( kW/m ) S/N Ratio 

1 0.000 0.000 0.80 0.80 50 0.64 1081 900.6 -3.876 

2 0.000 0.015 0.85 0.85 60 0.83 1306 1088.6 -1.618 

3 0.000 0.030 0.90 0.90 70 0.84 1299 1082.6 -1.514 

4 0.000 0.045 0.95 0.95 80 0.45 826 688.1 -6.936 

5 0.015 0.000 0.85 0.90 80 0.81 1288 1073.3 -1.830 

6 0.015 0.015 0.80 0.95 70 0.82 1344 1120.4 -1.724 

7 0.015 0.030 0.95 0.80 60 0.77 1261 1050.5 -2.270 

8 0.015 0.045 0.90 0.85 50 0.55 1083 902.7 -5.193 

9 0.030 0.000 0.90 0.95 60 0.62 1033 860.9 -4.152 

10 0.030 0.015 0.95 0.90 50 0.50 912 760.2 -6.021 

11 0.030 0.030 0.80 0.85 80 0.94 1562 1302.0 -0.537 

12 0.030 0.045 0.85 0.80 70 0.96 1636 1363.0 -0.355 

13 0.045 0.000 0.95 0.85 70 0.64 1153 960.8 -3.876 

14 0.045 0.015 0.90 0.80 80 0.63 1201 1001.2 -4.013 

15 0.045 0.030 0.85 0.95 50 0.41 842 701.5 -7.744 

16 0.045 0.045 0.80 0.90 60 0.65 1287 1072.6 -3.742 

8 
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Fig. 8. Effect of porosity of aluminum foam in the outer region ( ε2 ) when (other parameters are same as the optimum case: ω 2 = 0.03, ω 1 = 0.03, ε1 = 0.8, and r o2 = 70 

mm) for: ( a ) Melted fraction; ( b ) total energy stored. 

Table 6 

The S/N and rank of design parameters based on the Taguchi 

method. 

Levels ω 1 ω 2 ε1 ε2 r o2 

1 -3.486 -3.434 -2.470 -2.629 -5.709 

2 -2.754 -3.344 -2.887 -2.806 -2.946 

3 -2.766 -3.017 -3.718 -3.277 -1.867 

4 -4.844 -4.056 -4.776 -5.139 -3.329 

Delta 2.090 1.040 2.306 2.510 3.841 

Rank 4 5 3 2 1 

Table 7 

The optimum values of the design parameters. 

Optimum Factors Optimum MVF at 1200s 

ω 1 ω 2 ε1 ε2 r o2 (mm) Taguchi prediction Tested case 

0.03 0.03 0.8 0.8 70 1.06 0.999 
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evels for parameters of ω 1 , ω 2 , ε 1 , ε 2 , and r o2 are 3, 3, 1, 1, and

, respectively. The estimated MVF after two hours of thermal char- 

ing is 1.06. It is clear that this number is not physically practical 

ince the MVF could not adopt any value higher than unity. How- 

ver, the value of 1.06 could be considered as a strong full melting 

or the optimum case. The design values of the optimum case are 

ummarized in Table 7 . 

A simulation was carried out for this design, and the MVF was 

ound as 0.999, which supports the estimated value by the Taguchi 

ethod. 

Using the data of the orthogonal table L16, a linear relation for 

VF (after two hours of charging) was computed as follow: 

V F | 1200s = −14027 + 31842 ω 1 + 6172 ω 2 + 6981 ε 1 + 16188 ε 2 

−63 . 5 r o2 ( mm ) , (20) 

The reported data for MVF in Tables 5 and 7 shows that the 

VF can be varied from 0.59 (case13) to 0.96 (case 7) and even 

.0 for the optimum case, during two hours of charging. Thus, the 

esign parameters can change the charging rate of TES by 41%. 

The optimum case has been further analyzed around the opti- 

um set of parameters to ensure about the performance of the TES 

ystem at the optimized configuration and also to investigate the 

mpact of each parameter on the charging process. In this stage, 

he complete charging process of the storage is studied and hence, 
9 
he simulation time is higher (1500s). Details of the test numbers 

re presented in Table 8 . 

Fig. 5 shows the influence of the volume fraction of nanopar- 

icles on the MVF . At the beginning of charging, where the entire 

ES unit is in a super cold solid-state, nanoparticles’ presence does 

ot alter the melting behavior and stored energy. However, as the 

elting commences and natural convection circulation occurs, the 

mpact of the nanoparticles MVF pronounces. As seen, the increase 

f nanoparticle concentrations could increase or decrease the MVF . 

his could be due to the competition between the improvement 

f the thermal conductivity of PCM and the increase of viscosity 

ue to the addition of nanoparticles. The viscosity resists against 

he fluid motion, and an increase of viscosity reduces the benefit 

f natural convection. The effect of nanoparticles on the tempera- 

ure and MVF contours was minimal, and thus, the related contours 

ere not plotted for the sake of brevity. 

Fig. 6 depicts the impact of nanoparticles of CuO on the amount 

f energy stored in the storage. It is worth noting that, As dis- 

ussed earlier, a fixed volume of coconut oil is considered in the 

torage. By dispersion of the nanoparticles (or changing the poros- 

ty of the aluminium foam), the outer diameter of the storage ex- 

ands. In other words, the mass of the materials in the storage 

s varied when the volume fraction of the nanoparticles changes. 

his means that the amount of energy in the form of latent heat 

s constant, and the difference between the shown cases is due to 

he sensible form of energy. According to Fig. 6 , dispersion of the 

anoparticles increases the amount of stored energy. This is plau- 

ible since the mass of the storage increases, and hence, a higher 

mount of storage can be stored in the TES system. 

In addition, it can be seen that the rate of energy storage (the 

lope of the ES ) is very high at the early stages of the melting pro-

ess and decreases gradually as time elapses. This can be explained 

y the fact that, as the melting process proceeds, the average tem- 

erature difference between the HTF and the NePCMs decreases 

nd hence, the amount of energy that could be absorbed reduces. 

he rate of energy storage approaches zero (constant ES ) when the 

VF = 1.0, indicating that the thermal equilibrium is achieved and 

o heat can be transferred between the HTF and the NePCMs. 

Figs. 7 and 8 show the impact of porosity on the MVF and 

tored energy. These figures show that the increase of porosity 

ignificantly reduces the MVF and the stored energy. In the ini- 

ial phase of the charging process t < 500s where the MVF is low, 
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Table 8 

Further analysis around the optimum case ( ω 1 = 0.03, ω 2 = 0.03, ε1 = 0.8, ε2 = 0.8, and r o = 70 mm). 

Test No. Parameter Control Parameters 

MVF at 

900s 

MVF at 

1200s 

A B C D E 

ω 1 ω 2 ε1 ε2 r o2 

1 ω 1 0 0.03 0.8 0.80 70 0.99 1.00 

2 0.015 0.03 0.8 0.80 70 0.98 1.00 

3 0.045 0.03 0.8 0.80 70 0.97 1.00 

4 ω 2 0.03 0 0.8 0.80 70 0.98 1.00 

5 0.03 0.015 0.8 0.80 70 0.98 1.00 

6 0.03 0.045 0.8 0.80 70 0.97 1.00 

7 ε1 0.03 0.03 0.85 0.80 70 0.88 0.96 

8 0.03 0.03 0.9 0.80 70 0.75 0.83 

9 0.03 0.03 0.95 0.80 70 0.60 0.65 

10 ε2 0.03 0.03 0.8 0.85 70 0.92 1.00 

11 0.03 0.03 0.8 0.9 70 0.84 0.93 

12 0.03 0.03 0.8 0.95 70 0.72 0.80 

13 r o 0.03 0.03 0.8 0.80 50 0.51 0.59 

14 0.03 0.03 0.8 0.80 60 0.75 0.84 

15 0.03 0.03 0.8 0.80 80 0.83 0.94 

16 Optimum 0.03 0.03 0.8 0.80 70 0.98 1.00 

Fig. 9. Effect of porosity of the inner region ( ε1 ) on the contours of σ (melting frac- 

tion) and streamlines (other parameters are same as the optimum case: ω 1 = 0.03, 

ω 2 = 0.03, ε2 = 0.8, and r o2 = 70 mm). 

Fig. 10. Effect of porosity of the outer region ( ε2 ) on the contours of σ (melt- 

ing fraction) and streamlines (other parameters are same as the optimum case: 

ω 1 = 0.03, ω 2 = 0.03, ε1 = 0.8, and r o2 = 70 mm). 

10 
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Fig. 11. Effect of r o2 on the ( a ) Melted fraction; ( b ) total energy stored (other parameters are same as the optimum case: ω 1 = 0.03, ω 1 = 0.03, ε1 = 0.8, ε2 = 0.8). 
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he variation of porosity induces almost linear impacts on the MVF . 

owever, as time passes and MVF increases, the natural convection 

ffects get strong and non-linear effects can be seen. There is a 

ignificant difference between MVF s in the 1200s. 

Interestingly, the optimum case maintains superior MVF over 

ther cases. However, cases of ε1 or ε2 = 0.85 could have the com- 

arable charging time as the optimum case with ε1 = ε2 = 0.80. 

hus, a TES with ε1 or ε2 = 0.85 could be advantageous since the 

mount of utilized metal foam material is smaller for a design with 

igher porosity. Indeed, the case of ε1 = 0.85 could benefit from 

oth natural convection effects and improved thermal conductiv- 

ty effects for composite foam and NePCM. In all cases, the opti- 

um design shows better thermal energy storage. A comparison 

etween two special design cases of ε 1 or ε 2 = 0.85 and the op-

imum case shows that the stored energy for the optimum case is 

lightly higher. The difference could be due to the sensible heat. A 

ase with lower porosity has a better composite thermal conduc- 

ivity, and its melted domain gets warm shortly. 

Figs. 9 and 10 are plotted to analyze the impact of porosity on 

elting behaviour in detail. The images were reported for σ (liq- 

id fraction), and the streamlines were plotted in the liquid region 

o show the natural convection flows. Fig. 9 shows the influence of 

he increase of ε1 on the liquid fraction ( σ ). Since ε1 is the foam’s 

orosity in the region between the central HTF and narrow heating 

hannel, the variation of σ is more pronounced here. This figure 

hows that the narrow heating channel is responsible for most of 

he melting rate. This is because of the larger surface area of the 

hannel, which is in contact with the PCM domain. The melting 

ommences around the central HTF tube and narrow heating chan- 

el and advances toward the centre of the NePCM#1. Attention to 

ePCM#2 shows that this region is almost independent of the first 

egion. It quickly melts down and, at 900s, is in a complete liquid 

tate. Thus, this figure shows that the increase of porosity reduced 

he molten region in NePCM#1, which agrees with Fig. 8 . 

Both cases of ε1 = 0.85 and ε1 = 0.8 (optimum case) show 

ell developed natural convection flows in the molten NePCM. The 

loser the streamlines, the stronger the natural convection. Thus, as 

een in the time snap of 900s, the natural convection for ε1 = 0.85 

s stronger than ε1 = 0.8. Thus, the case with a better composite 

hermal conductivity ( ε1 = 0.8) and a case with a better convec- 

ion circulation ( ε1 = 0.85) led to the same full melting time. 
11 
Fig. 10 illustrates that both cases of ε2 = 0.85 and ε2 = 0.80 

ave almost the same liquid fraction distribution at 900s in the 

econd domain (NePCM#2). The liquid fraction in the first do- 

ain (NePCM#1) is independent of ε2 . Thus, the discussion here 

s mainly related to the second domain under the influence of ε2 . 

n the case ε2 = 0.85, there is a narrow un-melted region next to 

he shell while the optimum case is fully melted. However, case 

2 = 0.85 benefits from a stronger natural convection flow, and as 

een in the nest time snap ( t = 1200), the second domain is fully

elted for both ε2 = 0.80 and ε2 = 0.85. The cases of ε2 = 0.90 

nd ε2 = 0.95 follow the same pattern but with a notable delay. 

Fig. 11 displays the MVF and stored energy for the narrow heat- 

ng channel radius, r o2 . The variation of r o2 changed the location 

f the heating source to the PCM domains. It also changes the size 

f each domain. The Taguchi analysis showed that r o2 is the most 

nfluential parameter on the MVF of the TES unit. Fig. 11 shows 

he significant impact of this parameter of MVF and ES. The im- 

act of r o2 on the early stages of charging, t < 400, is smooth. At

he beginning of charging, the heat transfer is mainly due to con- 

uction, and the effective thermal conductivity of the composite 

foam and NePCM) is not much high. Thus, the heated regions of 

he TES domain are mainly under the influence of thermal diffu- 

ion, and the heat flow has not seen the enclosure boundaries. At 

his stage, a larger r o2 results in a larger heat transfer surface and 

etter heat transfer performance. However, as the thermal charging 

ontinues and melting advances in the TES unit, the important ef- 

ect of r o2 , which is the balance of heat between the two domains 

ronounces. The impact of r o2 on the melting heat transfer can be 

tudied through σ contours and streamlines, as depicted in Fig. 12 . 

A design with a very larger r o2 (80 mm) quickly melts down 

he second domain, NePCM#2, and there is a large NePCM#1 to be 

elted. Thus, the thermal performance of a case with two large 

 o2 drops quickly. However, a very large r o2 (80mm) tends to re- 

over an advantage since the molten region in the NePCM#1 could 

e quite large and boosts the natural convection effects. The worst 

ase is a case with the smallest r o2 . This case provides a small heat

ransfer surface at the early stages of charging and later results in 

 small NePCM#1. Thus, at the final stages of charging, domain#1 

s fully melted while still half of domian#2 is in a solid state. The 

ptimum case, as proposed by the Taguchi method, is a narrow 

eating channel with a fairly large radius of r o2 = 70 mm. Since 
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Fig. 12. Effect of r o2 on the contours of σ (melting fraction) and streamlines (other 

parameters are same as the optimum case: ω 1 = 0.03, ω 2 = 0.03, ε2 = 0.8, 

ε2 = 0.8). 
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he dominant term of energy storage is due to the latent heat, the 

tored energy in Fig. 10 shows the same trend as that of MVF . 

. Conclusions 

A combination of metal foam and copper oxide nanoparticles 

as used to enhance the charging time of a TES unit. The geomet- 

ical design of TES, along with its porosities and volume fractions 

f nanoparticles, were optimized using the Taguchi method. The 

ES unit could reach a fully melted status just in two hours for 

he optimum design. The melting rate and the stored energy were 

nvestigated using graphs, while the melting behavior and natural 

onvection were studied using liquid fraction contours and stream- 

ines. The following primary results were found: 

• The most important parameter affecting the melting rate was 

the radius of the narrow heating channel, r o2 . After that, the 

porosities of NePCM#2 and NePCM#1 were the most influen- 

tial parameters. The concentration of nanoparticles could add 

minor impacts on the melting rate and phase change behaviour. 
12 
• The variation of design parameters could change the melting 

rate by 59%. Thus, the optimization of TES is an important task 

that should be considered in the design of TES units. 
• The increase of the volume fraction of the copper oxide 

nanoparticles does not always improve the melting rate. The 

optimum volume fraction of nanoparticles was 3%, while the 

maximum investigated value was 4.5%. As seen, the maxi- 

mum volume fraction did not lead to the maximum melting 

rate. Moreover, the impact of the presence of nanoparticles on 

the melting rate was not significant. Thus, the application of 

nanoparticles in the TES units enhanced with metal foams can- 

not be justified. 
• The geometrical design of TES was carried out for the radius 

of the narrow heating channel, r o2 . The optimum radius was 

70 mm while the range of the variation of this parameter was 

50-80mm. The MVF for design with r o2 = 50mm was 0.59 af- 

ter two hours of thermal charging, while the same design but 

r o2 = 70 resulted in full melting ( MVF = 1.0). Thus, the op- 

timal geometrical design of a TES is the most important task 

and should be carefully considered in future studies. After that, 

other heat transfer approaches could be applied to improve the 

heat transfer further. 

A fast-charging TES unit can be used in many practical applica- 

ions such as transient waste heat recovery, thermal management 

f transient industrial systems, and process engineering. In the 

resent study, the utilized PCM in both domains of the TES unit 

as the same. However, the present design could benefit from two 

ifferent PCMs with different fusion temperatures, which could be 

he subject of future investigations. 
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