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A B S T R A C T   

A design of latent heat thermal energy storage (LHTES) unit for the rapid charging process of the nano-enhanced 
coconut oil inside an open-cell copper foam was proposed. A stream of hot liquid coconut oil was allowed to 
enter the thermal energy storage unit from the bottom and leave the unit from the top to accelerate the melting 
process. A heat transfer tube was placed inside the unit to melt the PCM layer and open a liquid film passage 
between the inlet and the outlet. The impact of design parameters such as porosity of copper foam, inlet PCM 
liquid pressure, hot inlet liquid inside the heat transfer tube, and volume fractions of nanoparticles was inves
tigated on the charging time of the unit and its thermal behavior. The formation of the liquid PCM film over the 
heated tube is the key to fast charging. The key parameter in liquid film formation was the inlet velocity of hot 
liquid inside the tube. Increasing the inlet velocity by 2.5 times could reduce the thermal charging time by 2.5 
times. Moreover, using nano-additives was not beneficial in this design since they could delay the liquid PCM 
film formation and the charging time.   

1. Introduction 

Renewable energy seems to have become increasingly popular, not 
just to decrease energy use but also to mitigate environmental damage. 
However, because of the fluctuations in renewable energy production, 
these technologies mismatch the energy supply with the energy load 
demand [1]. Energy storage systems (ESSs) are invented to overcome 
this issue [2]. Thermal energy storage (TES) is one of these useful ESS, 
which has encouraged various scientists to concentrate on TES. In 
addition to its employment in renewable energy, TES is currently used in 
multiple applications, such as healthcare, building materials, aerospace, 
and refrigerants [3]. In recent years, phase change materials (PCMs) 
have attracted much interest as an alternative to existing thermal stor
age approaches [4,5]. Some researchers also introduced by-product of 
the non-metallic industry as inorganic PCMs [6,7]. Electronic compo
nents and batteries also produce a notable amount of energy [8,9], and 

thus PCMs have been proposed for thermal management [10]. 
When the ambient temperature is near PCM’s fusion temperature, it 

absorbs or releases energy through melting or solidification. Low ther
mal conductivity and thermal diffusion in the bulk PCM act as barriers, 
delaying the heat transfer and lowering the overall efficiency [11]. The 
limited heat conductivity of PCMs makes the complete deployment of 
these systems for everyday life applications impractical [12]. To tackle 
this problem, either a higher PCM mass is used, which results in a higher 
cost and volume, which is undesirable, or heat transfer enhancement 
techniques are used [13]. Various approaches have been proposed for 
this purpose, including the use of encapsulated PCM [14], a more 
complicated heat exchanger structure [15], adding highly conductive 
nanoparticles [16], and the most current option, the use of a conductive 
porous medium [17,18]. Moreover, nano-additives and phase change 
mechanisms have been proposed as heat transfer enhancers for cooling 
liquids in microchannel heatsinks [19,20]. 
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Fig. 1. Thermodynamic cycle for dynamic 
melting. The thermodynamic cycle with 
some modifications was taken from [28]. 
There are two heating (charging) cycles and 
one cooling (discharging cycle). The HTF 
flows inside the tube and is not in direct 
contact with NePCM. The NePCM enters and 
leaves the shell side in a heating cycle. The 
cooling cycle takes place just by HTF flow. 
The schematic diagram of the physical 
model is illustrated in (b) model description, 
(c) boundary conditions, and (d) geometrical 
parameters.   
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While some strategies have been discovered to be quite efficient at 
enhancing heat transfer, they are intrusive because a less amount of PCM 
could be implanted within the Latent Heat TES (LHTES) set. As a result, 
the ratio of PCM volume to the volume of the LHTES system decreases, 
as does the energy storage capacity. Researchers concentrated on heat 
transfer without invasiveness augmentation techniques such as dynamic 
PCM systems, direct contact PCM structures, and PCM slurries [21,22]. 
The dynamic PCM systems operate based on the PCM moving or 
agitating during the phase change. It is possible to break them down into 
four distinct categories. 

The first strategy for an LHTES system is to incorporate ultrasonic 
vibrations into the system, which improves the system’s performance by 
avoiding the formation of solid PCM layers in the subcooled liquid PCM 
[23,24]. The second, a double screw heat exchanger, involves conveying 
the PCM through a heat exchanger’s continually moving helicoidally 
heat transfer surface during charging / discharging operations [25]. The 
third is the PCM flux idea, a transport tube that flows PCM across a 
heated surface. The fourth option is dynamic melting. This method in
volves recirculating liquid PCM through an external instrument during 
melting to control the flow and transfer of heat. Continual mixing of the 
PCM with motion promotes total heat transfer and improves system 
efficiency by decreasing charging time and encouraging forced 
convection. 

Moreover, while keeping the high packing factor, this method pre
cludes PCM deterioration and phase segregation [26]. Tay et al. evalu
ated the PCM dynamic melting process of a tube-in-tank numerically 
[27] and experimentally [28], catching improvements in melting time, 
heat transfer, and efficacy. He and Setterwall [29] studied the prospect 
of enhancing the PCM’s heat transfer via a dynamic storage mechanism. 
They showed that a direct interaction between the heat transfer medium 
and the storage substance improved heat transfer. 

Porous structures with highly conductive properties have been 
devised as an alternative for PCM alone. Heat transfer conduction occurs 
through porous foam rather than PCM in the porous/PCM composite, 
resulting in increased thermal diffusion rate and effective thermal con
ductivity [30]. It reduces the influence of natural convection for liquid 
PCM, which is insignificant compared to porous foam conduction [31]. 
Metal foams’ high cost is one of the limitations of embedding them into 
various PCM-based energy storage systems. However, the price of metal 
foam has been declining over time, thus making commercial imple
mentation feasible [32]. 

Liu et al. [33] used a numerical model to study the impact of metal 
foam on the heat transfer of latent storage in shell-and-tube structures. It 
is determined that metal foam improved heat transfer by over seven 
times. Paraffin PCM samples embedded in nickel and copper metal 
foams were provided by Xiao et al. [34]. The prepared materials’ ther
mophysical characteristics were examined and estimated. It was 
discovered that the use of metal foams improves the effective thermal 
conductivity significantly. Compared to pure paraffin, the conduction of 
a nickel/ paraffin foam was almost thrice higher (PCM). In a numerical 
study, Hossain et al. [35] studied the free convection melting process of 
PCMs in metal foams. The upper cavity’s wall was maintained at a 
constant high temperature, and the others were well insulated. The 
findings indicate that the melting rate is reduced as the metal foam’s 
porousness increases. 

The impact of utilizing foams made of copper metal on the paraffin 
PCM heat transfer characteristics was investigated experimentally by 
Zheng et al. [36]. According to the findings, the copper metal foam could 
shorten the melting period by 20.5 %. Sivasankaran et al. [37] studied 
natural convection heat transfer in a porous medium-filled cavity with 
no phase change. The findings suggest that increasing the porosity of the 
metal foam improves natural convection heat transfer. Sardari et al. [38] 
evaluated the influence of heat storage size on a composite metal foam- 
PCM system vs. a PCM alone system using a non-dimensional analysis. 
They demonstrated the impact of system size and the presence of porous 
media on melting time reduction. They stated that the melting period is 

shorter for the system with a lower height for the same storage capacity 
and power input. 

The literature review shows that using a molten PCM as the working 
fluid is an effective approach for heat transfer enhancement for fast 
charging thermal energy storage. The present study aims to investigate 
the thermal charging of an LHTES unit filled with a metal foam and 
enhanced with a mixed convection flow of liquid nano-enhanced PCM 
for the first time. The impact of foam porosity, inlet pressure of liquid 
nano-enhanced PCM, and HTF inlet fluid velocity on the charging 
behavior of the LHTES are addressed. 

2. Model description and formulation 

2.1. Model description 

Fig. 1(a) shows the thermodynamic cycle of dynamic charging. Here 
two cycles are involved with the charging (melting process) and one 
cycle for the discharging (solidification). A heat transfer fluid (HTF) is 
able to flow inside the tube and completes the heating and cooling cy
cles. A nano-enhanced PCM (NePCM) cycle also re-heats and circulates 
the NePCM inside the shell. The HTF cycle keeps the NePCM cycle in a 
liquid state and prevents it from solidification. Fig. 1(b)-(d) illustrates a 
cylindrical LHTES filled with copper metal foam saturated by coconut 
oil. Next to the HTF tube, a liquid NePCM inlet allows a flow of molten 
coconut oil-CuO NePCM inside the enclosure. The HTF flow is separated 
from the shell side and NePCM inlet using a copper tube of thickness C. 
The HTF is water that passes through the central tube with a uniform 
inlet velocity of Uin. In the present design, the tube and its inside are 
smooth. However, using corrugated tubes and wire coils, as explained in 
[39,40] could be applied to improve the heat transfer. 

Initially, the NePCM inside the enclosure is supper cold at an initial 
solid-state. A flow of HTF with uniform temperature Th streams through 
the inner tube, which heats the tube wall and NePCM near the tube wall. 
The HTF loses some heat to the surrounding NePCM and leaves the tube 
at the top under a zero-gauge pressure outflow condition. 

Moreover, there is a stream of liquid NePCM with a uniform pressure 
P0 at the enclosure inlet. However, the solid NePCM blocks the inlet flow 
of liquid NePCM. After a while, the HTF flow melts a layer of NePCM 
next to the tube wall and opens a passage through solid NePCM, in which 
the hot liquid NePCM can reach the enclosure outlet at the top. The 
outlet is at a gauge pressure of zero. The formation of a liquid PCM film 
is an important key feature of this design which allows the stream of 
liquid PCM moves through the enclosure. 

2.2. Formulation 

The governing equations and the corresponding boundary conditions 
are extracted and presented separately according to the notation of 
Fig. 2. The flow fields of the water in the central tube and the NePCM in 
the LHTES section are within the laminar flow range. Moreover, a local 
thermal equilibrium is established between the copper foam and 
coconut-CuO PCM. In the subsequent section, the governing equations 
for the HTF central tube, the composite metal foam NePCM, and the 
solid wall of the HTF tube will be discussed. 

The equations of continuity, momentum, and energy in the HTF tube 
presented in the cylindrical coordinate system are as follows [41–43]: 

For heat transfer fluid (HTF): 

1
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The variables u and w of the above-expressed equations are the ve
locity variables along the horizontal and vertical directions. p is the 
pressure variable, T is the temperature variable, and t is the time. 
Moreover, ρ, μ, k, and Cp stands for density, dynamic viscosity, sensible 
heat capacity, and thermal conductivity, respectively. The subscripts 
HTF indicates the heat transfer fluid. 

For the composite open foam and NePCM inside the pores, the 
equations of continuity, momentum, and energy are established. It 
should be noted that the continuity equation for the melted phase 
change material is exactly the same as Eq. (1). 
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where s is the sink term for velocity control in solid and liquid regions, β 
is the volumetric thermal expansion, g is the gravity acceleration, and Lf 
is the latent heat of fusion. The subscript NePCM indicates the NePCM. 
Here, K and ε are the metal foam permeability and porosity. The foam 
permeability is computed using the following equation [44]: 

K = d2
p
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(
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,
(
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(
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(8)  

and γ = 5 PPI. 
Here, s(T) = Amush

1− 2ω(T)+ω2(T)
λ+ω3(T) in which: 
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(9) 

In the above equation. Amush = 10− 9 Pa.s/m2, and λ = 0.001is 
introduced to avoid division by zero, ΔTme = 10 ◦C. The effective ther
mal properties are computed as follows: 
(
ρCp

)

NePCM = (1 − ϕ)
(
ρCp

)

PCM +ϕ
(
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)

np (10a)  
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1
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where subscript np represents nanoparticles and ϕ is the volume fraction 

of nanoparticles. In the above equations, inserting the thermophysical 
properties of solid PCM or liquid PCM gives the effective thermophysical 
properties of solid and liquid NePCM, respectively. Moreover, the ulti
mate thermophysical properties of NePCM depend on the melting vol
ume fraction and a weighted average of the solid and liquid NePCM with 
the local liquid volume fraction ω(T) as a weight. For example, the 
thermal conductivity of NePCM was computed as: kNePCM = ω × kNePCM,l 
+ (1-ω) kNePCM,s. Ultimately, the effective thermophysical properties of 
composite NePCM and metal foam were computed as a weighted 
average of NePCM and the metal foam as: 

χeff ,NePCM = εχNePCM +(1 − ε)χfoam  

χeff = εχNePCM +(1 − ε)χfoam (11)  

where χeff stands for any effective thermophysical properties such as 
thermal conductivity (k), density (ρ), or heat capacity (ρCp). The energy 
conservation equation for copper tube as a solid intermediate thick wall 
is computed as: 

(
ρcp

)

w
∂T
∂t

= kw

(
1
r

∂
∂r

(
∂T
∂r

)

+
∂2T
∂z2

)

(12)  

where subscript w indicates the thick wall. 

2.3. Controlling boundary and initial conditions 

The HTF is injected with the temperature of Th, and velocity of Uin. 

THTF = Th, uHTF = 0, wHTF = Uin (13) 

At the outlet of the HTF tube, the developed convective flow is 
considered to be established. 

uHTF = 0,PHTF = 0,
∂T
∂z

⃒
⃒
⃒
⃒

HTF
= 0 (14) 

The injected NePCM in the bottom to up direction can be written as: 

PNePCM = Pin and ΤNePCM = Th (15a) 

And at the outlet, it is expected: 

uNePCM = 0,PNePCM = 0, and
∂T
∂z

⃒
⃒
⃒
⃒

NePCM
= 0 (15b) 

The perimeter wall of the enclosure is well insulated, and hence, the 
boundary conditions at the outer wall are: 

uNePCM = wNePCM = 0,
∂T
∂r

⃒
⃒
⃒
⃒

NePCM
= 0 (16) 

At the upper and lower surfaces of the NePCM enclosure, the 
boundary conditions are defined as the following: 

uNePCM = wNePCM = 0,
∂T
∂z

⃒
⃒
⃒
⃒

NePCM
= 0 (17) 

The continuity of temperature and heat flux at the inner and outer 
tube walls was considered between the tube wall and HTF and tube wall 
and NePCM. 

The initial condition for the PCM domain can be expressed as the 
following: 

uNePCM = wNePCM = 0,PNePCM = 0, TNePCM = Tinitial (18)  

2.4. Total energy stored in the unit (ES) and melting volume fraction 
(MVF) 

The amount of energy stored, ES(t), in the LHTES unit during the 
melting process is equal to the heat transferred from the central tube to 
the summation of sensible and latent heat, which can be computed as: 
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Besides, the melting fraction of the phase change material at 
different times can be estimated through the following equation: 

MVF(t) =
∫

V ω(T)dV
∫

V dV
(20) 

The thermophysical properties of the materials employed in the 
present study include coconut oil as a phase change material in the 
energy storage unit, water through the HTF central tube, copper plate 
between the water and the phase change material, and copper foam, 
which are listed in Table 1. 

Furthermore, the velocity of the heat transfer fluid (HTF) at the inlet 
of the mentioned tube is equal to 0.1 m/s, and the inlet pressure of the 
storage unit is considered 3000 Pa. The inlet temperature of the storage 
unit and HTF tube is equally set to 60 ◦C. The LHTES unit is at an initial 
temperature of 15 ◦C, which is well below the fusion temperature, and 
NePCM is super cold. 

3. Numerical method and validation 

3.1. Finite element method (FEM) 

The FEM, founded on a weighted residual method, is applied to 
integrate the model’s equations. The partial differential equations con
trolling the conservation of mass, momentum, and energy were trans
formed into a weak form and then integrated over mesh elements or 
obtain the residual equation. Then, the residual equations were solved 
iteratively for field variables. Fig. 2 depicts the flow chart of solution 
steps. The Newton method was employed to solve the equations in a 
fully coupled form. The backward differential formula with the PAR
DISO solver was invoked to control the time steps and keep the accuracy 
of the solutions with a relative error of 10− 4. The computations were 
continued until the MVF reached 0.999, indicating a fully melted 
enclosure. 

3.2. Mesh study 

The influence of the adopted mesh sizes on the accuracy of the so
lutions was examined in this section. For this purpose, the melting 
fraction, the amount of stored energy, and the average velocity of the 
liquid NePCM at the LHTES’s outlet were monitored for four different 
mesh sizes in the period of 0 to 8000 s. The results are illustrated in Fig. 3 
for ε = 0.8, Pin = 3000 Pa, VFna = 0, Th = 50 ◦C, and Uin = 0.1 m/s. The 
details of the mesh sizes for four cases I-IV are listed in Table 2. A 
nonuniform mesh with a stretching ratio of 1/20 was applied to the HTF 
region to capture the boundary layer flow and temperature gradients 
adequately. 

As it turns out, all four cases are very close to each other over the 
entire period. However, it is important to note that for a coarse mesh, the 
efficiency of the solver to capture the melting interface declines 
adequately, and some convergence issues arise. However, the compu
tational costs also increase drastically for a very fine mesh. Therefore, 
the third case was selected as the computational mesh for a cost-efficient 
and converged solution. All the results of this study were computed 
based on this mesh size. Fig. 4 depicts a view of the selected mesh for 
Case 3. 

3.3. Validation of the numerical method 

The simulation results were verified through comparison with the 
experimental data reported by Kamkari et al. [47], where the stored 
energy in a rectangular LHTES unit during the melting of a PCM is 
plotted in Fig. 5. Besides, the melting of paraffin wax embedded in open- 
cell copper foam was simulated, and a good match was observed with 
experimental data [36]. More details can be found in [48]. 

4. Results and discussion 

In the first step, the impact of HTF velocity inlet, NePCM pressure 
inlet, and foam porosity on the thermal behavior of the LHTES unit was 
addressed while the volume fractions of nanoparticles were zero. Sec
ondly, the effect of nanoparticles on the unit’s heat transfer was inves
tigated. Table 3 depicts the investigated parameters and their values. 
The simulation results are displayed in the form of melting fraction 
(MVF), stored energy, isotherms, and streamlines. Table 4 summarizes 
the combination of the control parameters for each investigated case. 

Figs. 6 (a) to (d) exhibit the effect of the porosity ε on the melting 
fraction, the amount of stored energy, the discharge rate from the unit, 
and the average temperature of the liquid PCM leaving the unit. The 
study was performed for four values of the porosity in the high range ε =
0.85, 0.9, 0.95 and 0.975. As seen in Fig. 6(a), all four curves change 
abruptly over a particular period, and then the melting process is 
completed sharply. In this design, the initial melting is very important. It 
should be noted that the solid PCM blocks the flow of liquid PCM at the 
inlet. Thus, as soon as a layer of liquid PCM forms around the HTF tube 
inside the enclosure, the blockages weaken, and a forced convection 
stream of molten PCM would be possible. A composite PCM with a low 
porosity provides a better composite thermal conductivity since there 
will be more solid foam. However, a higher effective thermal conduc
tivity would pass the absorbed heat from the tube to a wider region of 
solid PCM and delay the initiation of the first liquid layer around the 
HTF tube. Thus, as seen in Fig. 6(a), there is a critical inversion point in 
which a higher MVE could be observed for ε = 0.85 than ε = 0.9, but for 
ε = 0.95 and ε = 0.975, it becomes higher than a porosity of 0.85. 

For the case of foam with low porosity, permeability is another sig
nificant parameter that contributes to mixed convection heat transfer. A 
foam with low porosity imposes a significant flow resistance (low 
permeability) on the liquid stream and limits the forced convection flow. 
However, the low porosity also means a better overall effective thermal 
conductivity, accelerating thermal energy storage. Thus, as seen, a foam 
with ε = 0.85 could better charge the LHTES unit compared to that of ε 
= 0.9. 

Fig. 6(c) shows that the output flow rate increases as the porosity 
increases due to the decrease in permeability. According to Fig. 6(d), in 
the initial times, the temperature of the PCM in the area adjacent to the 
heated tube rises with a gentle slope. When a liquid film forms, the liquid 
PCM starts to flow, and a steep slope occurs. The outlet temperature 
increases since a heated flow of liquid PCM also enters the unit. It is 
important to note that the outlet temperature at the end of the charging 
process is fixed at about 330 ± 3 K, and it does not change much with the 
foam’s porosity. According to the considered thermal boundary condi
tions at the unit’s inlet (inlet temperature 333 K), it can be understood 
that after the completion of the melting process, the liquid PCM reaches 
the outlet with a minimum temperature drop. 

Figs. 7 and 8 show the isotherms and streamlines for the lower and 

ES(t) =
∫

V

(∫ T

Tinitial

[(
ρCp

)

eff ,NePCM +
(
ρCp

)

w

]
dT

)

dV

⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞ Sensible heat

+

∫

V

ωρNePCM,lLf dV
⏞̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅⏞ Latent heat

(19)   
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Table 1 
Thermophysical properties of Coconut oil and the nano-additives [45,46].  

Properties Coconut oil (measured) HTF (water at Tin) Copper tube and foam 

Solid (15 ◦C) Liquid (32 ◦C) 

ρPCM (kg m− 3) 920 914 ± 0.11 % 993.73 8900 
μPCM (Nsm− 2) – 0.0326 ± 3 % 0.705 × 10− 3 – 
Cp (J kg K− 1) 3750 2010 ± 0.2 % 4178 386 
k (W m− 1 K− 1) 0.228 0.166 ± 1.2 % 0.623 380 
hf (kJ kg− 1)  103 ± 1 %  – 
Pr  394.73 ± 3.2 %  – 
Tme (ΔTme) 24 ◦C (±1 ◦C)   –  

Fig. 2. The flowchart of the computational algorithm and computational steps.  
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higher considered values of the porosity, i.e., 0.85 and 0.975, at three 
time-snaps of 1000 s, 5500 s, and 11,000 s. As can be seen, the melting 
front quickly develops in the enclosure when the porosity is high. In this 
case, the temperature gradients were mainly shifted to the top right 
corner of the enclosure, where there is a weak convection circulation. 
Contrarily, the melting front develops in the enclosure with a significant 
delay compared to the case of high porosity. 

Fig. 8 shows a natural convective circulation inside the enclosure at 
initial times when there is no significant forced convection flow. As soon 
as the solid PCM is melted, the stream of inlet liquid PCM follows from 

Table 2 
The specification of utilized structured mesh in the enclosure.  

Mesh 
case 

Horizontal intervals Vertical 
interval 

Total 
NEPCM 

Inlet/ 
outlet 

Rest of 
NEPCM 

Wall HTF 
tube 

I  40  10  30  2  10  50 
II  60  15  45  3  15  75 
III  80  20  60  4  20  100 
IV  100  25  75  5  25  125  

Fig. 4. Views of the chosen grid mesh; (a) Overall geometry, and (b) Focused 
on the left top corner. 

t

To
ta
lE
ne
rg
y
St
or
ed

Fig. 5. The stored energy simulated in the present study and those measured 
in [47]. 

t

M
V
F

t

To
ta
le
ne
rg
y
St
or
ed

t

PC
M
O
ut
le
tA
ve
ra
ge
V
el
oc
ity

Fig. 3. Mesh independency of the results on mesh size for; (a) Melting volume 
fraction, (b) Total energy stored, and (c) NePCM outlet average velocity. 
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the inlet toward the outlet. After melting a substantial amount of PCM, a 
uniform streamlines distribution can be observed in the middle of the 
enclosure. Over time, as the melting front progresses, the width of the 
streamlines inside the enclosure grows, and the size of the melted PCM 
region develops. For the lowest porosity, i.e., ε = 0.85, the outlet is not 
fully open yet, and hence the melting is slow and is mainly controlled by 
the conduction and natural convection circulation mechanisms. These 
outcomes are in good agreement with the results of Fig. 6(a) and (c). 

As described in the schematic diagram for the boundary conditions, 
the high-temperature, pressurized liquid PCM enters the unit when there 
is a feasible passage between the inlet and outlet. As shown in Figs. 9, an 
increase in the static pressure at the inlet of the enclosure considerably 
improves the MVF, the total stored energy, the flow rate, and the 
average outlet temperature. Keeping the foam’s porosity at a constant 
value takes less time for the high-pressure melted PCM to open a passage 
through the melted PCM and extend the passage. As a passage develops 
between the inlet and the outlet, a constant stream of heated liquid PCM 
can enter the enclosure. The forced convective melting of the PCM inside 
the enclosure would be feasible. In fact, when the PCM enters the 
enclosure with high pressure, the exit path opens much faster, the hot 
PCM enters the chamber at a higher pace, and in general, the LHTES unit 
would be charged in a shorter period of time. It should be noted that 
raising the static pressure at the enclosure’s inlet accelerates the 
charging time and does not enhance the charge level. 

The outlet flow through the chamber elevates as a function of the 
high-pressure phase change material (Fig. 9(c)). However, raising or 
reducing the pressure as a flow parameter does not change the tem
perature patterns (Fig. 9(d)). Indirectly, the increase in pressure leads to 
a growth in the outlet flow rate of the chamber, and as mentioned 
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Fig. 6. Effect of porosity parameter (ε) on; (a) Melting volume fraction, (b) Total energy stored, (c) Outlet flow rate, and (d) Average outlet temperature.  

Table 4 
Details of investigated cases and the thermal charging time.  

Case Parameter A B C Full melting 

ε Pin 

(Pa) 
Uin 

(m/s) 
Time (s)  

1 ε  0.85  3000  0.1  13,829  
2  0.90  3000  0.1  14,976  
3  0.95  3000  0.1  7640  
4  0.975  3000  0.1  2492  
5 Pin  0.95  1000  0.1  8604  
6  0.95  2000  0.1  7954  
7  0.95  3000  0.1  7639  
8  0.95  4000  0.1  7428  
9 Uin  0.95  3000  0.05  16,070  
10  0.95  3000  0.075  11,222  
11  0.95  3000  0.1  8605  
12  0.95  3000  0.125  7038  

Table 3 
The name and magnitude of the investigated parameters.  

Factors Description Level 1 Level 2 Level 3 Level 4 

A ε 
Porosity  

0.85  0.90  0.95  0.975 

B Pin 

Pressure inlet [Pa]  
1000  2000  3000  4000 

C Uin 

HTF velocity inlet 
[m/s]  

0.05  0.075  0.1  0.125  
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Fig. 7. Effect of porosity parameter on the contours of isotherm; (Top row) Case 1 with ε = 0.85, and (Bottom row) Case 4 with ε = 0.975, in the three 
different times. 
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earlier, the increase in the flow rate only causes the molten fluid to reach 
the maximum temperature faster; but, all four curves have reached the 
temperatures above 330 K at the end of melting. 

The effect of the inlet pressure on the isotherms and streamlines in 
three time-snaps of 1000 s, 5500 s, and 11,000 s is illustrated in Figs. 10 
and 11. Based on the obtained results, the width of the constant iso
therms in primary and secondary times are very similar. In contrast, in 
the last time instance and for higher inlet pressure, the mentioned lines 
in the upper right corner of the enclosure are more compact than for the 
low inlet pressure. Therefore, a slight temperature gradient occurs 
throughout the chamber, and the chamber homogenously remains at a 
temperature above 330 K. 

As it turns out, here, both the melting front pattern and the flow lines 
are similar for the minimum and maximum inlet pressures in the first 
and second times. The final stage of the melting process occurs at about 
11,000 s when the melting process of the PCM is completed. A closer 
look at the streamlines reveals that the streamline patterns which ulti
mately developed in the enclosure are different for the minimum and 
maximum inlet pressures. The streamlines distributions are uniform and 
inclined to the right wall for the lowest and highest inlet pressures. 
Additionally, the high inlet pressure causes the generation of a cluster- 
like structure in the streamlines at the inlet and outlet of the enclosure 
since the inlet flow rate grows. 

Contours in Fig. 12 exhibit the effect of HTF inlet velocity entering 
the tube on the MVF, the total stored energy, the LHTES outlet flow rate, 

and the average temperature of the liquid PCM leaving the enclosure. As 
shown in Fig. 12(a), elevating the inlet velocity increases the melting 
fraction of the PCM and, consequently, raises the stored energy. As the 
inlet HTF velocity increases, the dimensionless Reynolds number for the 
minimum and maximum velocities reaches 895 and 2238, respectively, 
which is still in the laminar flow. 

By rising the inlet velocity of the HTF, heat transfer from the thick 
tube to the PCM is enhanced. The initial film is then formed quickly 
inside the PCM storage unit and boosts the development of forced con
vection inside the enclosure. Hence, the melting process and then the 
thermal storage ultimately completes faster. Thus, the formation of 
liquid film is the key to the fast-charging process. 

The effect of the inlet flow velocity on isotherms and streamlines at 
three time-snaps of 1000 s, 5500 s, and 11,000 s is shown in Figs. 13 and 
14. Based on these time-snaps, the difference between the resulting 
patterns of 1000s and 5500 s is negligible. However, for the time-snap t 
= 11,000 s, the unit with an HTF inlet velocity of 0.125 m/s has reached 
the fully melted state, while the unit with an inlet velocity of 0.05 m/s 
has not reached the steep state and did not benefit from the forced 
convection heat transfer provided by liquid PCM. 

Fig. 14 shows that the progress of the melting front is completely in 
agreement with the isotherms. For both cases of HTF inlet velocities of 
0.125 m/s and 0.05 m/s, the streamlines are very similar at the initial 
time-snaps of 1000s, where the liquid PCM film has not reached the 
outlet yet. For case, Uin = 0.125 m/s, the liquid film has reached the 

Fig. 8. Effect of porosity parameter on the streamlines; (Top row) Case 1 with ε = 0.85, and (Bottom row) Case 4 with ε = 0.975, in the three different times.  
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Fig. 10. Effect of inlet pressure on the contours of isotherm; (Top row) Case 5 with Pin = 1000 Pa, and (Bottom row) Case 8 with Pin = 4000 Pa, in the three 
different times. 
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Fig. 12. Effect of inlet velocity (Uin) on; (a) Melting volume fraction, (b) Total stored energy, (c) Outlet flow rate, and (d) Average outlet temperature.  

Fig. 11. Effect of inlet pressure on the streamlines; (Top row) Case 5 with Pin = 1000 Pa, and (Bottom row) Case 8 with Pin = 4000 Pa, in the three different times.  
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Fig. 13. Effect of inlet velocity on the contours of isotherm; (Top row) Case 9 with Uin = 0.05 m/s, and (Bottom row) Case 12 with Uin = 0.125 m/s, in the three 
different times. 
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outlet, and mixed convection consists of local natural convection at the 
bottom, and a smooth flow of liquid PCM from bottom to top can be 
observed. Time-snaps t = 11,000 s show that the unit with Uin = 0.125 
m/s reached a fully melted state, and a uniform streamline is established 
inside the metal foam, while the forced convection regime is just started 
in the case Uin = 0.05 m/s. 

4.1. Effect of volume fraction of the nanoparticles 

In this section, the impact of the volume fraction of nanoparticles on 
the heat transfer behavior of the LHTES unit is investigated. Here the 
design variables are fixed at: ε = 0.975, Pin = 1000 Pa, and Uin = 0.075 
m/s. The impact of variation of the volume fraction of nanoparticles ϕ 
on the MVF, total stored energy, outlet flow rate, and average outlet 
temperature is addressed in Figs. 15. It can be shown that the 
augmentation of the volume fractions of the nanoparticles reduces the 
MVF and the total stored energy. This is because the presence of nano
particles improves the composite thermal conductivity and delays the 
formation of the initial film of liquid NePCM. The reduction in the total 
stored energy is also because the nanoparticles do not contribute to the 
latent heat energy storage and hence the overall heat capacity of a 
NePCM is lower than a pure PCM. 

Interestingly, the presence of nanoparticles declines the outlet flow 
rate of liquid NePCM since the addition of nanoparticles to a liquid raises 
the dynamic viscosity of the mixture. The higher the dynamic viscosity, 

the higher the friction resistance in the metal foam, and the lower the 
outlet flow rate when the inlet pressure is fixed. Finally, the outlet 
temperature reaches the inlet boundary condition after full charging. 
However, since the full charging of the LHTES unit is slow by using 
nanoparticles, reaching the outlet temperature to the steady tempera
ture Th = 333 K is also done with some delays. 

Figs. 16 and 17 depict the isotherms and streamlines for cases of PCM 
and NePCM (5 % nanoparticles volume fraction). The isotherms for the 
initial time t = 1000s are almost the same. As time advances, a notable 
difference between isotherms of PCM and NePCM can be observed at t =
2500 s. In the case of PCM, a strong liquid film is developed over the HTF 
tube, and the streamlines are fully connected between the liquid PCM at 
the inlet and the enclosure outlet. The streamlines indicate a forced 
convection dominant behavior inside the enclosure. For the case of 
NePCM, the liquid film over the HTF tube is weak, and there is a 
negligible forced convection flow; then, natural convection dominates 
the streamlines behavior inside the enclosure. 

At step 4000 s, the enclosure containing PCM is in a fully melted 
state, while a large area of the enclosure filled with NePCM is still in a 
solid state. Therefore, due to the importance of developing a liquid film 
over the HTF tube, nanoparticles are not beneficial. Although the 
nanoparticles could enhance the thermophysical properties of the pure 
PCM, they also delay the liquid film formation, reduce the overall flow 
rate in the enclosure, and deteriorate the heat transfer. 

Fig. 14. Effect of inlet HTF velocity on the streamlines; (Top row) Case 9 with Uin = 0.05 m/s, and (Bottom row) Case 12 with Uin = 0.125 m/s, in the three 
different times. 
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5. Conclusion 

The performance of thermal energy storage with a flow of hot liquid 
PCM inside an LHTES unit was theoretically investigated using the FEM. 
A hot pressurized liquid PCM entered the storage unit from below and 
left the enclosure from the top. The charging behavior of the unit was 
strongly dependent on the formation of a liquid PCM film which allows 
the stream of liquid PCM from the inlet of the enclosure to its outlet. The 
most important results are as follows: 

1. The fast-charging process is mainly dominated by the initial for
mation of a liquid film over HTF tube. Generally, increasing the metal 
foam’s porosity could help the thermal charging of the enclosure by 
accelerating the formation of liquid film over the HTF tube. This was an 
unexpected result since a foam with a high porosity creates more void 
spaces and small composite thermal conductivity improvement. This 
small effective thermal conductivity was beneficial in initial liquid for
mation. However, for a low porosity of 0.85 and 0.9, the permeability of 
the foam is also important and could change the fully melting time of 
LHTES by limiting the liquid PCM flow rate in the enclosure. Moreover, 
the increase of porosity always improves the total stored energy and 
outlet flow liquid PCM rate since the higher the porosity, the more void 

space, better latent heat capacity, and higher permeability. 
2. An increase in the inlet pressure at the enclosure inlet reduces the 

charging time and increases the outlet flow rate and the average tem
perature. However, increasing the inlet pressure is only beneficial when 
there is a passage between the enclosure’s inlet and outlet. 

3. An increase in the HTF inlet velocity could significantly reduce the 
charging time of the LHTES. It also reduces the required time needed to 
reach the maximum flow rate and the average outlet temperature. 
Indeed, the HTF inlet velocity could accelerate the film formation of 
liquid PCM over the HTF tube in the PCM enclosure. Consequently, the 
forced convection heat transfer due to the stream of hot PCM liquid 
occurs sooner, and the charging time of the unit declines notably. By 
raising the HTF inlet velocity by 2.5 times from 0.05 m/s to 0.125 m/s, 
the required time for a full charge of the unit decreases at the same rate. 

4. Using nano-additives enhances thermal conductivity; however, 
the presence of nanoparticles delays the formation of liquid film over the 
HTF tube and slows down the overall charging time of the unit. More
over, nano-additives do not contribute to latent heat energy storage and 
decline the unit’s overall thermal energy storage capacity. Thus, in this 
particular design of fast thermal charging LHTES unit, using nano- 
additives is not beneficial and could deteriorate the melting process. 
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Fig. 15. Effect of volume fraction of the nanoparticles on; (a) Melting volume fraction, (b) Total stored energy, (c) Outlet flow rate, and (d) Average outlet tem
perature, from zero to 5000 s. 
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Fig. 16. Effect of volume fraction of the nanoparticles on the contour of isotherms; (Top row) VFna = 0 % and (Bottom row) VFna = 5 %, in the three different times.  

Fig. 17. Effect of volume fraction of the nanoparticles on the streamlines; (Top row) VFna = 0 %, and (Bottom row) VFna = 5 %, in the three different times.  
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