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ABSTRACT 

The use of a Thermal Energy Storage (TES) consisting of several Phase Change Materials (PCMs) with different 

melting temperatures, increases the temperature difference between the PCMs and the Heat Transfer Fluid (HTF) 

and improves the heat transfer between them, thus improving the performance of the TES. Two models of TES 

were used in the present study, the first consisted of three PCMs with different melting temperatures and the 

second consisted of only one PCM. In order to enhance the low conductivity of the PCMs, Al2O3 nanoparticles 

were used with different concentrations (1%, 4%, 7%, and 10%) for both models. The results showed that, the 

first model improved heat transfer compared to the second model, and the presence of nanoparticles made the 

melting process faster compared to pure PCMs and increasing the concentration of nanoparticles speeds up the 

melting process even more. The highest enhancement was achieved with the highest used concentration of (10%), 

where the improvement in the thermal conductivity and the reduction in melting time was (33% and 10%) 

respectively. The nanoparticles also led to a decrease in the outlet HTF temperature in melting process. 
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INTRODUCTION 

Carbon dioxide emissions and environmental pollution have increased greatly in recent years as a result of high 

energy consumption and reliance on traditional energy sources such as fossil fuels. Renewable energy is a clean 

and environmentally friendly energy, and its use is a solution to the problems of environmental pollution resulting 

from the use of fossil fuels, but it is not available at all times because its main sources are from nature. To make 

maximum use of renewable energy and make it permanently available, Thermal Energy Storage (TES) are used. 

By means of TES, thermal energy is stored by storage materials after being exposed to heating or cooling, and the 

stored energy is then used to generate energy. Where TES is used to store energy in high production hours and to 

use it in low production hours, thus increasing supply hours and reducing cost. Phase change materials (PCMs) 

are the materials used in TES, and they are used in many applications, such as; solar energy [1], greenhouses [2], 

waste heat recovery systems [3], the cooling of electronic devices [4], and solar cookers [5]. 

PCMs used in the TES must feature outstanding thermal performance and high capacity of heat storage. PCM 

melts during exposure to heat in the charging process, thus absorbing an amount of thermal energy, while the 

opposite happens during the discharging process as it solidifies and releases the heat that it stored. What 

distinguishes PCMs from the rest of the materials used in TES, is that the phase transition process takes place 

within a small temperature difference and PCM stores or releases latent heat equivalent to 5-14 times than sensible 

heat of other materials used in TES [6]. In the case of a wide temperature difference, it is possible to divide into 

smaller parts and use several PCMs with different melting temperatures and are arranged sequentially [7]. The 

use of PCMs in this order is also useful in accelerating the charging and discharging processes, as the use of only 

one PCM in TES, the heat exchange between the PCM and the used Heat Transfer Fluid (HTF) is fast at the 

beginning of the storage; where the HTF enters, and gradually decreases at the end of the storage as a result of the 

decrease in the temperature difference between the PCM and the HTF, which leads to delay in charging and 

discharging. So that, using of PCMs with different melting temperatures is a solution to this problem [8].  
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A numerical and experimental study carried out by Farid et al. [9-10], for both charging and discharging processes 

of heat storage module includes three PCMs with different melting temperatures that fill several of vertical 

cylindrical capsules, with using air as HTF that following across them. The researchers found improvement in the 

thermal performance of both charging and discharging processes. Gong and Mujumdar [11-12] developed a finite 

element model consisting of five PCMs with high-temperature, that arranged in a slab [12] and a tube [11] thermal 

storage system. A comparison was made with the same thermal storage consisting of a single PCM and good heat 

transfer improvement was achieved. An experimental study thermal storage done by Wang et al. [13] to analyse 

melting process of multiple PCMs fill cylindrical capsules. The results showed that, the multiple PCMs caused an 

acceleration in the melting process, reaching to (15 - 25 percent), compared to use of only one PCM. While Lafdi 

[14] investigated a simulation for several configurations of slab thermal storage contain multiple PCMs in a varied 

arrangement, and a marked improvement in heat transfer was concluded.  

In the author previous work, Hasan [15-16], the use of a TES consisting of 3PCMs was studied experimentally 

and numerically, also the optimum length of the TES and the optimum velocity of HTF were found, compared to 

the same TES with only one PCM. The results showed that the use of 3PCMs with the optimum storage length 

and the optimum HTF velocity led to improved heat transfer and a reduction in melting and solidification times 

by (35.36% and 10.15%) respectively, compared to the same TES with only one PCM. The undesirable property 

of the PCMs is its poor thermal conductivity, which limits its use in TES. Therefore, it is necessary to use methods 

and additives to improve the low thermal conductivity of PCMs, and there are many, including: encapsulation of 

PCM [17-19], using of fin in the TES [20-22], PCM embedded in metal foam [23-24], adding nanoparticles to 

PCM [25], and etc. Arasu et al. [26] investigated numerically the enhancement of PCM (paraffin wax) in 

concentric pipe TES by using nanoparticles of alumina (Al2O3) with three concentrations (2%, 5% and 10%), for 

charging and discharging processes. The results showed that, increasing in melting and solidification rates reached 

to (3.5% and 33.3%) respectively, an increase in stored energy during melting and solidification reached to (15.4% 

and 41.5%) respectively.  

The highest rates of improvement were obtained at the highest concentration of nanoparticles. Buonomo et al. 

[27-28] simulated numerically charging and discharging of TES, which is a water tank filled with paraffin wax 

and the water flows through pipes inside the tank, the used nanoparticles was Al2O3 with (1% and 5%) 

concentrations. The results indicated that the nanoparticles reduce the time of charging and discharging. 

Abdulateef et al. [29] studied the enhancing of triplex tube TES by using nanoparticles of Al2O3 with 

concentrations: (1%, 4%, 7% and 10%), for charging process. It was concluded that adding nanoparticles at a 

concentration of 10% led to an increase in thermal conductivity of PCM up to (25 percent) and a decrease in 

melting time up to (12 percent). The present work is a numerical investigation of the idea of using Al2O3 

nanoparticles and its effect on the thermal performance of a TES consisting of several PCMs. The present study 

includes a comparison between two models of TES; the first is consisting of several PCMs with different melting 

temperatures, and the second is consisting of only one PCM, where both models are studied in the presence and 

absence of Al2O3 nanoparticles with different concentrations to study its effect on improving the low thermal 

conductivity of the PCMs and thus enhance the heat transfer. 

PHYSICAL MODEL 

The present simulations include the melting process for the two used models, for pure PCMs (3PCM and 1PCMs) 

and the for PCMs with Al2O3 nanoparticles (Nano-3PCMs and Nano-1PCMs)) with different concentrations (1%, 

4%, 7%, and 10%). As shown in figure (1), Model 1 consists of three PCMs with different melting temperature 

(338, 334, and 330 K) arranged in a descending order with respect to the direction HTF flow, where the PCM3 

with the lowest melting temperature is at the end of the TES to ensure the temperature difference between the 

HTF and the PCMs is sufficient to melt all the PCMs in the TES. Model 2 consists of PCM2 only that has an 

average melting temperature of PCM1 and PCM3 equal to (334 K). Models dimensions is shown in the Figure 

(1). It is worth noting that the length used for both models (1200 mm) is the optimal length of the used PCMs, 

which is obtained from the length optimization results of the comparison between the same models that were made 

and demonstrated in author previous work [15]. The HTF is air at a temperature of (373K) passing through the 

top and the bottom of the PCMs that are at the solidus temperatures. The HTF flows from left to right at a velocity 

of (3 m/s), which is also the optimum velocity obtained for used PCMs [15]. 
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(a) Models dimensions (in millimetres) 

 

(b) Model 1 (3PCMs) 

 

(c) Model 2 (1PCM) 

Figure 1. Models used 

NUMERICAL MODEL 

In the numerical analysis, the following assumptions are imposed: incompressible and Newtonian melting of 

PCM, laminar flow of the liquid phase of PCM and unsteady with negligible viscous dissipations, controlled heat 

transfer for convection and conduction, PCM and HTF thermo-physical properties are independent on the 

temperature (excluding the density of the PCM). The enthalpy-porosity method [30-31] gives an accurate 

prediction of the melting and solidification processes of PCMs and is used in the simulations of the present study. 

This method treats the mushy zone (which is a mixture region of solid and liquid PCM), as a porous medium and 

the value of liquid fraction (β) represents the porosity, the value of the β is [32]; 

𝛽 = 0                                            for      T < Tsolidus 

𝛽 =
𝑇−𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠

𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠−𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠
                     for      Tsolidus < T< Tliquidus            

𝛽 = 1                                            for      T > Tliquidus                                                                                                (1) 

Where T is the local temperature. So that, the velocity is affected as following; 

𝑉 = 𝑉1                                                  in the liquid phase 

𝑉 = 𝛽𝑉1                                               in the mushy zone 

𝑉 = 0                                                   in the solid phase                                                                                         (2) 

Where V and V1 are the superficial and actual velocity [30]. The natural convection is simulated by Boussinesq 

approximation, in which the PCM density changes with temperature [33]: 

𝜌 = 𝜌0[1 − 𝛾(𝑇 − 𝑇0)]                                                                                                                                              (3) 

Where ρ is the local PCM density, ρ0 and T0 are the operating density and temperature, respectively, and γ is the 

thermal expansion coefficient. The mathematical simulation for the present problem includes unsteady equations 

of continuity, momentum, and thermal energy equations; 

The continuity equation [34]: 

𝜕𝜌

𝜕𝑡
+ ∇. (𝜌�⃗� ) = 0                                                                                                                                                     (4) 
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The momentum equation [26]: 

𝜌 (
𝜕�⃗⃗� 

𝜕𝑡
+ (∇. �⃗� )�⃗� ) = 𝜇(∇2�⃗� ) − ∇𝑃 + 𝑆                                                                                                                         (5) 

The energy equation [34]: 

𝜕

𝜕𝑡
(𝜌ℎ) + ∇. (𝜌�⃗� ℎ) = 𝛻. (𝐾𝛻𝑇) + 𝑆ℎ                                                                                                                          (6) 

Where t is the time, μ is the viscosity of the PCM, P is the pressure and the vector 𝑆  is a global source term given 

by the following form: 

𝑆 =
(1−𝛽)2

(𝛽3+€)3
𝐴𝑚𝑢𝑠ℎ�⃗� + 𝜌𝑔 𝛾(𝑇 − 𝑇0)                                                                                                                         (7) 

The first term in the right hand side due to the existence of the solid PCM in the mushy zone. A small number (€) 

is used for prohibiting division by zero [36]. 𝐴𝑚𝑢𝑠ℎ is the mushy zone constant, its value is set to 105 kg/m3s 

because this value gave the best simulations results [37]. The Boussinesq approximation is represented by the 

second term, 𝑔  is the gravitational acceleration which equal to (-9.81 m/s2) in the y-direction. 

From Eqn. (6) K is the thermal conductivity, ℎ  is a sensible enthalpy and can be expressed as [38]; 

ℎ = ℎ𝑟𝑒𝑓 + ∫ 𝐶
𝑇

𝑇𝑟𝑒𝑓
𝑑𝑇 + 𝛽𝐿                                                                                                                                          (8) 

where ℎ𝑟𝑒𝑓  is the enthalpy at the reference temperature 𝑇𝑟𝑒𝑓 , 𝐶 and L are the specific heat and the latent heat of 

of liquid PCM. 𝑆ℎ is the energy source term, given by [35] 

𝑆ℎ =
𝜕(𝜌∇ℎ)

𝜕𝑡
+ ∇. (𝜌�⃗� ℎ)                                                                                                                                              (9) 

The HTF flow is considered a turbulent flow, with using the (k-ε) model to represent the turbulence. The 

simulations have been developed by using of Software ANSYS FLUENT (version 19). The two-dimension 

geometry was created and meshed by GAMBIT 2.4.6 program. For mesh independent solution, three different 

element size were tested (0.5 mm, 1mm, 2mm) and the element size of (1mm) was chosen, where the total number 

of element equal to (84,000 elements), because it is the best in terms of computational cost and accuracy. For time 

step sensitivity, also different values of time step were tested and the time step of (1s) was selected for present 

simulations. For the purpose of the numerical model validation, the comparison was made with a work of Ref. 

[39], and the same model specifications were used for the proposed one, and as is evident in the Figure (2), both 

models gave very close results and this indicates a good agreement between them. 

 

(a)                                                                                       (b) 

Figure 2. Model validation (a) proposed numerical model, and (b) the work of [39] 

Also, both used models were designed and tested experimentally in the author previous work [15], and the results 

of the comparison between the experimental and numerical results showed that, there was a good agreement in 

the behavior of the PCMs, the temperature distribution and the results in general. 
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THERMOPHSICAL PROPERTIES 

The used PCMs are Paraffin waxes with different melting temperatures. All the thermophysical properties of the 

PCMs used were found by conducting laboratory tests that were mentioned in detail in author previous work [15], 

see Table 1. As for the properties of the Nano-PCMs, they are considered as a homogeneous fluid without dynamic 

difference between the PCMs and the nanoparticles, so its properties are a weighted average with respect to the 

volume fraction 𝛹 between the values of the nanoparticles and the PCMs properties. The Nano-PCMs volume 

fraction 𝛹 is equal to the volume of the nanoparticles 𝑉𝑜𝑙𝑛𝑝 divided by the total domain volume 𝑉𝑜𝑙𝑡𝑜𝑡𝑎𝑙  [27]: 

𝛹 =
𝑉𝑜𝑙𝑛𝑝

𝑉𝑜𝑙𝑡𝑜𝑡𝑎𝑙
                                                                                                                                                            (10) 

The following relations were followed to calculate the physical properties of Nano-PCMs [40]: 

𝜌𝑛𝑝𝑐𝑚 = (1 − 𝛹)𝜌𝑝𝑐𝑚 + 𝛹𝜌𝑛𝑝                                                                                                                               (11)         

(𝜌𝑐𝑝)𝑛𝑝𝑐𝑚 = (1 − 𝛹)(𝜌𝑐𝑝)𝑝𝑐𝑚 + 𝛹(𝜌𝑐𝑝)𝑛𝑝                                                                                                         (12) 

(𝜌𝛾)𝑛𝑝𝑐𝑚 = (1 − 𝛹)(𝜌𝛾)𝑝𝑐𝑚                                                                                                                                    (13) 

𝜇𝑛𝑝𝑐𝑚 =
𝜇𝑝𝑐𝑚

(1−𝛹)2.5                                                                                                                                                            (14) 

𝐿𝑛𝑝𝑐𝑚 =
(1−𝛹)∗(𝜌𝐿)𝑝𝑐𝑚

𝜌𝑛𝑝𝑐𝑚
                                                                                                                                              (15) 

the thermal conductivity is calculated from the Maxwell equation [27]: 

𝐾𝑛𝑝𝑐𝑚 = 𝐾𝑝𝑐𝑚
𝐾𝑛𝑝+2𝐾𝑝𝑐𝑚−2𝛹(𝐾𝑝𝑐𝑚−𝐾𝑛𝑝)

𝐾𝑛𝑝+2𝐾𝑝𝑐𝑚+𝛹(𝐾𝑝𝑐𝑚−𝐾𝑛𝑝)
                                                                                                                    (16) 

Where the subscripts npcm, pcm, and np are indicated the physical characteristic of the Nano-PCMs, PCMs, and 

nanoparticles, respectively. The melting temperatures are independent on the nanoparticle’s concentration.  

Table 1. Thermal properties of the used PCMs and Al2O3 

 PCM1 PCM2 PCM3 Al2O3 

 

338 334 330 - 

860.77 852.14 841.32 3600 

770.53 766.11 757.25 - 

2952 2900 2891 765 

0.322 0.265 0.241 36 

0.0125 0.0121 0.0155 - 

0.0003 0.000305 0.00031 - 

273760 270715 267670 - 

328 324 320 - 

342 338 334 - 

RESULTS AND DISCUSSIONS 

The melting process for the two used models with and without Al2O3 nanoparticles of different concentrations 

was simulated. Figure (3) shows the liquid fraction contours for the cases: 3PCMs, Nano-3PCMs (Ψ=4%), and 

Nano-3PCMs (Ψ=10%).  
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Figure 3. Liquid Fraction Contours for 3PCMs and Nano-3PCMs (Ψ=4% and 10%) 

As shown for all the cases, the process starts with PCMs at solidus temperatures and the hot HTF passes through 

the top and the bottom. Thus, the conduction heat transfer is predominant at the beginning of the process. With 

the progress of time a layer of melt PCMs forms in contact with the HTF, and due to the effect of gravity, the 

solid PCMs with a higher density dunked down, while the less dense liquid PCMs rises to the top and here natural 

convection is the predominant. The amount of the liquid PCMs increases gradually. The Figures (4) shows average 

liquid fraction for 3PCMs, Nano-3PCMs (Ψ=1%), Nano-3PCMs (Ψ=4%), Nano-3PCMs (Ψ=7%), and Nano-

3PCMs (Ψ=10%). It shows that the presence of nanoparticles made the melting process faster compared to pure 

PCMs, while the behaviour of the curves is more or less the same. As the nanoparticles concentration increases, 

the acceleration increases in the melting time, this is also evident in Figure (3).  

The reason for this is that the addition of nanoparticles increases the thermal conductivity of the PCMs. 

nanoparticles also increase the dynamic viscosity, which in turn increases the natural convection heat transfer. 

Increasing the concentration of nanoparticles leads to an increase in both the thermal conductivity and dynamic 

viscosity of PCMs, and this is very agreed with the results of the Ref. [29]. Table 2 shows the thermal conductivity 

and dynamic viscosity values of the three PCMs used with and without the nanoparticles of the four concentrations 

used in the present work. Thus, the highest used concentration of 10% gives the highest improvement in thermal 

conductivity and viscosity, and thus the lowest melting time reached. Where the improvement in the thermal 

conductivity and the reduction in melting time of Nano-3PCMs (Ψ=10%) was 33% and 10% respectively, 

compared to 3PCMs.  
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Table 2. Thermal conductivity and dynamic viscosity variation of Nano-PCM  

Volume fraction Ψ 
Thermal Conductivity [W/mK] Dynamic Viscosity [kg/ms] 

PCM1 PCM2 PCM3 PCM1 PCM2 PCM3 

 

0.214 0.212 0.21 0.0127 0.01215 0.0116 

0.220369 0.218311 0.216252 0.013023 0.012459 0.011895 

0.240259 0.238018 0.235777 0.014065 0.013455 0.012846 

0.261408 0.258973 0.256538 0.015226 0.014567 0.013908 

0.283939 0.281298 0.278657 0.016527 0.015811 0.015096 

 

 

Figure 4. Average liquid fraction for 3PCMs and Nano-3PCM different concentrations 

 

Figure 5. Average liquid fraction for 1PCM, 3PCMs, Nano-1PCM (Ψ=10%), and Nano-3PCM (Ψ=10%) 

As for Figure (5), it shows average liquid fraction for 1PCM and 3PCMs with and without nanoparticles of (10%) 

concentration. It is noticeable that the use of 3PCMs arranged in this sequence where the PCM with the lowest 

melting temperature is at the end of the TES, increasing the temperature difference between the PCMs and the 

HTF and greatly improving the heat transfer, thus speeding up the melting process as shown in the figure, also the 

effect of nanoparticles is evident in reducing the time for both cases. 
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Figure 6. Temperature Contours for 3PCMs and Nano-3PCMs (Ψ=4% and 10%) 

The Figure (6) show the temperature contours for the cases: 3PCMs, Nano-3PCMs (Ψ=4%), and Nano-3PCMs 

(Ψ=10%), at the same times that the liquid fraction is presented. It is noticeable that the change in the temperature 

distribution through the PCMs with the time progress, is faster in the case of the presence of nanoparticles where 

its effect is very clear at the concentration of 10% and this indicates that the nanoparticles worked on improving 

the heat transfer through the PCMs. While the temperature distribution through the air, as is evident in temperature 

contours, the lowest temperatures are at the end of the TES due to the heat exchange between the PCMs and the 

HTF. As for Figure (7), it displays the outlet HTF temperatures, which is an average of the upper and lower HTF 

temperatures, during the melting process. Hot HTF passes through the top and bottom of the solid PCMs to melt 

it, thus reduce the HTF temperature. The figure also shows that the presence of nanoparticles reduces the 

temperature of the outlet HTF, and this indicates that the PCMs absorbed more heat in the presence of the 

nanoparticles and also the increased concentration of nanoparticles leads to an increase in the improvement of 

heat transfer and a decrease in the temperature of the outlet HTF. 

[K] 
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Figure 7. HTF outlet temperature for 3PCMs and Nano-3PCMs (Ψ=4% and 10%) 

CONCLUSION 

In the present work, two models of TES were used: 3PCMs and 1PCM, air as HTF passing through the top and 

the bottom of the PCMs in both models. For improving the heat transfer in the two models, Al2O3 nanoparticles 

with four different concentrations (1%, 4%, 7%, and 10%) were used. The results showed that the use of 3PCMs 

improved heat transfer compared to 1PCM, and the most obvious findings that, the presence of nanoparticles 

made the melting process faster compared to pure PCMs and increasing the concentration of nanoparticles speeds 

up the melting process even more. Nano-3PCMs (Ψ=10%) gave the highest enhancement with compared to 

3PCMs, where the improvement in the thermal conductivity was (33%) and the reduction in melting time was 

(10%). The nanoparticles decrease HTF outlet temperature by improving the heat transfer between the PCMs and 

HTF. 
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