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Abstract 

In this paper, a scalar two-dimensional analysis was conducted on the influence of nanoparticles on the thawing and freezing rate of phase-change 

materials based on enthalpy method that is an innovative calculation method. To this end, carbon nanotubes (CNTs) and aluminum oxide 

nanoparticles (NPs) were employed as a model of cylindrical and spherical nanoparticles, respectively.Paraffin and a composite of hydrated salts 

was also utilized as the PCM. The numerical procedure involved the simulation of the phase change process based on finite difference using 

enthalpy approach. Because of the recent innovations in computer calculation and also its connection with mechanical engineering a computational 

code was written for this purpose. 

Simulation results indicated a reduction in time of thawing and freezing upon incorporation of nanoparticles into the phase change material. For 

both states, CNTs showed the better result due to acceleration of the heat transfer. The biggest increase (28%) in the rate of thawing and freezing 

was for CNT-paraffin system; while the lowest increase (6%) was observed in aluminum oxide-hydrated salt system. This result can be utilized to 

control the speed of energy storage and release. 

 

Keywords: PCM, CNTs, enthalpy method, thawing, freezing. 

 

 

I. Introduction 

The problem of the process rate and its control based on 

various applications has been of crucial significance in the 

engineering fields.  

The solar wall can be mentioned as an example of the 

applications requiring various rates of process. Depending on 

the spaces behind the wall, it may need fast or slow phase 

change rates for commercial and residential applications. 

Therefore, the process rate should be controlled depending on 

system requirements. 

In general, the renewable energies should be controlled, 

stored [1,2], and released. Materials should be adopted to 

rapidly store these low-cost energies to avoid energy loss. 

Increasing the thermal conductivity coefficient can be 

considered as a solution for accelerating the phase change 

process. Due to high thermal conductivity of nanoparticles, 

especially CNTs, they could be a proper candidate for this 

purpose. Numerous studies have addressed the process of 

freeze-thaw in various materials. In 2011, Sebti et al. [3] 

numerically assessed heat transfer during the thaw process in 

two horizontal concentric annular cylinders in the presence of 

nanoparticles (NPs). A rise was detected in the heat transfer 

process upon adding NPs. They employed an enthalpy 

technique through finite volume method to follow the 

boundaries of solid and liquid phases. Kashani et al. (2014) 

[4]investigated heat transfer process in an energy storage 

system with the presence of copper NPs. They reported an 

increment in the heat release rate upon adding nanoparticles. 

In 2014, Sherma et al [5] numerically assessed the thawing 

process of a water-copper oxide nanofluid considering the 

effect of various contents and temperature difference between 

the cold and warm parts. They foundthat increasing the 

amountsof NPs improves heat transfer. In 2018, Irani et al [6] 

investigated the effect of NPs on the freeze-thaw process of 

PCMs. Results showed that  NPs accelerate the freeze-thaw 

process. In 2022, Zhang et al. [7] explored the effect of CNTs 

on paraffin vax as a PCM. They founded that adding CNTs 

reduces the latent heat by 1.6%. 

As mentioned earlier, extensive studies have been conducted 

onCu2Oor other NPs. Also, the authors were motivated to 

examine the influence of CNTs and compared their results 

with the other NPS. In the present research, the influence of 

nanoparticle on the freeze-thaw process in phase change was 

numerically assessed by comparing the performance of 

different NPs. The purpose of thispaper is tochecking the 

effect of adding NPsto PCMs on the phase change efficiency. 
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II. Problem definition 

2.1. Geometry  

The model including the energy storage layer and two 

adjacent channels are shown in figure 1. The air moves 

upward in the right channel while it is trapped in the left side. 

Convection heat transfer occurs on both channels. The 

dimension of the open channel is 0.005 × 0.73 𝑚2. The air 

temperature in the closed left box is 0 and 30℃ during the 

freezing and melting processes, respectively.In the right 

channel, air enters at atemperature of 20 ℃ andthis 

temperature increases based on the free convection heat 

transfer. Moreover, the constant heat flux of 200 and -200 

w/m^2 are intended for the melting and freezing process from 

the left side of PCM layer, respectively. 

 
Fig. 1: Geometry of the model 

 

2.2. Materials and basic equations 

In this research, air fluid was considered. A combination of 

hydrated salts [8] and paraffin were also considered as the 

phase change material. Carbon nanotubes and aluminum 

oxide NPs were also applied to improve the thermophysical 

properties as shown in Table 1. 

 

Table 1. variables used in the Thermal Conductivity 

Equations [6,15] 

Unit Value Parameter  

M (59,1.7)ᵡ10-9, 5ᵡ10-6 dnp,Al2O3, dnp,CNT, 

Lnp,CNT 

 

- 0.9830,12.959, -

3.91123ᵡ10-3 

C1np,Al2O3 , 

C2np,Al2O3 ,c1 

 

- (28.217,3.917,-

30.669)ᵡ10-3 

c2, c3, c4  

- 8.4407, -1.07304 ᵴ1,np,Al2O3 , ᵴ2,np,Al2O3  

k 298.15 Tref  

JK-1 1.381ᵡ10-23 K 
 

- 5ᵡ104 k1  

J/kg.K 600, 765 Cp,CNT,Cp,NP  

J/kg.K (1934,2196) Cp,pcm,paraffin(s,L)  

J/kg.K  (1832,2207) Cp,pcm,hydrated salt(s,L)  

W/m.K 36 , Eq. (15) kNP, kCNT  

W/m.K (0.358, 0.148)  k,PCM,paraffin(s,L)  

W/m.K  (0.82, 0.58)  k,PCM,hydrated salt(s,L)  

kg/m3 (865,770)  ρ,PCM,paraffin(s,L)  

kg/m3 
1070 , 1350, 3600 

ρ,PCM,hydrated salt ,ρCNT 

, ρNP 

 

kJ/kg 243  Lpcm,paraffin  

C 
27 ̊  

Tm,pcm,paraffin, hydrated 

salt 

 

W/m2.K 4  U  

 

Thermal properties of PCM including latent heat, density, 

specific heat capacity were predicted. The density of PCMis 

obtained by: 

ρ
eff

= (1 − Φvol)ρ
PCM

+ ΦvolρNP
(1) 

Where, 𝛷𝑣𝑜𝑙  denotes the content of the NPs (vol.%). The 

specific heat capacity of the PCM is obtained by: 

(2) 

the effective latent heat of the PCM is obtained by: 

(3) 

The models developed by Zheng et al. [10] and Nan et al. [9] 

were used to predict the thermal conductivity of PCM based 

on the non-circular geometry of CNTs. 

NANs model for solid phase [9]: 

song et al defined a model based on effective length for 

thermal conductivity [13]. The model developed by Zheng et 

al. [14] can be regarded as aimproved version of Yamada-

Ota’s model as follows: 

Keff

Kb
=

Kp,m

Kb
+α−αΦN[1−(

Kp,m

Kb
)]

Kp,m

Kb
+α+ΦN[1−(

Kp,m

Kb
)]

(5) 

In comparison with experimental results, the value of 2.1×5-

9𝑚2.𝐾

𝑊
 is large. This value was taken as the thermal resistance. 

The spherical aluminum oxide NPs were also considered. 

Except for the thermal conductivity, other thermophysical 

features of the PCM containing Al2O3 NPs are similar to the 

one comprising CNTs. The thermal conductivity of the 

modified PCMobtained by [15]: 

𝑘𝑛−𝑝𝑐𝑚 =
𝑘𝑛𝑝 + 2𝑘𝑝𝑐𝑚 − 2(𝑘𝑝𝑐𝑚 − 𝑘𝑛𝑝)∅𝑛𝑝

𝑘𝑛𝑝 + 2𝑘𝑝𝑐𝑚 + (𝑘𝑝𝑐𝑚 − 𝑘𝑛𝑝)∅𝑛𝑝

𝑘𝑝𝑐𝑚 + 

𝛽𝑘1ᵴ𝜌𝑝𝑐𝑚𝐶𝑝,𝑝𝑐𝑚√
𝐾𝑇

𝜌𝑛𝑝𝑑𝑛𝑝
f(T, ∅𝑛𝑝) (6 )  

The first term of this formula is related to the Maxwell model. 

second sectionrelated to the Brownian motion. 

The following equation was employed to calculate the 

conductivity of CNTs [16]: 

𝑘 = [9.7 × 10−10𝑇2 + 3.7 × 10−7𝑇 + 9.3(1 +
0.5

𝐿𝐶𝑁𝑇
)𝑇−2]−1 (7 )  

 

2.3. Dominant Equations 

The following hypotheses were considered: 

• The thermal conductivity is the major mechanism involved 

in the heat transfer. 
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• 2-D heat transfer occurs in x and y directions of the storage 

wall. 

• Thermophysical properties are constant. 

• Constant phase change if it happens 

• No supercooling and overheating  

• change in the volume of the material are ignored 

Therefore, the heat transfer in a storage wall equipped with 

NP-improved phase change materials can be described by 

[6,17]: 

(8) 
𝜕𝑇

𝜕𝑡
=

𝑘𝑒𝑓𝑓

𝜌𝑒𝑓𝑓𝐶𝑝,𝑒𝑓𝑓

𝜕2𝑇

𝜕𝑥2
+

𝑘𝑒𝑓𝑓

𝜌𝑒𝑓𝑓𝐶𝑝,𝑒𝑓𝑓

𝜕2𝑇

𝜕𝑦2
+ 𝑞𝑐𝑜𝑛𝑣  

 

In the above equation, T, x, y, t, 𝑘𝑒𝑓𝑓  , 𝐶𝑝,𝑒𝑓𝑓  and 𝜌𝑒𝑓𝑓  

respectively represent temperature, thickness, local 

dimension perpendicular to thickness, time, thermal 

conductivity, specific heat capacity [17], and density.  

The boundary conditions can be expressed by[17]: 

(9) 

𝜌𝑒𝑓𝑓𝐿
𝜕𝐻

𝜕𝑡
= 𝑞1 − 𝑈[𝑇(0, 𝑦, 𝑡) − 𝑇1] − 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑥
|

𝑥=0

− 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑦
|

𝑦

− 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑦
|

𝑦+∆𝑦

 

(10) 

𝜌𝑒𝑓𝑓𝐿
𝜕𝐻

𝜕𝑡
= 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑥
|

𝑥=𝐿1

− ℎ2[𝑇(𝐿1, 𝑡) − 𝑇𝑚𝑒𝑎𝑛] − 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑦
|

𝑦

− 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑦
|

𝑦+∆𝑦

 

(11) 𝜌𝑒𝑓𝑓𝐿
𝜕𝐻

𝜕𝑡
= 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑦
|

𝑦=0

− 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑥
|

𝑥

− 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑥
|

𝑥+∆𝑥

 

(12) 𝜌𝑒𝑓𝑓𝐿
𝜕𝐻

𝜕𝑡
= 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑦
|

𝑦=𝐻2

− 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑥
|

𝑥

− 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑥
|

𝑥+∆𝑥

 

(13) 𝜌𝑒𝑓𝑓𝐿
𝜕𝐻

𝜕𝑡
= 𝑞1 − 𝑈[𝑇(0,0, 𝑡) − 𝑇1] − 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑦
|

𝑦

− 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑥
|

𝑥

 

(14) 

𝜌𝑒𝑓𝑓𝐿
𝜕𝐻

𝜕𝑡
= 𝑞1 − 𝑈[𝑇(0, 𝐻2, 𝑡) − 𝑇1] − 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑦
|

𝑦

− 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑥
|

𝑥

 

(15) 

𝜌𝑒𝑓𝑓𝐿
𝜕𝐻

𝜕𝑡
= 𝑞1 − 𝑈[𝑇𝑚𝑒𝑎𝑛 − 𝑇(𝐿, 0, 𝑡)] − 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑦
|

𝑦

− 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑥
|

𝑥

 

(16)  

𝜌𝑒𝑓𝑓𝐿
𝜕𝐻

𝜕𝑡
= 𝑞1 − 𝑈[𝑇𝑚𝑒𝑎𝑛 − 𝑇(𝐿, 𝐻2, 𝑡)] − 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑦
|

𝑦

− 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑥
|

𝑥

 

 

In Eqs. (9)-(16), 𝑞1 ،𝐻 ،U  ،𝑇1 ،𝑇𝑚𝑒𝑎𝑛, and h2 show absorbed 

solar flux, enthalpy, total heat transfer coefficient, ambient air 

temperature, average air temperature within the channel, and 

heat transfer coefficient. 

The phase change materials have variable boundaries as their 

phase alters from solid to liquid and from liquid to solid. In 

the enthalpy method, variable boundaries are equated as the 

mass flow of input or output energies. The transition terms of 

Eqs. (9)-(16) signify the entrance or exit of the mass-energy 

flow equivalent to the energy at the beginning and end of the 

phase change material. 

After determining 𝑇(𝐿1, 𝑡), the heat flux transferred to the 

room obtained by: 

(17) 𝑞𝑖𝑛 = ℎ2(𝑇(𝐿1, 𝑦, 𝑡) − 𝑇𝑚𝑒𝑎𝑛) 

 

2.4. Numerical solution 

An explicit finite difference numerical approach based on 

enthalpy method was utilized regarding the nonlinear nature 

of the governing equations [30,31]. The governing 

equationswere discretized by the finite difference method: 

(18 )  
𝐻(𝑖,𝑗)

𝑝+1
= 𝐻(𝑖,𝑗)

𝑝
+

𝑘𝑒𝑓𝑓∆𝑡

𝜌𝑒𝑓𝑓∆𝑥2
(𝑇(𝑖+1,𝑗)

𝑝
− 2𝑇(𝑖,𝑗)

𝑝
+ 𝑇(𝑖−1,𝑗)

𝑝
)

+
𝑘𝑒𝑓𝑓∆𝑡

𝜌𝑒𝑓𝑓∆𝑦2
(𝑇(𝑖,𝑗−1)

𝑝
− 2𝑇(𝑖,𝑗)

𝑝

+ 𝑇(𝑖,𝑗+1)
𝑝

) 

(19) 
𝐻(1,𝑗)

𝑝+1
= 𝐻(1,𝑗)

𝑝
+

2∆𝑡

𝜌𝑒𝑓𝑓∆𝑥
[𝑞1 + 𝑈(𝑇1 − 𝑇(1,𝑗)

𝑝
)

+ (𝑘𝑒𝑓𝑓/∆𝑥)(𝑇(2,𝑗)
𝑝

− 𝑇(1,𝑗)
𝑝

)

+ (𝑘𝑒𝑓𝑓 × ∆𝑥

/∆𝑦2)(𝑇(1,𝑗−1)
𝑝

− 2𝑇(1,𝑗)
𝑝

+ 𝑇(1,𝑗+1)
𝑝

)] 

(20) 
𝐻(𝑀,𝑗)

𝑝+1
= 𝐻(𝑀,𝑗)

𝑝
+

2ℎ2∆𝑡

𝜌𝑒𝑓𝑓∆𝑥
(𝑇𝑚𝑒𝑎𝑛 − 𝑇(𝑀,𝑗)

𝑝
)

+
𝑘𝑒𝑓𝑓∆𝑡

𝜌𝑒𝑓𝑓∆𝑦2
[(𝑇(𝑀,𝑗−1)

𝑝
− 2𝑇(𝑀,𝑗)

𝑝

+ 𝑇(𝑀,𝑗+1)
𝑝

)

+ (2∆𝑦2/∆𝑥2)(𝑇(𝑀−1,𝑗)
𝑝

− 𝑇(𝑀,𝑗)
𝑝

)] 

(21) 
𝐻(𝑖,1)

𝑝+1
= 𝐻(𝑖,1)

𝑝
+

𝑘𝑒𝑓𝑓∆𝑡

𝜌𝑒𝑓𝑓∆𝑥2
[(𝑇(𝑖+1,1)

𝑝
− 2𝑇(𝑖,1)

𝑝
+ 𝑇(𝑖−1,1)

𝑝
)

+ (2∆𝑥2/∆𝑦2)(𝑇(𝑖,2)
𝑝

− 𝑇(𝑖,1)
𝑝

)] 

(22) 
𝐻(𝑀,𝑗)

𝑝+1
= 𝐻(𝑀,𝑗)

𝑝
+

𝑘𝑒𝑓𝑓∆𝑡

𝜌𝑒𝑓𝑓∆𝑥2
[(𝑇(𝑖+1,𝑁)

𝑝
− 2𝑇(𝑖,𝑁)

𝑝
+ 𝑇(𝑖−1,𝑁)

𝑝
)

+ (2∆𝑥2/∆𝑦2)(𝑇(𝑖,𝑁−1)
𝑝

− 𝑇(𝑖,𝑁)
𝑝

)] 

(23) 
𝐻(1,1)

𝑝+1
= 𝐻(1,1)

𝑝
+

2∆𝑡

𝜌𝑒𝑓𝑓∆𝑥
𝑞1

+
2𝑘𝑒𝑓𝑓∆𝑡

𝜌𝑒𝑓𝑓∆𝑥2
[(𝑇(2,1)

𝑝
− 𝑇(1,1)

𝑝
)

+ (∆𝑥2/∆𝑦2)(𝑇(1,2)
𝑝

− 𝑇(1,1)
𝑝

)] 

(24) 
𝐻(1,𝑁)

𝑝+1
= 𝐻(1,𝑁)

𝑝
+

2∆𝑡

𝜌𝑒𝑓𝑓∆𝑥
𝑞1

+
2𝑘𝑒𝑓𝑓∆𝑡

𝜌𝑒𝑓𝑓∆𝑥2
[(𝑇(2,𝑁)

𝑝
− 𝑇(1,𝑁)

𝑝
)

+ (∆𝑥2/∆𝑦2)(𝑇(1,𝑁−1)
𝑝

− 𝑇(1,𝑁)
𝑝

)] 

(25) 
𝐻(𝑀,1)

𝑝+1
= 𝐻(𝑀,1)

𝑝
+

2ℎ2∆𝑡

𝜌𝑒𝑓𝑓∆𝑥
(𝑇𝑚𝑒𝑎𝑛 − 𝑇(𝑀,1)

𝑝
)

+
2𝑘𝑒𝑓𝑓∆𝑡

𝜌𝑒𝑓𝑓∆𝑥2
[(𝑇(𝑀−1,1)

𝑝
− 𝑇(𝑀,1)

𝑝
)

+ (∆𝑥2/∆𝑦2)(𝑇(𝑀,2)
𝑝

− 𝑇(𝑀,1)
𝑝

)] 

(26) 
𝐻(𝑀,𝑁)

𝑝+1
= 𝐻(𝑀,𝑁)

𝑝
+

2ℎ2∆𝑡

𝜌𝑒𝑓𝑓∆𝑥
(𝑇𝑚𝑒𝑎𝑛 − 𝑇(𝑀,𝑁)

𝑝
)

+
2𝑘𝑒𝑓𝑓∆𝑡

𝜌𝑒𝑓𝑓∆𝑥2
[(𝑇(𝑀−1,𝑁)

𝑝
− 𝑇(𝑀,𝑁)

𝑝
)

+ (∆𝑥2/∆𝑦2)(𝑇(𝑀,𝑁−1)
𝑝

− 𝑇(𝑀,𝑁)
𝑝

)] 
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Using the enthalpy method, the governing equation (Eq. (1)) 

and boundary conditions were transformed into Eqs. (17)-

(25) where, the enthalpy term is obtained based on the 

temperature of the PCM in terms of tangible and latent heats 

(phase change).[30] A computational code was developed 

based on Eqs. (17) to (25) for prediction of the thermal 

behavior of the PCM layer. 

The temporal and spatial steps of the numerical solution were 

determined according to network independence. Since the 

explicit method is utilized for numerical solution of the 

problem, the temporal and spatial steps should apply to the 

Courant stability criterion in the following two-dimensional 

formalation [30]. 

(27) 
𝜌𝐶𝑝,𝑃𝐶𝑀

2
≥

𝑘𝑃𝐶𝑀𝑑𝑡

𝑑𝑥2
+

𝑘𝑃𝐶𝑀𝑑𝑡

𝑑𝑦2  

 

Where, ∆t represents the temporal step while ∆𝑥 = 𝐿1 𝑁⁄  

and ∆𝑦 = 𝐻1 𝑀⁄ denote the spatial steps of the numerical 

solution network. Based on Fig. 2, the storage wall can be 

divided into N × M nodes. 

 
Figure.2 Discrete grid of a solar wall used in the two-

dimensional numerical solution 

 

let that air enter the airflow channel at room temperature 

(RT). Assuming one-dimensional heat transfer of the airflow 

along the the length of the channel, the temperature of the 

output hot air entering the chamber can be obtained by [32]: 

(28)  𝑇𝑈𝑉 = (𝑇𝐿𝑉 − 𝑇𝑁
𝑝)𝑒𝑥𝑝

− 
ℎ2𝑏

𝑚̇𝐶𝑝,𝑎𝑖𝑟
𝐻2

+ 𝑇𝑁
𝑝
 

(29)  𝑇𝑚𝑒𝑎𝑛 = (𝑇𝐿𝑉 + 𝑇𝑈𝑉) 2⁄  

(30)  𝑚̇ = 𝜌𝑎𝑖𝑟𝐴𝑠√
0.5𝑔𝛽𝑎𝑖𝑟(𝑇𝑈𝑉 − 𝑇𝐿𝑉)𝐻2 + ∆𝑃 𝜌𝑎𝑖𝑟⁄

0.41𝐺𝑟0.084 𝐻2 𝐷ℎ⁄ + 2.5(𝐴𝑠 𝐴𝑣⁄ )2
 

Where, 𝑇𝑈𝑉 , 𝑇𝐿𝑉stand for air temperature at the channel outlet 

and inlet , respectively. Moreover, 𝑇𝑚𝑒𝑎𝑛 shows bulk 

temperature in the right channel.ℎ2  ،𝑏  ،𝑚̇  ،𝐶𝑝, and H2, also 

represent heat transfer coefficient of airflow, channel width, 

mass flow rate  within the channel, the air specific heat 

capacity, and height of the channel, respectively. The free 

convection coefficient h2 can be numerically determined 

based on the mean Nusselt relation [13]. Here, the Rayleigh 

number (𝑅𝑎𝐻)can be determined based on 𝑇𝑁
𝑝
 and 𝑇𝑚𝑒𝑎𝑛. 

 

(31)  𝑁𝑢̅̅ ̅̅
𝐻 = 0.68 +

0.67𝑅𝑎𝐻
0.25

[1 + (0.492 𝑃𝑟⁄ )9 16⁄ ]4 9⁄
 

  

III. Results and discussions: 

A two-dimensional scalar simulation was studied in this 

paper to assess the effect of NPs on the freeze-thaw process 

of PCMs. To this end, a computational code was developed 

in MATLAB software based on the mentioned equations,  to 

evaluated the influence of the nanoparticles on the PCMs, 

once the pure PCM and then the CNT-PCM and Al2O3-PCM 

systems were assessed. The content of the CNTs was 5 vol.%. 

fig. 3 presented the freezing of various material at the same 

moment, as seen, the temperature reduction was higher in the 

case with CNTs; while the lowest temperature decrement was 

for the pure PCM. 
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Fig. 3: A view of paraffin layer with various nodes a) PCM, 

b)PCM+Al2O3, c)PCM+CNT 

 

The rate of the freeze-thaw process was evaluated in the NP-

enhanced PCMs containing 5 vol% CNT or Al2O3 NPs. 

Higher NP contents were not considered as the stability of the 

system may be disturbed at higher contents of nanoparticles. 

The durations of the thawing and freezing processes of 

paraffin containing various NPs contents were determined as 

presented in Figs. 4 and 5. 

 

 
Fig. 4: Thawing rate of pure and NP-enhanced paraffin 

 

 
Fig. 5: Freezing rate of pure and NP-enhanced paraffin 

According to Figs. 4 and 5, the incorporation of CNTs and 

Al2O3 NPs enhanced the thaw and freezing process in the 

paraffin. Meanwhile, CNT caused a higher enhancement 

which can be assigned to its far higher thermal conductivity 

compared to Al2O3 NPs. The thawing rate of paraffin was 

enhanced by 30 and 16% upon adding CNTs and Al2O3 NPs, 

respectively. For the freezing process the increment in the 

rate of freezing was 14.5 and 5.5%, respectively. Figs 6 and 

7 also illustrate the thawing and freezing durations for the 

other PCM (a combination of hydrated salts). Based on these 

two figures, similar to the case of paraffin, the rate of the 

thawing-freezing processes was enhanced upon adding the 

mentioned NPs. 

 
Fig. 6: Thawing process of NP-modified hydrated salts 

 

 
Fig. 7: Freezing process of NP-modified hydrated salts 

 

In this research, the process time curves were plotted by 

assigning the longest duration to 100 and normalizing the 

other results based on that.  
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Fig. 8: The effect of NPs on the thaw-freeze rate of  PCMs 

compared to the pure states. 

 

According to Fig. 8, the highest increment in the process rate 

was for the case where CNT was added to paraffin. This 

behavior can be assigned to two major reasons: 

1- low conductivity of paraffin 

2-ultrahigh conductivity of CNT. 

 Moreover, lowest rise in the process rate compared to the 

pure cases was for the system comprising Al2O3 NPs and 

hydrated salts. For better understanding of the reasons behind 

the acceleration of the heat transfer, Table 3 lists the thermal 

conductivity of different materials. 

according to Table 2 and the results of the thaw-freeze rate of 

various materials, the enhancement of the thermal 

conductivity directly affects the thaw-freeze rate. 

 

Table 3: Thermal conductivity of various materials 

Material  K (W/mK) 

Paraffin 0.148 

Paraffin+CNT 5% 4.8 

Paraffin+ Al2O3 NPs 5% 0.85 

Hydrated salts 0.58 

Hydrated salts+CNT 5% 5.1 

Hydrated salt+ Al2O3 NPs 5% 0.93 

 

IV. Conclusions 

In this article, a numerical study carried out to determine the 

speed of fusion and freezing process of pure PCM and 

improved PCM. 

Based on the simulation results a decrease on the duration of 

the thawing and freezing processes upon the incorporation of 

NPs to PCMs was shown. For both PCMs, CNTs exhibited 

better performance in accelerating the heat transfer as 

compared to Al2O3. The highest (28%) and lowest (6%) 

acceleration in the freeze-thaw processes compared to the 

pure condition was for paraffin+CNT and hydrated 

salt+Al2O3. Therefore, thermal performance of the PCMs was 

improved with the presence of Al2O3 and CNTs. For both 

improved states, the thermal performance of the modified 

PCM was better than the base state; however, the 

incorporation of CNTs led to better outcomes compared to 

Al2O3. generally the use of NPs accelerated the freeze-thaw 

process. However using of NPs has no economicjustification 

for energystorage operations which can be achieved at low 

costs using the conventional methods. 

 

List of Symbols 

Cp: Specific heat capacity, 
𝑗

𝑘𝑔.𝑘
 

K: Thermal conductivity coefficient, 
𝑤

𝑚.𝑘
 

H: enthalpy or total energy content , 
𝑗

𝑘𝑔
 

H: heat transfer coefficient, 
𝑊

𝑚2.𝑘
 

Q1: input flux, 
𝑊

𝑚2 

T: temperature, ̊C 

 

Greek signs 

P: density, kg / m3 

 

Subtitle 

Nepcm: nanoparticle-enhancedPCM 

PCM: phase-change material 

I: node number 

Np: nano particle 

1: Parameters related to the left closed channel  

2: Parameters related to the open right channel  

 

Superscript 

P: Time step 
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