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Abstract 
This paper examines the thermal properties of pure tetracosane paraffin, 

tetracosane-graphene, and tetracosane-carbon nanotube mixed phase change 

materials (PCM). The most important properties studied were thermal capacity in 

constant volume (Cv), mean square displacement of atoms (MSD), radial 

distribution function (RDF), density, phonon density of states (PDOS) and 

thermal conductivity (k) under different temperatures. The results show that 

graphene and carbon nanotube increase the thermal conductivity of the 

tetracosane at different temperatures, but decrease the molecular movement and 

its thermal capacity (except after about 360 K), and it can be said that this slightly 

decreases the paraffin melting temperature. It was demonstrated that carbon 

nanotube is more efficient than graphene to increase the thermal conductivity of 

the proposed PCM.  
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1 Introduction 
Thermal energy storage is achieved by various techniques: sensible heat storage, 

latent heat storage, thermochemical heat storage, or a combination of these 

methods [1]. Phase change materials (PCMs) are used to store latent heat [2] and 

these materials have attracted much attention in recent years [3, 4]. When the 

material moves from solid to liquid or vice versa, the latent heat is absorbed or 

released. Substances that are required as phase-change materials for storing 

thermal energy must have high latent heat and high thermal conductivity [5]. 

Paraffin is composed of alkaline chains (CnH2n+2), which has high latent heat, 

wide temperature range for phase change and stable chemical properties [6, 7]. It 

is also easy to obtain and is much cheaper than other phase-change substances 

such as metals and molten salts. Phase change materials, especially paraffin, have 

some defects, most notably low thermal conductivity [8, 9]. Adding 

nanomaterials to pure PCM can result in better thermal storage properties in 

PCM. The effect of nano-additives on PCMs includes increasing the thermal 

conductivity, changing the fuzzy change characteristics (temperature range and 

phase change heat), and increasing the thermal stability of PCMs [10, 11]. 

The investigations include empirical studies and numerical simulations. In 

experimental cases, various studies focused on the production of paraffinic PCM 

composites under the addition of thermal superconductors [12]. The effects of 

nanofillers on the thermal properties of paraffin were investigated by Wu et al. 

[13]. They showed that carbon nanoparticles have a significant effect in 

increasing the thermal conductivity of paraffin. The composite of paraffin-

graphene experienced the maximum growth in thermal conductivity up to 52.4 % 

with a weight fraction of 3% of graphene. In another study, graphene 

nanoplatelets were used to increase the thermal conductivity of n-eicosane [14]. 

In the highest amount of this nano-additive (10% by weight), the thermal 

conductivity increased by 400% at 10°C. Warzoha and Fleischer [15] claim that 

the number of graphene layers significantly affects the thermal conductivity of 



paraffin. They claimed that the thermal conductivity of the paraffin can be 

adjusted by adding graphene nanosheets. Wu et al. [16] examined the effect of 

adding different amounts of graphene sheets on the thermo-physical properties of 

PCMs. The results of their investigations showed that thermal enthalpy of PCMs 

gradually decreases with the increasing amount of graphene sheets, although the 

heat transfer efficiency and thermal stability improved and increased, 

respectively. 

Some molecular dynamics studies have been performed to study the enhancing 

thermal conductivity of PCMs by adding nano additives. Dr. Babaei et al. [17] 

designed and simulated octadecane (C18H38) with carbon nanotubes and 

graphene. They fixed the nano-additives and forced them to be motionless, to 

study just the paraffin's molecules behaviors using NERD potential. They 

illustrated that adding carbon nanotubes and graphene increasing the thermal 

conductivity and also, reducing thermal resistance to PCM crystallization. 

Mixtures of nonadecane (C19H40), nonadecane-graphene and nonadecane-

graphene oxide were simulated by Huang et al. [18]. They used Universal 

forcefield to carry out all the simulations. The nanoparticles' size was 2.5×2.5 nm. 

Regarding their simulation, the thermal conductivity of pure paraffin was 0.373 

W/mK. However, the thermal conductivity of a 10% composite by weight of 

strong paraffin-graphene sheets obtained about 0.488 W/mK, while the thermal 

conductivity of solid paraffin-graphene oxide in the same weight percent was 

0.506 W/mK. Researchers concluded that graphene oxide increases the thermal 

conductivity much more than graphene.  

In this work, we used molecular dynamics simulations to investigate the thermal 

properties of tetracosane paraffin (C24H50), which is used as a phase change 

material [19, 20]. This PCM commonly is used in Li-ion batteries and other 

electronic devices for thermal management or can be used for other TES (thermal 

energy storage) applications [21]. The addition of graphene and carbon nanotube 

to tetracosane has not yet been investigated. Namely, in the literature and 



molecular dynamics modeling, a limited size of nano-additives was allocated. 

However, in this study, by using periodic boundary conditions and adjusting 

nanoparticles' boundaries to the simulation box surfaces, an unlimited (infinite) 

size of them is being assumed. Besides, in this paper, PCFF forcefield for paraffin 

is newly used for a wide range of thermal properties of paraffin. We calculate the 

mean square displacements (MSD), heat capacity, radial distribution function 

(RDF), density, phonon density of states (PDOS), and thermal conductivity. Our 

main approach was to study the effect of adding graphene and carbon nanotubes 

on the thermal conductivity of this material (n-tetracosane). The used force fields 

in molecular dynamics simulations, modeling structures, simulation trends and 

computational methods are explained in Section 2. The results and discussions 

are presented in Section 3. Finally, the conclusions are presented in Section 4. 

2 Materials and Methods 
In this study, the molecular dynamics simulation method was utilized [22], which 

is unable to model the electrons. Therefore, the thermal transport in this study is 

just for phonon transports.  

PCFF1 force field was used for interaction of alkanoic material (paraffin 

tetracosane) [23-26]. The Tersoff potential (1989) was used to describe the 

carbon-carbon interaction in graphene and carbon nanotube structures [27]. For 

Van der Waals’s interaction between nanoparticles and alkanoic material, the 12-

6 Lenard-Jones potential [28] was used in conjugation with The Lorentz-

Berthelot mixing rule [29]. All coefficients were derived from reference [28].  

2.1 Structures 
All simulations were performed with the large-scale atomic/molecular massively 

parallel simulator (LAMMPS) package [30]. The velocity Verlet algorithm was 

used to integrate Newton’s equation of motion numerically. PACKMOL package 

 
1 Polymer consistent forcefield (PCFF) 



was used to make the structures via duplication of cells in desired dimensions. 

Figure 1 shows the structures of tetracosane molecule, the structure of single layer 

graphene, and CNT both including 588 carbon atoms. 

 
 From top to bottom: (a) Structure of a tetracosane molecule (C24H50), (b) the 

structure of constructed graphene including 588 carbon atoms, and (c) CNT including 
588 carbon atoms- 

The box dimensions for pure tetracosane (C24H50) were 120×11.5×100 (ºA3) for 

188 molecules. For the mixtures, the dimensions of the box were increased by the 

amount of nano-additives dimensions. Simulated graphene was 119.1×11.3 (ºA3) 

with 588 carbon atoms and was abutted to the box related boundaries (xz and yz 

surfaces) for its periodicity. Simulated CNT was built with a chiral index of (3, 

3) and a length of 119.1 ºA including 588 carbon atoms, that was abutted to yz 

surfaces of box boundaries. The weight fraction of graphene and CNT in 

composite mixtures was about 10%.  

The energy of systems was minimized with conjugate gradient algorithm at the 

beginning of simulations. Figure 2 (a) shows the structure of tetracosane (T) used 

in the simulations after minimization. Figure 2 (b) and (c) show the structure of 

tetracosane-graphene (TG) and tetracosane-carbon nanotube (TCNT) mixtures 

used in the simulations after minimization. Periodic boundary conditions were 

applied in all three directions.  
 



 

 From left to right: (a) structure of the pure tetracosane, (b) tetracosane-
graphene (TG) and (c)  tetracosane-carbon nanotube (TCNT) mixed PCM used in the 

simulations after minimization 

2.2 MD Procedure 
Three steps for simulation of all structures (T, TG, and TCNT) were applied. The 

first step was the melting and crystallization cycle to optimize the structures. 

During 1×106 steps (when the time step was 1 fs), the structures were first 

equilibrated with NPT ensemble at 200 K and atmospheric pressure. Then, all 

structures were heated to 450 K during 5×106 steps under an NPT ensemble to 

melt completely. Then, an equilibrium run was performed during 1×106 steps at 

450 K under an NPT ensemble. Subsequently, it was cooled down from 450 K to 

200 K under NPT ensemble for 5×106 steps to be solidified. Finally, an 

equilibrium run was performed again but at 200 K. 

In the second step, all structures were simulated at 273, 300, 310, 320, 330, 340, 

350, 360, 375 and 400 K. The process of the simulation was such that all 

structures were equilibrated under the NPT ensemble for 1×106 time steps of the 

corresponding temperature (at 1 atm) to reach the volume and temperature at 

equilibrium. Subsequently, under the NVT, the simulation was followed for 

4×106 time steps at the desired temperature. In these two stages, the time step was 

0.25 fs. The outputs of this step included the MSD (mean square displacement), 

PDOS (phonon density of states), Cv (heat capacity in constant volume), and RDF 

(radial distribution function) in several temperatures for different structures.  

Finally, in the third step, systems were simulated under the NVE ensemble with 

a time step of 0.25 fs for 8×106 time steps to account for their thermal 



conductivity. The box was divided into some slabs along the X/Z direction. A 

heat flux is imposed through the simulation box by adding heat to molecules 

inside the heat source (a planar slab) in two regions of the box and extracting the 

same amount of heat from molecules inside two other slabs (heat sinks) in another 

region (in the middle of the box, besides together). Upon reaching the steady state, 

based on Fourier’s law, the thermal conductivity was computed.  

3 Results and Discussions 
In this section, thermal and structural properties, including Cv, MSD, RDF, 

PDOS, and thermal conductivity of pure tetracosane, tetracosane-graphene, and 

tetracosane-CNT composites are represented. As the first achievement, after NPT 

equilibration (at 330 K), the density of tetracosane was measured as  0.7317 

g/cm3, which is compatible with experimental value (0.7736 g/cm3 at 335 K) 

reported in previous studies [19]. Also, the thermal conductivity of pure 

tetracosane at 330 K in x and z-direction was 0.1477 W/mK and 0.1852 W/mK 

respectively, that is in good agreement with the reported value of 0.137 W/mK at 

335 K reported in [19]. 

3.1 Heat Capacity (Cv) 
For paraffin as phase change material, the latent heat is essential and the heat 

capacity, especially in melting temperature, will be a very serious and important 

issue. The eicosane system (C20H42) containing boron nitride was studied by Rao 

et al. [31]. Results presented that the latent heat of composites reduced in 

comparison to pure paraffin after adding BN nanostructures. Liu et al. [32] 

studied the effects of the addition of nanocopper, graphene nanoplatelets, and 

expanded graphite to paraffin/melamine resin. Results showed that with 

increasing the mass fraction of additives, the latent heat capacity of the 

composites decreased. Stearic acid containing MWCNT (multi-walled carbon 

nanotube), graphene, and graphite was studied by Li et al. [33]. They declared 



that with increasing the amount of carbon-based additives, the latent heat storage 

of nanocomposites decreased. Fang et al. [34] investigated paraffinic PCM 

covering h-BN nanosheets, and the result was decreasing the latent heat of fusion 

of composite PCMs.  

The heat capacity in a constant volume (Cv) calculated as follows: 

𝐶# =
〈&'(〉
*+,(

= 〈'(〉-〈'〉(

*+,(
   ( 1)  

where 〈𝐸/〉 − 〈𝐸〉/ is energy fluctuation (𝐸 is the total energy of system), 𝑘2 is 

Boltzmann constant and 𝑇 is the temperature of the system. The heat capacity in 

constant volume for pure tetracosane, tetracosane-graphene mixture, and 

tetracosane-CNT mixture at temperatures of 273, 300, 310, 320, 330, 340, 350, 

360, 375 and 400 K was depicted in figure 3.  

 

 Heat capacity of tetracosane, tetracosane-graphene, and tetracosane-CNT in 
different temperatures 

It is observed that heat capacity rises in the temperature range of the tetracosane 

melting temperature range. The melting temperature was reported about 325 K 

[19, 20] and 340 K [35]. 
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It is observed that the overall paraffin-tetracosane heat capacity is higher than 

paraffin-graphene and paraffin-CNT mixtures. Paraffin-graphene heat capacity is 

also higher than paraffin-CNT. It is also noticed that after passing the melting 

range, the composites containing carbon nano-fillers increases the thermal 

capacity more than pure paraffin. Increasing the thermal capacity of the mixtures 

(TG and TCNT) may be due to crystalline structures in high temperatures, while 

the tetracosane structure at high temperatures is entirely amorphous.  

3.2 Mean Square Displacement (MSD) 
The mean square displacement (MSD), which means a measure of the simple 

average distance of all particles through the time, is usually used to describe the 

behavior of the system during phase change. Mean square displacement (MSD) 

was calculated by equation 2.  

𝑀𝑆𝐷 = 7
8
〈|𝑟;(𝑡) − 𝑟;(0)|/〉    ( 2)  

where 𝑁 is the number of atoms, and 𝑟 is the atomic position with angstroms unit. 

𝑟;(𝑡) is the ith atom's position at the time step of t. Figure 4 illustrates the MSD 

graphs according to time for all atoms of pure tetracosane, tetracosane-graphene 

and tetracosane-CNT mixtures at temperatures of 273, 300, 310, 320, 330, 340, 

350, 360, 375 and 400 K. 

From figure 4 (a) it is observed that with increasing the temperature of the 

tetracosane, the slope of the MSD diagram is increased. At lower temperatures, 

the material (T) is in its solid state, and MSD diagrams are not gradient. It seems 

that up to 330 K, the diagrams are relatively horizontal, but then gradually 

become steep (after 340 K). The tetracosane is completely melted in 340 K. It is 

observed in figure 4 (b) and (c) that the mean square distance of the TG and TCNT 

has fallen sharply toward pure paraffin. This is due to the presence of 

graphene/CNT in the structure, which makes paraffin molecules maintain their 

crystalline structure and do not have much movement. Figure 4 (b) (MSD of TG) 

shows that after 310 K, TG is melted. Figure 4 (c) (MSD of TCNT) shows that in 



330 K, TCNT is melted. So perhaps we can say that graphene and CNT decrease 

the melting temperature of tetracosane. 

   

 From left to right: Mean square displacement with temperature for all the 
atoms of (a) pure tetracosane (T), (b) tetracosane-graphene composite (TG) and (c) 

tetracosane-CNT composite (TCNT) PCMs 

As a remarkable result, it can be seen that the MSD level is a few thousand for 

pure tetracosane and a few hundred for tetracosane-graphene composites, and a 

few dozen ºA2 for tetracosane-CNT. These differences clearly indicate that the 

presence of fillers can positively affect the relative rigidity of tetracosane 

molecules and greatly alter its thermo-physical properties. These changes are 

discussed below. 

3.3 Density 
Figure 5 compares the density of simulated structures at different temperatures. 

Density ratio was defined as A
A∗

, where 𝜌 is density and 𝜌∗ is density at T=273 K. 

Several important results could be represented. Firstly, by adding nano-additives, 

the density increases. Secondly, with increasing the temperature, the density 

decreases, but the slope of this reduction for nanocomposites is less than for pure 

paraffin. This is due to the fact that the pure paraffin structure becomes more 

irregular and amorphous with increasing temperature, and thus the volume of the 

system increases, while the structure of the nanocomposites remains regular and 

crystalline. 



 

 Variation of density of simulated structures according to temperature 

Stability of the density during the change of temperature is a good result may be 

focused on some especial applications. For example, when a constant volume is 

accessible, changing the density (increasing the volume and decreasing the 

density) leads to unwanted results that should be avoided seriously. In such cases, 

composite structures are more desirable. 

3.4 Radial Distribution Function (RDF) 
The radial distribution function is the probability of the presence of particles 

which is calculated by assuming the spherical shells around a particle with 

different radiuses. RDF is counting the number of atoms around a specific particle 

in each of these shells. The RDF, represented by the symbol 𝑔EF(𝑟), was defined 

by Hansen and McDonald [36] which is calculated with equation 3.  

𝑥E𝑥F𝜌𝑔EF(𝑟) =
7
8
〈∑ ∑ 𝛿J𝑟 − 𝑟; + 𝑟LM

8N
;O7

8P
;O7 〉     ( 3)  

It is a measure of the probability of finding a particle at a distance of 𝑟 away from 

a given reference particle relative to that. The general algorithm involves 

determining how many particles are within a distance of 𝑟 and 𝑟 + 𝑑𝑟 away from 
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a particle (particle at each bin). 𝑁 denotes the number of total atoms, 𝑁; represents 

the number of atoms corresponding to the chemical type 𝑖 (𝛼 and 𝛽 subscriptions 

indicate the different types of chemicals), 𝑥 is the mole fraction of chemical type 

𝛼 and 𝛽, and 𝜌 is the density of atoms.  

Figure 6 illustrates the RDF diagram of different structures at different 

temperatures. It should be noted that this diagram is a radial distribution function 

for all atoms relative to each other. It can be seen that whatever the material is at 

a lower temperature, the peaks of the RDF chart are more pronounced. So, the 

material is more solid. And when the material is liquidized, the chart becomes 

smoother. Two first peaks in RDF of TG and TCNT are for the presence of 

graphene and CNT. 

   

 Radial distribution function (RDF) of all pure paraffin atoms (left), all 
tetracosane-graphene atoms (middle), and all tetracosane-CNT atoms (right) 

As shown in figure 7, when graphene or CNT are added to the tetracosane, there 

are some peaks in the composite, which belong to the carbon honeycomb 

structure in these two additives. However, some of the other peaks that appear on 

all three charts belong to the tetracosane, and are reinforced by graphene and CNT 

structures. This is clearly depicted in figure 7. 



 
 Comparison of RDF for tetracosane and composites at 330 K 

The first peak at r=1.485 ºA stands for carbon of graphene and CNT structures. 

Instead, other peaks belong to the tetracosane structure, amplified by graphene 

and CNT. Among them, the first peak of tetracosane at r=2.655 ºA is further 

enhanced from all other peaks. The next peaks are upgraded less in higher 

distances. 

Figure 8 shows the RDF of different atoms of pure tetracosane relative to each 

other at 330 K. The first peaks of RDF of pure tetracosane at 330 K are reported 

in Table 1. 

 



 Radial distribution function (RDF) of pure octadecane atoms at 300 K 

Table 1. Position of the first peaks in pure tetracosane RDF at 330 K 

Pure tetracosane  
rij (ºA) 

C-C C-H H-H 
First peak  5.085 4.185 2.565 

Second peak 6.345 5.175 2.745 
 

The RDF of distinct tetracosane-graphene nanocomposite atoms at 330 K is 

shown in figure 9. The first peaks of RDF of TG nanocomposite at 330 K are 

reported in Table 2. 

    

 The RDF of tetracosane-graphene atoms at 330 K; left) the RDFs of 
tetracosane and graphene and their atoms (C, H) right) the RDF of carbon atoms in 

graphene 

Table 2. Peaks of tetracosane-graphene RDF at 330 K 

 

Tetracosane-carbon nanotube atomic RDF diagrams at 330 K are shown in Fig. 

10. The first peaks of RDF of TCNT nanocomposite at 330 K are reported in 

Table 3. 

tetracosane-graphene 
rij (ºA) 

C-C C-H H-H C-C* C*- C* 
First peak  5.085 3.645 2.565 3.735 1.485 

Second peak 6.345 4.185 4.635 4.275 2.565 

C*: Carbon of graphene      



   

 The RDF of tetracosane-CNT atoms at 330 K; left) the RDFs of tetracosane 
and CNT and their atoms (C, H) right) the RDF of carbon atoms in CNT 

Table 3. Peaks of tetracosane-CNT RDF at 330 K 

 

3.5 Phonon Density of States (PDOS) 
By taking the Fourier transform of the atomic velocity autocorrelation function 

(VACF), the phonon density of state (PDOS) was calculated. Figure 11 shows 

the PDOS for pure paraffin, and the mixtures at 273, 330, and 400 K. PDOS has 

some peaks between 20 to 45 THz and in 90 THz which inconsistent with ref. 

[37]. Another peak is between 0 to 5 THz. With increasing the temperature, PDOS 

peaks increase too. Existing of graphene and CNT can cause higher peaks, besides 

this can cause other new peaks in 11 THz and between 50 to 70 THz. TCNT has 

a higher peak in 30 THz rather than other structures (especially at high 

temperatures). 

tetracosane-CNT 
rij (ºA) 

C-C C-H H-H C-C* C*- C* 
First peak  5.085 3.465 2.565 3.375 1.485 

Second peak 6.345 4.185 4.635 3.735 2.565 

C*: Carbon of CNT      



    

 Phonon density of state (PDOS) of pure paraffin (left), tetracosane-graphene 
(middle), and tetracosane-CNT (right) at temperatures 273 K, 330 K, and 400 K. 

3.6 Thermal Conductivity 
The simulation procedure for calculating thermal conductivity was such that the 

simulation box was first divided into several parts. The structure was heated via 

two heat sources at its left and right ends. A heat sink was assumed in the middle 

of the structure to dissipate the imposed heat and guarantee the equilibrium. 

Figure 12 shows a corresponding schematic diagram for calculating thermal 

conductivity in the x and z-direction. For calculating the thermal conductivity in 

the z-direction, the simulation box in the z-direction divided into several 

horizontal slabs and heat sources/sinks were set in the middle of the box.  
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 A schematic diagram of the simulation box for calculating thermal 
conductivity in the x and z-directions 

The thermal flux Q was applied between the heat sources and sinks under the 

microcanonical ensemble. Thermal flux was applied every 1000 time steps. As 

the kinetic energy of the atoms of the hot slab increases, and the kinetic energy 

of the atoms of the cold slab decreases, this energy was transferred from warmer 

atoms to colder atoms. Thermal conductivity simulations under the 

microcanonical ensemble for 2 ns (8 million time steps) was performed. By taking 

the temperature output for the atoms of each part of the box along the box length, 

the temperature-position diagram was plotted, and the thermal conductivity was 

calculated. The thermal conductivity was calculated according to Fourier's law 

with the formula (4). 

𝑘 =
WX
WY

Z( W[W\]^
W[
W\(

)
     ( 4)  

In this equation, _`
_a

 represents the degree of the heat addition or extraction of the 

source of heat and heat sink, correspondingly. ′𝐴′  denotes the cross-sectional 

area of the simulation box perpendicular to the direction of the applied heat flux, 

while _,
_d]

 and _,
_d(

 are the temperature gradients. 

 Figure 13 shows the temperature profiles of the pure tetracosane in x and z 

directions in different temperatures. Thermal conductivities of paraffin at various 

temperatures in x and z directions are calculated according to the corresponding 

graphs and are presented in Table 4. The mean thermal conductivity of pure 

paraffin system was calculated by kmean=1/2(kx +kz). 



 

 The temperature profile of the pure tetracosane in the x-direction and z-
direction in different temperatures 

Table 4. The thermal conductivity of pure paraffin in x and z directions at various 
temperatures 

𝑘efgh	(𝑊/𝑚𝐾) 𝑘n	(𝑊/𝑚𝐾) 𝑘d	(𝑊/𝑚𝐾) 
Temperature 

(K) 

0.1512 0.1813 0.1211 273 

0.1477 0.1753 0.1200 300 

0.1665 0.1852 0.1477 330 

0.1603 0.1640 0.1565 360 

0.1335 0.1339 0.1330 400 

 

Figure 14 illustrates the images of tetracosane molecules at the beginning of 

thermal conductivity simulations at 273 K (left) and 400 K (right), respectively. 

At lower temperature (273 K), most of the molecules are in the direction of the 

z-axis, and this justifies the higher thermal conductivity in this direction than the 

x-direction. On the other hand, at higher temperature (400 K), the molecules are 



intertwined and amorphous and chaotic. Therefore, thermal conductivity in the x 

and z directions is not very different, since in both directions the structure is 

disordered. 

 

 Images of a regular and crystalline structure of pure tetracosane at the 
beginning of thermal conductivity simulations at 273 K (left) and 400 K (right) 

 

Figure 15 shows the temperature profiles of the tetracosane-graphene composite 

in x and z directions at different temperature levels. Thermal conductivities of 

tetracosane-graphene composites at various temperatures in x and z directions are 

calculated according to the corresponding graphs and are presented in Table 5. 

The mean thermal conductivity of TG system was calculated by the formula 

kmean=1/3(kx+ky+kz), with assuming ky=kx; because graphene is in its longitudinal 

direction in these two axes.  



  

 The temperature profile of the tetracosane-graphene composite in the x-
direction and z-direction in different temperatures 

Table 5. The thermal conductivity of tetracosane-graphene composite in x and z directions 
at various temperatures 

𝑘efgh	(𝑊/𝑚𝐾) 𝑘n	(𝑊/𝑚𝐾) 𝑘d	(𝑊/𝑚𝐾) 
Temperature 

(K) 

0.3931 0.2976 0.4408 273 

0.4049 0.2844 0.4652 300 

0.4378 0.3187 0.4974 330 

0.4315 0.3532 0.4706 360 

0.5477 0.3614 0.6409 400 

 

The snapshots in figure 16 illustrate the tetracosane-graphene composite at the 

moment of the simulation of thermal conductivity calculation at temperatures of 

273 K and 400 K, respectively. 



It can be seen that at both temperatures, the composite structure is crystalline and 

regular, although this order is at a lower temperature. The tetracosane molecule 

chains are completely pulled out, and most of them are arranged along with a 

special order, and this is a factor in increasing thermal conductivity. Most of the 

molecules are arranged in the direction of the graphene's longitudinal axis (x-

direction), and perhaps this is why thermal conductivity is higher in this direction. 

However, the high thermal conductivity of graphene and its contribution to the 

heat transfer of the phonon has also affected this issue.  

Some of the temperature profiles in figure 15 are not in a linear fashion. This is 

because of the nonuniformity of the structure. Some molecules are in the 

crystalline state, however, others are amorphous and irregular. This can be seen 

in figure 16. Most molecules are crystalline but a few in the left side down the 

graphene are amorphous. So, this causes the temperature profile of whole the 

structure to be different for the left and right side and not to be linear either. 

 

 An image of a regular and crystalline structure of the tetracosane-graphene 
composite at the beginning of thermal conductivity simulations at 273 K and 400 K 

respectively 

Figure 17 shows the temperature profiles of the tetracosane-CNT composite in x 

and z directions in different temperatures. Thermal conductivities of tetracosane-

CNT composites at various temperatures in x and z directions are calculated 

according to the corresponding graphs and are presented in Table 6. The mean 

thermal conductivity of TCNT system was calculated by the formula 

kmean=1/3(kx+ky+kz), with assuming ky=kz; because the y-direction of this system 

is similar to z-direction (both directions are perpendicular to CNT axis). 



 

 The temperature profile of the tetracosane-CNT composite in the x-direction 
and z-direction in different temperatures 

Table 6.  The thermal conductivity of tetracosane-CNT composite in x and z directions at 
various temperatures 

𝑘efgh	(𝑊/𝑚𝐾) 𝑘n	(𝑊/𝑚𝐾) 𝑘d	(𝑊/𝑚𝐾) 
Temperature 

(K) 

0.5325 0.4296 0.7383 273 

0.5347 0.4413 0.7216 300 

0.5301 0.4068 0.7767 330 

0.5447 0.4493 0.7354 360 

0.5891 0.4543 0.8586 400 

 

Figure 18 indicates the tetracosane-CNT composite at 273 K and 400 K, 

respectively, at the beginning of thermal conductivity simulations. Tetracosane 

molecules are crystalline and regular in this composite at both temperatures, 

whereas at lower temperatures the order of the molecules is smaller due to the 



less atomic movements at reduced temperatures. A large number of the molecules 

are entirely regular and smooth, which most of them are settled in the direction 

of the length of the carbon nanotubes (ie x-direction), and this arrangement 

increases thermal conductivity in this direction. Also, carbon atoms of CNT 

contribute to this rise in thermal conductivity and the transfer of phonon energy 

and, with the quick fluctuations along the CNT, can transfer these energy 

packages faster and avoid the high temperature inconsistencies between hot and 

cold parts (heat sources and sinks). It makes a reduction in the temperature-

location slope in thermal conductivity calculation simulations. 

 

 

 Images of a regular and crystalline composite structure of the tetracosane-
CNT at the beginning of thermal conductivity simulations at 273 K and 400 K, 

respectively 

3.6.1 Comparison of Thermal Conductivity 

Figure 19 shows the thermal conductivities of T, TG, and TCNT with respect to 

the temperature. Generally, the thermal conductivity of composites increases with 

increasing the temperature, but it is not true all the time and has some exceptions.   



 

 Thermal conductivity in different temperatures for three structures (T, TG, 
TCNT) in x and z directions 

 

Table 7 shows the percentages of thermal conductivity enhancements of 

tetracosane-graphene and tetracosane-CNT in different temperatures in 

comparison with the pure tetracosane. The maximum enhancement value of mean 

thermal conductivity is for TCNT in 400 K (341%). The minimum enhancement 

percent is for TG in 273 K (160%). In composites, the thermal conductivity is 

usually increased with increasing temperature, but this cannot always be true, and 

this behavior is not linear either. 
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Table 7.  Thermal conductivity enhancements of tetracosane-graphene and tetracosane-
CNT in different temperatures 

System Temperature (K) 

Thermal 
conductivity 

enhancement in 
the x-direction 

Thermal 
conductivity 

enhancement in 
the z-direction 

Mean thermal 
conductivity 
enhancement 

Tetracosane-
graphene 273 264 % 64 % 160 % (Min.) 

Tetracosane-
graphene 300 288 % 62 % 174 % 

Tetracosane-
graphene 330 237 % 72 % 163 % 

Tetracosane-
graphene 360 201 % 115 % 169 % 

Tetracosane-
graphene 400 382 % 170 % 310 % 

Tetracosane-CNT 273 510 % 137 % 252 % 
Tetracosane-CNT 300 501 % 152 % 262 % 
Tetracosane-CNT 330 426 % 120 % 218 % 
Tetracosane-CNT 360 370 % 174 % 240 % 
Tetracosane-CNT 400 546 % 239 % 341 % (Max.) 

 

The addition of carbon nanotube to the tetracosane increases the thermal 

conductivity well so that the problem of thermal conductivity shortened to some 

extent, and it confirms that in the melting range, the average of enhancement is 

about 3.2 times of the pure case. While graphene increases the thermal 

conductivity by 2.6 times in the melting range.  

4 Conclusion 
Different solutions have been proposed to solve the problem of low thermal 

conductivity of paraffin as a phase change material. One of these ways is the 

addition of nano-superconducting materials such as graphene and carbon 

nanotube (CNT), which has been focused on in this study. The paraffin used is 

tetracosane (C24H50), commonly used for thermal management of batteries and 

electronic devices. Computing the density of simulated structures at different 

temperatures shows that by adding nano-additives, the density increases. 

Secondly, with increasing the temperature, the density decreases, but the slope of 

this reduction for nanocomposites is less than for pure paraffin. Particularly, as a 

result, with increasing the temperature, the pure paraffin structure becomes more 



irregular and amorphous, and this increases the volume of the system, while the 

nanocomposite structure remains regular and crystalline. The stability of density 

during the changes of temperature is a valuable outcome in some special 

applications that may be concentrated. 

The addition of graphene and CNT increases the thermal conductivity of paraffin, 

although its thermal capacity is reduced (except after 360 K) and seems to slightly 

decrease the melting point. Graphene and CNT, due to their high thermal 

conductivity, and by regulating the paraffin molecules, increase the thermal 

conductivity of nanocomposites. However, it is more reasonable to increase the 

thermal conductivity of paraffin-CNT composite. With increasing temperature, 

the thermal conductivity of the composites was usually (but not always) 

increased, but linear behavior cannot be predicted. Paraffin-graphene and 

paraffin-CNT composites show more thermal conductivity in graphene and CNT 

longitudinal direction than in the perpendicular direction.  
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