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A B S T R A C T   

In recent decades, nanobubbles (NBs) have attracted great attentions of researchers in a number of fields, 
including aquaculture, water treatment, biomedical engineering and energy/power engineering. However, the 
fundamental understanding of these tiny bubbles through experimental techniques is very challenging. Dodec-
ane, as a phase change material with a high boiling point, and isooctane, as an alternative fuel with high octane 
number and low volatility, have been researched and used in energy applications. In this work, the nucleation, 
coalescence and behaviour of formed NBs of carbon dioxide (CO2), oxygen (O2), nitrogen (N2), and hydrogen 
(H2) gases in dodecane and isooctane samples as well as their effects on the thermo-physical properties of the 
samples were investigated by means of molecular dynamics (MD) simulations. The weight fraction of the added 
gas and temperature were also investigated to understand their effects on the bubble dynamics and inherent 
properties. The results reveal that the addition of CO2 gas leads to the biggest drop in the viscosity of the 
dodecane by 20.47%, while the dispersion of oxygen gas in dodecane increases the viscosity. It is also found that 
samples containing NBs have higher specific heat capacity than samples without NBs and the highest specific 
heat capacity improvement can be obtained by dissolving hydrogen NBs. Furthermore, it is found that specific 
heat capacity of isooctane sample increases by increasing the weight fraction of dispersed gas. However, 
dodecane shows the opposite trend. By increasing the system temperature, the specific heat capacity of dodecane 
sample increases while isooctane sample again shows the opposite trend.   

1. Introduction 

Nanobubbles (NBs), tiny bubbles with dimeter less than 1000 nm, 
have emerged as a promising solution to a wide range of technological 
challenges [1]. One of the areas where NBs have shown potential is in 
the use of phase change materials (PCMs), used for latent heat energy 
storage (LHTES) in order to decrease the dependence of renewable en-
ergy on secondary energy sources [2–4], and fuel processing to improve 
energy conversion efficiency and reduce emissions of combustion en-
gines [5]. Specifically, the unique properties of NBs, for example high 
surface area, can enhance the thermal properties of PCMs which are 
useful in applications where rapid heat transfer is important, such as in 
solar energy storage [6,7]. It was found that blending NBs with con-
ventional fuel like gasoline causes a decrease in the emission of harmful 
gases by reducing the brake specific fuel consumption (BSFC) due to the 
improved fuel atomization and combustion process with the added 

nanobubbles [5]. 
Phenomena and materials show abnormal behaviour at nanoscale 

and do not obey the accepted theories at this scale. For instance, unlike 
the prediction of Epstein-Plesset theory, NBs can exist in host liquids for 
a long period [1,8,9]. This unique behaviour provides possibilities of 
producing engineered materials with desirable properties via nano-
technologies for different applications [10,11]. However, due to the 
limitation of experimental techniques, study and characterisation of the 
behaviour at nanoscale is very challenging. Instead, molecular ap-
proaches like molecular dynamic (MD), Monte Carlo (MC), and coarse- 
grained (CG) simulations are widely used to investigate nanoscale 
phenomena that could affect the bulk behavior and properties of 
generated materials [12–16]. NB is one of these new phenomena that 
attracts great attentions of researchers in recent years. Experimental and 
numerical studies have been conducted to investigate these nebulous 
tiny bubbles with unique properties. 
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An experimental study by Sinah-Ray et al. [17] reveals that adding 
surfactants to an oil-based heat transfer fluid as a coolant for a micro-
channels gives a rise to formation of air bubbles. These NBs improve heat 
transfer by increasing the flow rate. It was found that the existence of 
CO2 NBs in food fluids can affect their thermophysical properties [18]. 
The viscosity of the treated liquids has direct relationship with the 
concentration of dissolved gas as the lowest viscosity was reported for 
the liquid with highest concentration of the dissolved gas [18]. As 
inherent properties of materials play an important role in their appli-
cations, researchers have tried to use molecular approaches to investi-
gate these properties. The nucleation of 240 dissolved gas atoms in 
liquid medium with 5839 atoms in nanochannels with hydrophobic and 
hydrophilic surfaces was studied by using molecular dynamics simula-
tions [19]. It was found that the coalescence occurs right after the 
nucleation, which leads to the growth of NBs and movement toward the 
surfaces. These large bubbles replace the liquid layer and cause the drag 
reduction [19]. Generation of vapor NBs in the existence of heated 
nanoparticles and dissolved gas was investigated by using numerical 
methods by Maheshwari et al [20]. It was reported that the critical 
temperature of host liquid decreases due to the existence of dissolved gas 
which improves the nucleation process. Wang et al. [21] studied the 
thermodynamic properties of crystalline octadecane and octadecane- 
water slurry by using condensed-phase optimized molecular potentials 
for atomistic simulation studies (COMPASS) force field. Thirteen octa-
decane molecules chains resulting in 840 atoms in total were used to 
create nano-capsule with radius 24.4 Ȧ. Then the prepared nano-capsule 
was placed in three different water simulation boxes including 1470, 
2083 and 3309 water molecules, respectively. It has been found that the 
heat capacity of octadecane slurry decreases with the increase of octa-
decane mass fraction. The diffusion coefficient of binary mixtures of 
carbon dioxide with methanol was investigated by Chatzis and Samios 
[22]. They used the OPLS, EPM2 models and the Lorentz–Berthelot 
combining rules to simulate the interaction between molecules. They 
observed that the diffusivities of species decrease with the increase in 
pressure. Five types of gases, namely H2, CH4, CO, O2, and CO2, were 
dissolved in water to study the effects of type of dissolved gas on the 
transport properties of the polar host. In this numerical study by using 
molecular approaches, it was found that the diffusion coefficient of the 
prepared samples highly depends on the type of the dissolved gas [23].In 
an experimental study, the role of dissolved krypton, N2 and O2 gases on 
the nucleation and stability of bulk NBs in water were investigated. 
Results illustrate that the concentration of NBs depend on the type of 
scattered gas [24]. It was also reported that the nucleation of bulk NBs 
highly depend on the concentration of the dissolved gas. The dimeter of 
the generated NBs in water is increased by increasing the weight fraction 
of dissolved gas [25]. In addition, it was observed that by decreasing 
temperature, the possibility of NBs formation decreases, which illus-
trates the role of temperature in the generation of bulk NBs [26]. 

Dodecane has a relatively high boiling point of 215 ◦C, which makes 
it useful in high-temperature applications, such as heat transfer fluids in 
solar thermal power plants or industrial processes as PCM. Phase change 
temperature of dodecane makes it as one of the potential candidates for 
cold chain transportation application. Inherent properties of dodecane 
also make it as a useful lubricant or fuel. In addition, its biodegradability 
makes it a more environmentally friendly alternative to other hydro-
carbon solvents [27–30]. In comparison, a high-octane rating of isooc-
tane results in cleaner and more efficient combustion process in power 
systems than other lower-octane hydrocarbon fuels like gasoline and 
diesel. Isooctane has low volatility and its resistance against engine 
knock and its capacity in blending with renewable fuels makes its one of 
the alternative fuels to reduce harmful emissions from internal com-
bustion engines [31]. Inherent properties of these two potential liquids 
for renewable applications have been researched and improved by 
adding or blending various materials to them in order to prepare them 
for industrial applications [32,33]. Nanobubbles are an active research 

field in various areas of science and engineering and primary studies 
reveal its potential in power and energy systems [34,35]. In this study, 
for the first time, the formation, behaviour, and effects of bulk NBs on 
thermophysical properties of dodecane and isooctane were investigated 
by using MD simulations. The impacts of gas type, weight fraction of 
dissolved gas and system temperature were also investigated and 
analysed. 

2. Theory and modelling 

Computational nanoscience serves as an indispensable research tool, 
facilitating the modeling, comprehension, and prediction of nanoscale 
phenomena. It employs various methods, including classical molecular 
dynamics, density functional approaches, and fully correlated wave 
functions, to solve physical problems at different levels of sophistication. 
In quantum mechanics (QM), the Schrödinger equation is solved to 
elucidate molecular interactions, potential energy surfaces, and charge 
distributions. Among QM-based techniques, ab initio molecular dy-
namics (AIMD) stands out, rooted in density functional theory (DFT) and 
prominently Car–Parrinello molecular dynamics (CPMD). AIMD com-
bines classical nuclear dynamics with quantum electron dynamics, 
providing a powerful approach for simulating complex systems, albeit 
with smaller accessible correlation lengths and relaxation times 
compared to classical molecular dynamics. While AIMD offers a deeper 
understanding of quantum behaviors, it demands substantial computa-
tional resources, limiting its performance, especially in simulating 
multicomponent liquids [36–39]. In contrast, classical molecular dy-
namics, treating atoms and bonds as a balls-and-springs and using 
Newtown’s second law and different potentials to calculate the atomic 
interactions and predict the motions of atoms enables researchers to 
study the complex system from molecular approaches. In the first place, 
molecular topology and interaction potential are defined. Then initial 
positions, velocities, and simulation conditions like temperature and 
pressure are defined. By using the selected potentials and the equation of 
motion, tangible parameters like per-atom energies (potential and ki-
netic) are calculated to use directly or in other methods like Green-Kubo 
to clarify the atomic mechanism behind the bulk behavior of materials 
and their thermophysical properties[40,41]. 

As discussed above, the interactions between atoms which originate 
from the selected potentials play an important role in the accuracy of 
this approach. The condensed-phase optimized molecular potentials for 
atomistic simulation studies (COMPASS) force field was used to describe 
the interactions between the liquids’ atoms[42]. To make sure the 
selected potential can accurately capture the force between atoms, 
density, viscosity, and diffusion coefficient of the desired host liquids 
were calculated. The results show good agreement with experimental 
measurements, as shown in Table 1. Lenard-Jones potential was used to 
capture the behavior of gas atoms[43–46]. Detailed information 
regarding the sample preparation process can be found in the supple-
mentary file’s preparation section. All the simulations were carried out 
by the open-source package of LAMMPS[47]. Ovito software was uti-
lized for the visualization [48]. 

All the prepared samples were relaxed for 1.7 ns in NPT ensemble 

Table 1 
The comparison of inherent properties calculated by MD simulation and 
experimental values at 25 ◦Celsius and 1 atmosphere [49–51].  

Liquids Number 
of atoms 

Potential Density 
(kg/m3) 

Viscosity 
(Pa.s) 

Diffusion 
Coefficient 
(m2/s) 

Dodecane 190,000 Compass  0.73876  0.00127 1.06× 10− 9 

Experimental  0.746  0.00134 0.871×

10− 9 

Isooctane 166,400 Compass  0.678  0.000375 2.59× 10− 9 

Experimental  0.687  0.000474 –  
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and 1.7 ns in NVT ensemble in order to reach an equilibrium under 
desirable conditions. The simulations were continued for 10 ns in NVE 
ensemble to investigate the behaviour of NBs and thermo-physical 
properties of treated dodecane and isooctane. Further details on the 
simulation procedure can be found in the Simulation Procedure section 
of the supplementary file. 

In this study, four gases, namely nitrogen, oxygen, hydrogen, and 
carbon dioxide, were dispersed in the liquid hosts to study the effect of 
gas types on the formation, coalescence and the behavior of NBs. Be-
sides, the effect of the weight fraction of dissolved gas and system 
temperature on the bubble dynamics and inherent properties were also 
studied. 

3. Results and discussion 

3.1. Impact of host liquids and gas types 

Three gases, namely nitrogen, oxygen, and carbon dioxide with the 
same weight friction (6 wt%) were dispersed in the dodecane and 
isooctane hosts. Due to the small atomic mass of hydrogen molecule, a 
different weight fraction was investigated for hydrogen sample. Table 2 
and Fig. 1 illustrate the constructional parameters and initial structure 
of prepared samples, respectively. All the obtained samples were studied 
under the environmental condition (1 atm and 25 ◦C). 

As shown in Figs. 2 and 3, it was observed that within 13.4 ns, ni-
trogen, oxygen, and hydrogen can form NBs in the dodecane host, while 
nitrogen and hydrogen can generate NBs in isooctane host. However, 

Table 2 
Presents the structural features of the prepared samples. more details about the 
initial structures are provided in the supplementary file.  

Sample Number of 
molecules 

Sample Number of 
molecules 

Gas Host 
liquid 

Gas Host 
liquid 

Nitrogen/ 
Dodecane 

1941 5000 Nitrogen/ 
Isooctane 

1640 6300 

Oxygen/Dodecane 1699 5000 Oxygen/Isooctane 1436 6300 
Carbon dioxide/ 

Dodecane 
2150 8000 Carbon dioxide/ 

Isooctane 
1988 12,000 

Hydrogen/ 
Dodecane 

1948 5000 Hydrogen/ 
Isooctane 

1646 6300  

Fig. 1. Initial configuration of the scattered gas in the (a) dodecane and (b) isooctane samples.  

Fig. 2. Formation process of (a, b, c, d) nitrogen and (e, f, g, h) oxygen NBs in PCM host after 1, 1.5, 4.75, and 10 ns (from left to right).  
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Fig. 3. Formed hydrogen NBs in dodecane at (a) 0.5, (b) 1, and (c) 10 ns.  

Fig. 4. Formed nitrogen NBs in (a) dodecane and (b) isooctane samples at 1.5 ns.  

Fig. 5. The NBs formed in (a, b, c, d) dodecane and (e, f, g, h) isooctane samples with different gases at the end of simulation.  
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carbon dioxide could not create any NBs in both liquid hosts. Once the 
initial nucleation sites appear in the host liquids, small NBs start to 
coalesce to form a larger bubble due to Ostwald ripening. In an exper-
imental study, it was observed that huge amount of dissolved nitrogen 
molecules can form NBs in the host liquid and majority of the dispersed 
gas exists in the form of NBs and nearly there were not any homogenous 
forms of it in the surrounded medium [52]. 

The comparison of the results at 1, 1.5, and 4.75 ns in Figs. 2 and 3 
also suggests that the dynamics of bubble formation and coalescence are 
affected by the properties of the dispersed gases. It is clear in Fig. 2 that 
considerable nitrogen gas atoms start to agglomerate and form a big NB 
with 4 child NBs in the host liquid at 1 ns. It can be observed that the 
child NBs start to join the mother NB and this process takes about 0.5 ns. 
However, the oxygen atoms only start to create small NBs at 1.5 ns. 
Unlike the oxygen atoms, majority of nitrogen atoms exist in the form of 
bulk NB in the dodecane after 4.75 ns. Therefore, for the same amount of 
scattered gas, the speed of coalescence process of nitrogen atoms in 
dodecane sample is higher than that of oxygen atoms. The behavior of 
scattered hydrogen in Fig. 3 indicates that the bubble dynamics is very 
dependent on the type of dispersed gas. It can be observed that at 1 ns 
the majority of the scattered hydrogen atoms already generate a tangible 
NB in dodecane sample. So, it can be concluded the speed of the for-
mation and coalescence of nanobubbles depends on the type of gas 
atoms and their molecular interactions. 

It is found that at 1.5 ns the majority amount of nitrogen atoms in 
dodecane exist in a large NB. However, for the same weight fraction of 
this type of atoms, small NBs in isooctane can be observed at 1.5 ns, as 
shown in Fig. 4. The most interesting observation is that oxygen atoms 
could not form any NBs in the isooctane sample, while a large oxygen NB 
can be observed in dodecane at the end of simulation, as shown in Fig. 5. 
Therefore, the formation of NBs is also affected by the properties of host 
liquids. Further examination of the oxygen interaction with dodecane 
and isooctane, as illustrated in Supplementary Fig. 3, highlights the 
inhibiting effect of stronger attractive forces between oxygen and 
isooctane molecules, preventing oxygen molecules from clustering 
together in the isooctane sample, in contrast to dodecane. 

As the transport properties play an important role in the industrial 
applications of working liquids, the effect of the scattered gas and NBs 
on the viscosity, specific heat capacity, and diffusion coefficient of the 
obtained samples were studied after investigating the dynamics of NBs 
in order to understand the potential of NBs for industrial applications. 

Viscosity shows the resistance of materials against the flow and can 
affect the efficiency of heat transfer as well as the energy consumption of 
the designed system. Green-Kubo method, as outlined in Supplementary 
equation (2), was used to calculate the viscosity of the prepared samples. 

Table 3 shows the viscosity of the obtained samples. It can be seen 
that the viscosity of prepared samples decreases by dissolving carbon 
dioxide, nitrogen, and hydrogen gases, compared to the pure dodecane 
(Table 1). However, scattering oxygen atoms in dodecane causes an 
increase in the viscosity, compared to the pure dodecane. The biggest 
drop in the viscosity of the dodecane sample is caused by the addition of 
CO2 gas, which reduces the viscosity by 20.47% compared to pure 
dodecane. 

Fig. 6 compares the Coulomb energy of the dodecane samples with 
dissolved carbon dioxide and nitrogen. The result reveals that Coulomb 
energy of CO2/dodecane sample is higher than the nitrogen one with the 
same weight fraction. It indicates that repulsive force in the CO2/ 
dodecane sample prevents the scattered CO2 to agglomerate in the 
dodecane host. In addition, due to high repulsive forces in the carbon 
dioxide sample, atoms can move freely than nitrogen sample, which 
causes the viscosity of the obtained CO2 sample to be lower than the 
nitrogen one. The interaction between dodecane and the dissolved ox-
ygen and nitrogen is captured in Fig. 6b. It is noted that adding oxygen 
gas increases the attractive force, which leads to the increase in vis-
cosity. Therefore, with the same specific weight fraction, the viscosity of 
the O2/dodecane sample is higher than the N2 one. In the final segment 
of the simulation procedure outlined in the supplementary file, a 
detailed description of the energy calculation method employed in this 
paper was provided. 

As discussed in Fig. 5, both nitrogen and oxygen can form NB in 
dodecane sample. Comparison of the size of the generated NB at 13.4 ns 
demonstrates that although the dimeter of the nitrogen NB, 8 nm, is 
bigger than the oxygen one, 7 nm, the viscosity of the dodecane con-
taining oxygen gas, as Table 3 shows, is more affected. This indicates 
that the effect of gas types on the viscosity of the prepared samples is 
greater than the size of the generated NB. The comparison of the vis-
cosity of hydrogen/dodecane sample with nitrogen one, from Table 3, 
shows that the effect of gas type on the viscosity of the prepared samples 
is greater than the effect of weight fraction, as the viscosity of hydrogen/ 
dodecane sample with smaller weight fraction of scattered gas is higher 

Table 3 
The viscosity of dodecane and isooctane based samples (Pa.s) with various 
dissolved gas.  

Host liquids CO2 N2 O2 H2 

Dodecane  0.00101  0.00103  0.00153  0.00113 
Isooctane  0.000541  0.00049  0.000445  0.000487  

Fig. 6. (a) Coulomb energy of the carbon dioxide and nitrogen system. (b) Van der Waals energy of nitrogen and oxygen samples. Note that the negative sign shows 
the attractive force and the absolute amount of it should be used for comparing. 
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than the nitrogen one with higher gas weight fraction. 
Unlike the dodecane, the viscosity of isooctane increases when 

adding carbon dioxide, nitrogen, and hydrogen gases, as shown in 
Table 3. More specifically, the addition of carbon dioxide produces the 
highest viscosity, while the addition of oxygen leads to the lowest vis-
cosity of the isooctane mixture. As it was discussed, carbon dioxide and 
oxygen could not form NB in the isooctane host, however investigating 
the distribution of CO2 atoms in isooctane at the end of the simulation 
time, which is shown in Fig. 7, indicates that carbon dioxide atoms form 
clusters containing a small number of atoms, for example a cluster with 
three carbon dioxide atoms, inside the host liquid. Since the number of 
atoms in these clusters is very small, they cannot be considered as 
nanobubbles, but their presence affects the movement of atoms, which 
can act like the scattered obstacles in the path of movement of atoms 
that reduce their freedom of movement and increases the viscosity of the 
CO2/isooctane sample. 

The comparison of the van der Waals energy of oxygen and nitrogen 
isooctane samples confirms that the attractive force in nitrogen mixture 
causes a strength attraction which decreases the freedom of atoms of this 
sample and increases the viscosity compared to the oxygen one. The 
comparison the obtained results of two different host liquids illustrates 
that the atomic interaction of host liquids and scattered gases has sig-
nificant effect on the viscosity of the prepared samples. Therefore, mo-
lecular interactions should be carefully investigated in order to find the 
most suitable mixture for a specific energy application. 

Fick’s law, as described in Supplementary equations 4 and 5, is uti-
lized to calculate the translation motion of molecules within another 
material, which is known as a diffusion coefficient [15]. Therefore, 
diffusion coefficient can be used as a measurement of the motion ca-
pacity of atoms that can illustrate the structural change of the studied 
case. Table 4 shows the diffusion coefficient of the prepared samples. As 
it can be seen that the highest rate of atoms’ migration is observed for 
the sample with lowest viscosity. The comparison of the diffusion co-
efficient of dodecane samples with oxygen and nitrogen gases, reveals 
that for the same weight fraction of the scattered gas, the diffusion co-
efficient of nitrogen sample with larger NB is lower than oxygen one. 
That means, the diffusion coefficient trends to be lower with larger NB 
generated in the sample. 

To measure the heat storage capacity, specific heat capacity at con-
stant volume was calculated by using the following relationship[53]: 

Cv =
〈δE2〉

KBT2 =
〈E2〉 − 〈E〉2

KBT2 (1) 

in which 〈E2〉 − 〈E〉2 is the fluctuation of energy, KB is Boltzmann 
constant and T is the temperature. It should be noted that the heat ca-
pacity is defined as the required energy to increase the temperature of 
the system by 1 K. Therefore, it can be considered as the indicator of the 
stored energy in the system. The comparison of the specific heat capacity 
of the prepared samples indicates that the addition of nitrogen, oxygen, 
carbon dioxide, and hydrogen to the dodecane and isooctane leads to an 
increase in specific heat capacity of host liquids, except the oxygen/ 
isooctane sample (Fig. 8). In addition, it can be observed that the 
addition of hydrogen in dodecane leads to highest increase of specific 
heat capacity while carbon dioxide results in least increase. It is found 
that the addition of hydrogen, carbon dioxide, and nitrogen only leads to 
a slight increase of specific heat capacity with Cv,sample/Cv,base 
isooctane liquid around 1.1. More importantly, it is noted that the 
addition of oxygen in isooctane decreases specific heat capacity. 
Therefore, the change in specific heat capacity depends on not only the 
host liquid but also the scattered gas. More investigating the behavior of 
samples at nano-scale and the effects of NBs formation on the specific 
isochoric heat capacity reveals that samples containing NBs have higher 

Fig. 7. Distribution of carbon dioxide and oxygen molecular in isooctane-based fluid at the 13.4 ns.  

Table 4 
The mutual diffusion coefficient of dodecane and isooctane based samples with 
various dissolved gas (m2/s).  

Host liquids CO2 N2 O2 H2 

Dodecane  1.24  0.772  0.808  0.8438 
Isooctane  2.034  2.055  2.1531  2.4712  

Fig. 8. Specific heat capacity of samples compared to the host mediums.  

H. Hassanloo and X. Wang                                                                                                                                                                                                                   



Fuel 358 (2024) 130254

7

specific heat capacity than samples without NBs, like oxygen/isooctane 
sample. The reason of this behavior can be investigated in molecular 
interactions. Since in samples with stronger attractive forces that lead to 
the formation of NBs bring about intense collision between atoms that 

cause increase in thermal properties and specific isochoric heat capacity 
of bubbled samples [54]. 

3.2. Effect of gas content 

In order to study the effects of concentration of the dissolved gas on 
the formation mechanism and transport properties, 485 and 410 nitro-
gen molecules were dissolved in the dodecane and isooctane hosts, 
respectively, to obtain samples with gas weight fraction of 1.57. Unlike 
the samples with higher gas weight fraction, as shown in the previous 
sections, no bulk nanobubbles can be observed in 13.4 ns. 

Radial distribution function (RDF) which shows the probability of 
the existence of atoms in distance r around the specific atoms, can be 
calculated by using the following equation[55]. 

xυxξρgυξ(r) =
1
N
〈
∑Nυ

i=1

∑Nξ

i=1
δ(r + ri − rj)〉 (2)  

where x, ρ, g(r), N ,υ, and ξ are mole fraction, density, RDF, the number 
of total atoms, and the types of chemicals, respectively. The RDFs for 
gas–gas interactions in samples with varying concentrations of dissolved 
gas are depicted in Fig. 9. Within Fig. 9, a notable trend emerges in the 
RDF concerning different gas weight fractions. In cases with higher gas 
weight fractions, a distinct RDF peak is evident, indicating the presence 
of a considerable number of gas atoms in close proximity, likely forming 
gas clusters. Following this peak, a gradual decline in the RDF is 
observed, implying an increased availability of gas atoms for potential 

Fig. 9. The radial distribution function (RDF) of (a) nitrogen gas in isooctane and (b) dodecane samples.  

Fig. 10. Viscosity of obtained samples with different gas weight fractions and 
host liquids. 

Fig. 11. Absolute amount of attractive energy of samples with various content of scattered gas in (a) dodecane and (b) isooctane.  
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NB formation. Conversely, lower gas weight fractions result in a less 
pronounced RDF peak, suggesting a diminished number of gas atoms in 
close proximity. Moreover, a significant drop in the RDF is noticeable, 
signifying an insufficient quantity of gas atoms surrounding the cluster 
to facilitate NB formation. 

It was reported that the viscosity of carbon-based liquids is affected 
by the dissolved gas in such a way that increasing its concentration re-
duces the viscosity of the fluids[56]. As shown in Fig. 10, by increasing 
the concentration of the dissolved gas, the viscosity of the prepared 
samples decreases. 

Fig. 11 shows the van der Waals energy of the obtained samples with 
different gas weight fraction. As shown in the figure, the van der Waals 
energy decreases with the increase of gas weight fraction in both liquids. 
The reduced attractive force between atoms lowers the resistance of 
samples against flow, which decreases the viscosity of the prepared 
samples. 

Fig. 12 shows the RDF for liquid–gas. The results indicate that the 
increased gas weight fraction reduces significantly the RDF. Therefore, 
the number of gas atoms around the liquid atoms decreases with the 
increase of gas weight fraction, and they can move more freely, leading 
to increased diffusion coefficient. It was observed that the diffusion 
coefficient of the prepared samples is increased by 12.91 % and 1.45 % 
for isooctane and dodecane samples, respectively, when the gas weight 
fraction increased from 1.57 to 6 wt%, Table 4 shows the diffusion co-
efficient of 6 wt% of nitrogen samples. 

Fig. 12. The radial distribution function (RDF) for the gas-liquid interactions of the prepared (a) dodecane and (b) isooctane samples with different nitrogen 
concentration. 

Fig. 13. Comparison of specific heat capacity of mixtures with different gas 
weight fraction. 

Fig. 14. The average of (a) pairwise energy of dodecane sample, and (b) the total energy between gas and host liquid in isooctane sample.  
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Fig. 13 compares the specific heat capacity of mixtures with different 
gas weight fraction. It is noted for the prepared dodecane samples with 
the increase in gas weight fraction, the specific heat capacity is lowered. 
In contrast, the prepared isooctane sample at lower gas weight fraction 
has much lower heat capacity compared to the base isooctane, while a 
higher gas weight fraction at 6 wt% slightly increases the specific heat 
capacity. This behavior has been observed in an experimental study in 
which by increasing the weight fraction of dispersed materials in 

dispersive medium, the heat capacity increases initially and then de-
creases [57]. It is proposed that there is an optimal weight fraction that a 
higher or lower weight fraction can lead to the reduction of the specific 
heat capacity [55]. Therefore, the results shown in Fig. 13 indicate that 
dodecane has lower optimal weight fraction than isooctane that by 
increasing the weight fraction of the scattered gas above 1.57 wt%, the 
specific heat decrease. 

Fig. 14 shows the average pairwise energy of dodecane samples and 

Fig. 15. Snapshots of the formed NBs in dodecane sample at (a) 298.15 K and (b) 343.15 K at 0.5 ns.  

Fig. 16. Snapshots of the formed NBs in isooctane sample at (a) 298.15 K and (b) 343.15 K at 0.5 ns.  

Fig. 17. Snapshots of the formed NBs (a) at higher temperature at 1.5 ns, (b) at lower temperature at 1.5 ns and (c) at 4.75 ns in dodecane.  
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total energy between gas and liquid in isooctane samples. It can be seen 
in Fig. 14 (a) that by increasing the weight fraction of scattered gas in 
the dodecane samples, pairwise energy of the system decreases and lead 
to the reduction in the specific heat capacity. In addition, it was sug-
gested that three mechanisms play important roles in enhancing heat 
capacity of base fluids by adding additives, including the increase in 
surface energy, a high thermal resistance between base fluid and 
nanoparticles, and semi solidification of liquid layers around the 
dispersed nanoparticles in host liquids[57]. Scrutinizing the attractive 
force between nitrogen and isooctane molecules reveals that by rising 
the weight fraction of the dispersed gas from 1.57 to 6 wt%, the 
attractive force between host liquid and scattered gas atoms is increased 
by 60%, which leads to the increase in heat capacity of isooctane host 
mixture. Hu et al. [58] found that by increasing the weight fraction of 
scattered nanoparticles in eutectic salt-silica nanofluid for solar energy 
storage, the heat capacity is improved initially and then decreased. Their 
analysis confirmed that by increasing the weight fraction of dispersed 
particles, the potential energy of the system is increased to the optimum 
point and the further increase in the weight fraction of the addictive 
leads to the decrease in both potential energy and heat capacity. 

3.3. Effect of temperature 

Samples with the same weight fraction of the dispersed gas were 

studied at two different temperatures, 298.15 and 343.15 K. The number 
of initial clusters formed at higher temperature is less than that at the 
lower temperature, however the size of initial clusters at higher tem-
perature samples is larger. Fig. 15 and Fig. 16 show the snapshots of the 
formed NBs in dodecane and isooctane samples at 298.15 K and 343.15 
K at 0.5 ns. It is noted that three and two clusters are formed in dodecane 
and isooctane samples, respectively, at 343.15 K. In contrast, more small 
clusters have been observed at lower temperature. 

Fig. 17 shows the snapshots of the formed NBs at higher temperature 
at 1.5 ns and lower temperature at 1.5 ns and 4.75 ns. The results 
indicate that the coalescence process of the formed NBs is faster at 
higher temperature than that at lower temperature, as the coalescence 
process finishes at 1.5 ns at higher temperature sample; it takes 4.75 ns 
to complete the coalescence at lower temperature. 

Fig. 18 shows the snapshots of formed NBs in dodecane and isooctane 
at lower and higher temperature, and indicates that the size of the 
formed NBs at 13.4 ns is roughly the same for each combination. 
Therefore, it can be concluded that temperature doesn’t have significant 
effect on the size of the formed NBs in a long period of time, however as 
it does affect the coalescence process at initial time. 

In comparison to the viscosity of samples at environmental temper-
ature (Table 3), by increasing temperature, the viscosity of the prepared 
samples is decreased by 21.93% and 49.65% for the prepared dodecane 
and isooctane samples, respectively. It follows the general trend that the 

Fig. 18. Snapshots of formed NBs in (a, b) dodecane and (c, d) isooctane (a, c) at lower and (b, d) higher temperature.  
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viscosity of liquids decreases with the increase of temperature [56]. 
However, the results reveal that the type of host liquid plays an 
important role in the viscosity of the prepared sample, and in this case 

the viscosity of isooctane sample has much higher sensitivity to the 
temperature change. From molecular perspective, attractive intermo-
lecular forces between the host liquid and dispersed gas decreases with 
the increase in temperature. Therefore, the van der Waals interaction is 
reduced at higher temperature, as shown in Fig. 19, which increases the 
momentum transfer between the layers of molecules of the prepared 
samples and decreases the viscosity. 

It is also observed that the diffusion coefficient of the prepared 
samples is increased by 102.92% and 112.43% for isooctane and 
dodecane samples, respectively, when the temperature is increased from 
298.15 K to 343.15 K. Therefore, the molecules of the prepared samples 
can move more easily at higher temperature. 

Understanding of the effect of temperature on thermal properties, 
especially the specific heat capacity, is vital as they can influence the 
application of materials. Generally speaking, heat capacity decreases 
with the increase in temperature[59]. Fig. 20 compares the specific heat 
capacity of prepared samples at different temperature. The specific 
isochoric heat capacity of isooctane sample is decreased by increasing 
temperature, while the specific heat capacity of dodecane sample shows 
an opposite trend that it increases with the increase in temperature. 
Similar trend has been observed by other researchers that specific heat 
capacity of PCM-based mixture can be increased at higher temperature 
[53,58,60]. 

Fig. 21 shows the pairwise energy of isooctane and coulomb energy 
of dodecane samples at 298.15 K and 343.15 K. The results indicate that 
in the isooctane sample, non-bonded stored energy decreases with the 

Fig. 19. Absolute amount of van der Waals energy of (a) dodecane and (b) isooctane at different temperatures.  

Fig. 20. The specific heat capacity of prepared samples at different 
temperature. 

Fig. 21. (a) Pairwise energy of isooctane and (b) coulomb energy of dodecane samples at 298.15 K and 343.15 K.  
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increase in temperature and causes the decrease in specific heat capac-
ity. However, rising temperature leads to a decrease in the repulsive 
force of the dodecane sample, intensifying the collision of molecules and 
increasing the energy distribution and specific heat capacity. The anal-
ysis reveals the strong dependency of the heat capacity of mixtures at 
higher temperature on molecular interactions of host liquid. 

4. Conclusion 

In this paper, the formation, coalescence and behavior of formed NBs 
of different gases in the phase change material dodecane and fuel host 
isooctane and their thermal properties were investigated by molecular 
dynamics simulations. The main conclusions can be drawn as follows:  

(1) Formation of NBs and the speed of coalescence process are highly 
depended on the molecular interactions between host liquids and 
dispersed gases. Oxygen could form NBs in dodecane host but it 
could not generate any NBs in the isooctane sample. The viscosity 
of the prepared samples strongly depends on this interaction as 
adding oxygen to dodecane causes an increase in attractive forces 
and the viscosity. While repulsive force can be intensified by 
adding carbon dioxide, which decreases the viscosity.  

(2) Due to the enhancement of molecular collisions by increasing the 
attractive forces, specific heat capacity of samples with NBs is 
higher than those without NBs.  

(3) Nucleation of NBs strongly depends on the weight fraction of 
dispersed gases and by decreasing the weight fraction of dis-
solved gases, the probability of NBs formation decreases. In 
addition, by reducing the weight fraction of the scattered gas, the 
number of gas atoms around the host liquid atom decreases, 
which results in the increase in their mobility and reduces the 
viscosity.  

(4) Specific heat capacity highly depends on the weight fraction of 
the scattered gas and type of host fluids. For dodecane with long 
chain molecules, stored energy in the system decreases with the 
increase of weight fraction of dispersed gas, which reduces the 
heat capacity of the sample. In contrast, in the isooctane sample 
by increasing the weight fraction of the scattered gas, attractive 
force increases and leads to the increase in the specific heat 
capacity.  

(5) Increasing temperature enhances coalescence process. However, 
the effect of temperature on specific isochoric heat capacity 
highly depends on molecular interaction between the host liquid 
and addictive. For dodecane samples, by increasing temperature, 
repulsive force decreases and leads to an increase in collision of 
long chain molecules of dodecane, as well as the heat capacity. 
On the other hand, in isooctane samples, the stored energy of 
system is decreased by increasing temperature, which decreases 
specific heat capacity. 
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