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1. Introduction 
 

Researchers have placed a spotlight on CNTs since their 

discovery by Iijima in 1991 (Iijima 1991), performing 

numerous studies on the nanostructure and its properties. 

CNTs have many remarkable properties such as semi-

conductivity, superior mechanical stability and elastic 

properties under high strain and load, making these 

structures one of the most exciting materials (Chu et al. 

2015). 

In consideration of their extraordinary properties, 

various applications for these nanostructures, such as the 

use of CNTs to boost water desalination (McGinnis et al. 

2018), drug delivery (Panwar et al. 2019, Madani et al. 

2011), air filtration (Yildiz and Bradford 2013, Li et al. 

2014, Zhang and Wei 2019), bio sensing (Wang et al. 2006, 

Narang 2019), supercapacitors (Wu et al. 2017) and even 

petroleum filtration (Arash and Wang 2014) are proposed. 

Investigating the efficacy of many such applications 

requires comprehension of molecular-scale governing 

principles. To clarify ambiguous experimental findings and 

numerical results, it is important to understand the 

molecular mechanisms on this scale. 

Molecular dynamics simulations are widely used as a 

numerical tool to understand the principles and explore 

nanoscale unclear areas, particularly, the unique transport 

behavior of nanoconfined fluids. Important researches have 

been carried out, using molecular dynamics, to analyze flow 

dynamics in the CNTs (Majumder et al. 2005, Hummer et 

al. 2001, Pérez-Sánchez 2017, Köhler et al. 2019, Cao et al. 
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2006, Liakopoulos et al. 2016, 2017). Particularly, while 

deformation of carbon nanotubes under synthesis and 

membrane manufacturing processes (Li et al. 2012) is 

unavoidable and has been verified by experimental 

observation (Barzegar et al. 2017, Yuan et al. 2012), its 

associated effects on transport behaviour of various types of 

fluid is studied in the literature. Transport diffusion of 

helium gas across deformed CNTs was examined by Feng 

et al (2018). In their work, effect of temperature was 

investigated, and it was shown that variations in the cross 

section of the tube contributed to a substantial reduction in 

the rate of helium flow rate. Furthermore, a study of particle 

transport in graphene membrane nano-pores, using non-

equilibrium molecular dynamics, was conducted by Wen et 

al. (2015). Their goal was to find out the impact of pore 

shape and form on diffusion of gas particles. The results of 

their work, revealed that circular pore leads to the 

maximum flow rate, and dissymmetry in pore cross section 

would cause a reduction in gas flow rate. Lu et al. (2008) 

studied effects of nanochannels deformations on the gating 

of water permeation and the pattern of the density 

distribution of water inside the channel. Their findings 

showed that, in relation to the channel deformation, the 

behavior of the changes in wavelike water density 

distributions is found to correlate with the gating of the 

water permeation. Razmkhah et al. (2017), investigated the 

effects of CNT shape on the capacity of desalination, 

through MD simulation. Using three different shapes of 

nanotubes, they found that unlike tubular CNT, cone CNT 

was always full and water molecules passed through it 

continuously, therefore, higher flow rate was obtained. 

However, the amount of salt rejection in deformed cases 

were slightly decreased. In other words, they showed that 

the entrance of CNT has an impact on the amount of salt 
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rejection as well as the water conductance. Zhou et al. 

(2013), examines the influence of deformation of CNTs on 

water flux and the pumping capacity. Consequently, in the 

research, it is found out that deformation has a major role in 

pumping water molecules across CNT, and surprisingly at a 

certain deformation depth, in fact, an increase in water flux 

is recorded. In addition, effect of elliptical cross section on 

transportation of water molecules through CNTs was 

investigated by Robinson et al. (2019). Results indicated 

that flow rate of water is noticeably dependent on 

deformations of cross section. Mendonca et al. (2018, 2020) 

conducted a meticulous study on relationship of water flow 

rate with eccentricity of the elliptical CNT. Analyzing 

behavior of water inside nanotubes with and without 

deformation, they observed alterations in flow rate that 

were not monotonic, also, they found that generally, perfect 

nanotubes result in a greater diffusion than deformed 

nanotubes. He et al. (2012) studied how a narrow region 

along a perfect CNT would affect water flow rate. The 

results illustrated that depending on the position of 

deformation, a significant reduction occurs.  

In most of the researches on effects of CNT 

deformations, cross section of the tube is considered to be 

changed due to deformation, hence flow rate showed strong 

dependency and variations. Meanwhile, some probable 

forms of non-ideal CNTs in a membrane does not involve 

meaningful changes in the cross section (Shima 2012). The 

interest here lies in studying effects associated with 

deformed CNT membranes with perfect cross sections, 

which are not studied in the literature. On the other hand, 

simulation of monoatomic fluids flow is remarkably useful 

in inference of descriptive models for atomic structure and 

fluid dynamics in narrow CNTs. The general model utilized 

to describe monoatomic interactions, allows for extending 

the conclusions to a wide variety of liquids of more 

complex structures. On the other hand, less complexity 

assigned with argon in comparison to water, approves the 

researchers to reduce the analysis and search for more 

fundamental insights. In this study, flow rate of monoatomic 

fluid through alternative forms of CNT membranes is 

investigated. Furthermore, microscopic parameters of fluid-

wall interaction potential and atomic axial velocity are 

studied to inspect the effects of deformation. 
 

 

2. Methodology 
 
Initially, bent CNTs with chirality of (5,5) were 

generated by exerting pushing forces in x direction on a 

perfect CNT. The external forces acting on the CNT were 

defined as a function of CNT transverse deflection in order 

to achieve the desired bending in each case (Fig. 1). The 

carbon-carbon interaction is modelled by Tersoff potential 

(Tersoff 1988) with the parameters adopted from Brenner 

(Brenner 1990). 

Once the bent CNT is ready, flow rate of argon atoms 

through them is investigated using numerical simulations. 

To have a simulation for argon atoms flow rate in LAMMPS, 

a system was assembled which included four graphene 

sheets and a bent CNT. 

On the next step, inclined CNTs were formed by the 

Table 1 Model parameters used in argon flow simulation 

(Ackerman et al. 2003, Kaukonen et al. 2012, Rezaee and 

Ghassemi 2020) 

Interaction 
Well depth of 

potential, ε (J) 

LJ distance at zero inter-

atomic potential, σ (m) 
Mass (kg) 

Ar-Ar 1.71e-21 3.42e-10 6.633e-26 

Ar-C 9.08e-22 3.48e-10 - 

C-C No interaction 1.994e-26 

 

 

means of rotating the original vertical CNT about its center 

point to reach a specific desired angle.  

Subsequent to the formation of inclined CNT and 

determination of the simulation domain, molecular 

dynamics (MD) simulations were implemented in LAMMPS 

to study argon atoms flow rate. The inclined CNT was 

placed between two graphene sheets functioning as 

membrane walls, also, two more graphene sheets were used 

which served as pistons to contain and restrict the argon 

atoms. The graphene sheets are considered 5.0 nm in 5.0 

nm, unless otherwise declared. In addition, the boundary 

conditions for both x and y directions were set to periodic so 

as to avoid results of geometrical constraints. 

The total number of argon atoms exceeds 9500, high 

enough to avoid interaction between the piston wall and the 

membrane wall. These atoms are split equally between the 

two reservoirs in the beginning. The well-known Lennard-

Jones potential is implemented to model interactions 

between the atoms with the parameters as illustrated in 

Table 1.  

According to literature, it is well-understood that 

application of realized numerical configurations is of vital 

importance in molecular dynamics simulations in order to 

have valid conclusions (Ritos et al. 2015). There are 

different ways for applying pressure gradient to a system 

(Cannon and Hess 2010, Barclay and Lukes 2016, 

Derakhshan et al. 2015, Huang et al. 2006, Docherty et al. 

2014). The appropriate method should have two main 

characteristics: first, causing the argon atoms to flow 

through the pore and secondly, rejecting backflow (Rezaee 

and Ghassemi 2020). Moreover, it is essential that the 

effects of pressure gradient on the flow rate of argon be 

unambiguous. In order to achieve that, a variable force was 

exerted on the graphene sheets at the two ends, which is 

calculated as sum of two terms: 

𝑓𝑗,𝑧 = 𝑓𝑒𝑥𝑡 + 𝑓𝑎𝑣𝑔−𝑓𝑝 (1) 

Here, 𝑓𝑗,𝑧 is the total force to be exerted on atom j in z 

direction, and 𝑓𝑎𝑣𝑔−𝑓𝑝 is the average force of all fluid-

piston pairwise interaction force given by: 

𝑓𝑎𝑣𝑔−𝑓𝑝 =
∑ ∑ 𝐹𝑖,𝑗

𝑁𝑝𝑖𝑠𝑡𝑜𝑛

𝑗=1

𝑁𝑓𝑙𝑢𝑖𝑑

𝑖=1

𝑁𝑝𝑖𝑠𝑡𝑜𝑛

 (2) 

and 𝑓𝑒𝑥𝑡 , which is proportional to the desired pressure of 

the reservoir, is the external force exerted on piston atoms: 

𝑓𝑒𝑥𝑡 =
𝑃. 𝐴

𝑁𝑝𝑖𝑠𝑡𝑜𝑛

 (3) 
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in which P and A indicate absolute pressure and total area 

of the membrane, respectively. Also, the piston atoms are 

limited to move merely in z-direction, therefore, the 

structure of the pistons will maintain rigidity along the 

simulation. Fig. 1 shows the geometry of the domain. In 

order to ensure rapid diffusion and slight sampling error, the 

pressure difference is set as high as 1000 bar. 

Based upon literature, in this simulation the carbon-

carbon interaction in inclined CNT and graphene sheets is 

neglected (Alexiadis and Kassinos 2008, Ang et al. 2019, 

Chen et al. 2008, Zhou et al. 2013, Shen et al. 2016). As a 

result, the tube walls are considered a fixed structure, 

nevertheless, by using a Nosé-Hoover thermostat (Nosé 

1984, Hoover 1985), a simple spring model was applied on 

membrane walls to sustain the system temperature at 100 K. 

Whereas, no thermostat is applied on argon atoms 

(Alexiadis and Kassinos 2008, Ang et al. 2019). This 

consideration is exceptionally important to avoid non-

physical changes in fluid atoms movement, especially in 

nanoscale confined flow (Kannam et al. 2013, Wang et al. 

2017, Suga et al. 2018). 

In the start of the simulation, two fixed mathematical 

bouncy walls for fluid atoms were used in both sides of the 

CNT, confining the fluid atoms in the reservoirs and 

restricting them from entering the CNT. These bouncy 

walls will exist only until temperature equilibrium is 

reached in both reservoirs. Time-step is set to 1 fs and in 

most cases equilibrium is reached in 106 steps (1 ns). The  

 

 

 

flow rate data obtained from simulation is gathered for at 

least 100 ns after equilibrium is reached. The final average 

value of flow rate, attained in every case, was converged to 

a constant value with fluctuations only within 1 percent of 

that value. Also, in a previous study (Rezaee and Ghassemi 

2020), different methods for ensuring the consistency of the 

model was implemented including, radial distribution 

function and effects of CNT length and pressure difference 

on flow rate results. 

The flow rate data were gathered for at least 100 ns 

afterward. In every case, the average flow rate was 

converged to a constant value with no additional changes 

more than 1 percent of the value. Moreover, consistency of 

the model was previously (Rezaee and Ghassemi 2020) 

checked with several methods such as radial distribution 

function and effects of CNT length and pressure difference 

on flow rate results. 
 
 

3. Results and discussion 
 

In order to assess the effect of bending on the flow rate 

of argon through CNTs, at first, the flow rates of a straight 

nanotube, with the length of 13.63 nm and diameter of 6.78 

Angstroms, and the bent form of the same tube were 

compared. The bending doesn’t affect the cross section at 

any point, and the cross section remains a constant circle 

throughout the bent CNT. This point is clearly illustrated in 

 
Fig. 1 The simulation domain. The open source software Ovito (Stukowski 2010) was used to render the image 

 
Fig. 2 Straight and bent CNTs with uniform cross sections in a membrane 
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Fig. 2. This study was merely conducted to show that flow 

rate is not affected by bending in tubes, which seems 

plausible at first sight. In other words, it was assumed that 

since there are no significant changes in the cross section of 

the tube, the flow rate shouldn’t fluctuate due to the 

bending. In spite of this, the results presented in Fig. 3 

illustrate that bending causes the flow rate to decrease 

noticeably, around 30 percent. 

Considering the process of deforming the CNT and 

obtaining a bent one, during which the two graphene sheets 

on the sides of the CNT were fixed, it seems natural that the 

CNT has elongated. Also, from previous researches, it has 

been observed that elongation of CNTs can result in a 

reduction in flow rate. Therefore, another simulation was 

conducted on a straight CNT, which was subjected to an 

appropriate tensile force to reach the same length as the 

bent CNT investigated previously. Results gathered from 

this case indicate that, although there has been a reduction 

in flow rate, the magnitude of the decrease is not even close 

to the bent CNT. Flow rate and convergence process are 

illustrated for each case in Fig. 3. Therefore, it can be 

concluded that the considerable reduction in flow rate 

through bent CNT, can’t be merely an effect of elongation 

and despite the expectations, the bending alone has negative 

effects on the flow rate, even when cross section is uniform. 

Subsequently, due to the clear result that flow rate is in  

 

 

 

fact affected by bending of CNTs, it is essential to 

investigate simpler structures in order to quantify the bent 

effect, solely. As it is clearly illustrated in Fig. 2, the 

primary bent CNT includes four bends of which at least two 

are different in terms of angle and curvature radius. Hence, 

the results of numerical simulations are affected by a 

combination of these factors, therefore, it’s impossible to 

investigate and quantify the direct effect of a single bent. 

Some simplifications must be implemented in order to 

resolve this issue. For this reason, a new system, illustrated 

in Fig. 4, was considered. This system is constituted of a 

simple bend with a specific angle and curvature radius. 

Nevertheless, this system, also, can’t be considered as a 

completely simplified case since the axes of CNT aren’t 

perpendicular to the graphene sheets at the two ends. In 

other words, the cross section of the entrance and exit of 

CNT are elliptic. Besides that, the inclined axis of nanotube 

near the membrane walls influences fluid-fluid interaction 

potential. To make sure of this effect, simulation of inclined 

CNT with different entrance angles were studied separately.  

As it is illustrated in Fig. 5 besides the perpendicular 

CNT, argon flow rate in inclined CNTs with rotation angles 

of 15, 30, 45, and 60 degrees were studied. Results of this 

study are presented in Fig. 6. As it is clearly shown in the 

figure, with constant length and diameter, the angle of CNT 

inclination, in other words the angle between CNT axis at 

 
Fig. 3 Convergence trend and flow rate values in three cases of straight, bent and elongated CNTs 

 
Fig. 4 Simplified bend in a nanotube 
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entrance and graphene sheet, has a noticeable impact on 

fluid flow rate. This impact, which can be as great as 20 

percent of the value, is not monotonic. Fig. 7 illustrates the 

fluid-fluid potential distribution experienced by the fluid 

particles passing through the entrance of nanotube. This 

figure proves the considerable effect of inclination of the 

path, separately and apart from the effect of elliptic entrance 

of nanotube.  

Asserting the noticeable effect of CNT inlet angle on the 

flow rate, it has been shown that considering Fig. 4 as an 

illustration of the problem will not lead to an accurate and 

precise study on the pure effect of nanotube’s bending.  

 

 

 

Another significant factor influencing the flow rate is also 

introduced in the above-mentioned scenario. Conditions 

must, therefore, be provided so that the nanotube is 

perpendicular to the surface of the membrane, while 

maintaining its bending. The system was produced as 

shown in Fig. 8 to aim for such conditions. In this case, 

between two diagonal membranes, a bent nanotube is 

enclosed in a way that both membranes create right angles 

with nanotube inlets. The length of the membranes is 

increased so that the entire domain can be contained, which 

does not have a substantial effect on the results of our study. 

Systems were created in various bent angles and the argon 

 
Fig. 5 Investigating the effect of entrance angle on flow rate 

 
Fig. 6 Effect of inclination angle on the flow rate 
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Fig. 7 Fluid-fluid potential distribution experienced by the fluid particles inside nanotube and upstream reservoir 

along the CNT axis 

 
Fig. 8 Analyzing the flow rate in the bent nanotube, without putting the effect of inlet angle into consideration 

 
Fig. 9 Analyzing the flow rate in the bent nanotube, without putting the effect of inlet angle into consideration, 2 

sample angles 

 
Fig. 10 Flow rate enhancement versus bent angle 
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flow within them was studied. In Fig. 9, two such structures 

are illustrated. As shown in Fig. 10, the results showed that 

the flow rate decreases as the bent angle increases. A more 

detailed look on the cross section of the bent tube, may 

explain this behaviour. Fig. 11(a) shows that the distribution 

of atoms passing through CNT is significantly affected in 

bent cases. As seen in this figure, the fluid atoms tend to 

avoid the inner curvature. This effect can be significant in 

changing the atoms path through CNT, and decreasing the 

flow rate value. On the other hand, the distribution of fluid-

solid interaction potential also appears to be non-uniform in 

bent CNT, while it depends only on wall parameters and is 

symmetrical in straight nanotubes (Sofos et al. 2016). Fig. 

11 (b) shows this distribution for two cases of bent angles 

(θ = 20 and θ = 80). When compared to straight CNT, the 

variation of fluid-solid interaction, which is experienced by 

the fluid atoms, increases the resistance against the fluid 

flow, leading to lower flow rate in cases with higher bent 

angles. The effect is substantial in the region near the 

compressed CNT perimeter, which is the inner part of the 

bending curve (upper region in Fig. 11).  
 

 

4. Conclusions 

 

Effects of different deformations and alterations in CNT 

membranes on the flow of monoatomic fluid is investigated. 

MD simulation was carried out to model the CNT 

deformation, having Tersoff potential describing carbon-

carbon bonded interaction. Afterwards, the argon flow was 

modeled in a long enough simulation to obtain the flow rate  

 

 

variations in deformed cases. Armchair CNTs of (5,5) were 

considered. At first, the effect of CNT bending on the flow 

rate is proven to be significant, using simulation of a 

complex bent CNT structure. Then it was shown that angle 

of entry for CNT to the graphene membrane is an effective 

parameter. The average fluid-fluid interatomic potential 

function along the CNT axis in each inclined case justified 

the non-monotonic behavior of flow rate versus the angle. 

To evaluate pure effect of a single CNT bending on fluid 

flow rate, a new configuration is proposed and studied. The 

results showed that despite of CNT cross section 

experiencing no eccentricity, the flow rate decreases 

uniformly with increasing bending angle. Investigation of 

wall-fluid potential distribution in CNT cross section shows 

significant non-uniformity in bent cases. Future endeavors 

should be aimed at investigating similar effects for more 

complex fluids, clearly water is of great interest. 

Furthermore, investigation of effects associated to changing 

CNT length, diameter and inclination angle, as well as 

combination of them by pressure difference should be 

considered to complete the descriptive image. 
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