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Abstract 

The flow rate of water through carbon nanotube (CNT) membranes is remarkably large, and hence, 

CNT membranes can be applied in various processes. Here, we conducted a molecular dynamic (MD) 

simulation of introduction of water into between CNTs of CNT membranes, especially vertically 

arrayed CNT forests (VACNFs). The results showed that the Knudsen number (Kn) increased with 

increasing volume fraction of fiber (Vf), and Kn was greater than 10-3, over which flow become slip 

flow, for each Vf. Further, the permeability increased as the Vf increased in the slip model by the 

Darcy’s law using MD results, while the permeability in the no-slip model predicted by the Hagen–

Poiseuille relation decreased. That is, there is a clear divergence of the permeability tendency between 

the models. Finally, the results also show that it is easier to permeate water as Vf increases. 

 

 

1. Introduction 

 

Carbon nanotubes (CNTs) have many excellent characteristics such as high thermal conductance, high 

strength, and chemical stability. Moreover, it is extensively applied with electrical1-3, structural4-6 and 

biometric7-9 material. Among them, vertically arrayed CNT forests (VACNFs10) have attracted great 

attention; because they can be made on a large scale at low cost by chemical vapor deposition (CVD11), 

and their mesoporous structures have a high potential for use in nanofluidic applications, such as 

nanofiltration, biosensor and catalyst12-14. In the design of these nanofluidic equipment based on CNTs, 

it is essential to understand and control the interaction between the CNTs and the fluid12. For that 

reason, many investigations of water permeation inside a CNT have been carried out analytically15-20 

and experimentally21-24. It has reported that the flow rates of water through a CNT are one to five 

orders of magnitude greater than those predicted by the continnum-based no-slip Hagen-Poiseuille 

relation. Furthermore, these flow rates increase as the area of the permeation region decreases. A 

similar tendency was seen in the experimental results of Byeongho et al.25, who investigated water 

permeability outside a CNT in a VACNF.  

Although the flow investigations inside a CNT are done analytically and experimentally, no 

experimental investigations have been done on the outside of a CNT in a VACNF. Thus, in the present 

study, we simulated the permeation of water outside a CNT in a VACNF, and investigated the flow of 

water. Here, we used the Gebart model26 as permeability model of porous medium, which is known for 

its consistency with experiments and continuum numerical analyses. However, the fluid inside minute 

porous on a nanolevel involves a high Knudsen number (Kn), and the flow turns into a slip flow, 

which has a velocity in the liquid/solid interface27. Thus, there is a possibility that the Gebart equation 

cannot be applied to a fluid in a nanopore; however this has not been confirmed yet. Our research goal 

is to verify the application of the Gebart equation by comparing the permeabilities of the Gebart 
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equation (no-slip model), derived using a hypothesizing Hagen-Poiseille flow, and the Darcy’s law28 

using MD results (slip model), and the verification of flow tendency in a nanopore.  

In this paper, we consider the water fluid, which is at an unsaturated state, outside a CNT. Moreover, 

we show our results as follows; (1) investigation of the Knudsen number (Kn); (2) verification of the 

application of permeability predicted by a no-slip model; and (3) investigation of the divergence 

between the permeability in a slip model and a no-slip model.  

 

2. Results 

 

2.1.  Analytical model and method 

 

The analytical model of permeation ouside the CNT is shown in Fig. 1(a), and we set the CNT with a 

cap in the center of graphene, and arranged water molecules above the CNT. The CNT diameter is 

2.16 nm, and its length is 3.19 nm. We varied the size of the graphene to reach Vf = 0.090, 0.106, 0.188, 

0.311, 0.424, 0.505, 0.611 and 0.706. Here, we defined Vf as Vf = (area of CNT) / (area of graphene) in 

the model of Fig. 1(a). By applying the boundary conditions to the analytical model in Fig. 1(a), we 

created the VACNF shown in Fig. 1(b) and conducted the permeation outside the CNT. 

In the investigation, we conducted an MD simulation using Large-scale Atom Molecular Massively 

Paralle Simulation (LAMMPS), and permeated water outside a CNT in the VACNF. In the simulation, 

we used the TIP3P model 29-31 for water and the AMBER96 32 for the potential function. The viscosity 

of water is μ = 0.321 mPas at 300 K 27. The long range Coulomb forces were computed using the 

particle-particle particle-mesh (PPPM) method 33 and the mean square error was 10-4. The SHAKE 

method 34 was used to solve the equation of motion in a constraint condition. We controlled the system 

temperature by solving the Langevin equation of motion 35 in the relaxation calculation and 

permeating simulation. We used the values listed in table 1 for each parameter in the potential function 

and and analysis conditions in the relaxation calculation. The permeating simulation conditions are 

given in table 2.  

 

2.2.  Fluid permeation outside CNTs 

 

In the evaluation formula of fluid permeation, we use the permeability in the Darcy’s law28 (eq. (1)) 

and the Gebart equation26 (eq. (2)) which are widely used to verify the permeation behavior of a fluid 

in a porous media. Here, when we calculate the permeability using MD results, we use Darcy’s law. 
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where uMD is the velocity of fluid permeation into porous media, KMD is the permeability, μ is the 

viscosity of a fluid, φ is the porosity, dP/dz is the pressure gradient in the flow direction, KG is the 

permeability of the case that the permeation direction is parallel to the fibrous direction, R is the fiber 

radius and Vf is the volume fraction of a fiber. Then, we consider eq. (1) to be the permeability of a no-

slip model, and eq. (2) to be that of a slip model. We compare the permeability obtained from eq. (1) 

using MD simulation with the one from eq. (2). Furthermore, we calculated dP/dz by evaluating the 

pressure within several sub-volumes along the CNT axis and performing a linear regression analysis. 

Here, in the MD we calculate the pressure using virial theorem (eq. (3)) 36. 
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where V is the volume, N is the number of atoms, kB is the Boltzmann constant, T is the temperature, rij 

is the distance between atom i and j, Fij is the interaction force beween atom i and j. 

Then, Kn is defined as the ratio of the mean free path and the characteristic length, and it is used to 
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determine whether a flow field can be a continuum37. We use eq. (4) to determine Kn on permeation 

outside the CNT. 
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where λ is the mean free path, h’ is the characteristic length, and r’ is the molecular radius. In this 

paper, we use k = 1.38×10-23 J/K and r’ = 0.19 nm. h’ is the hydraulic diameter considering the 

control volume (Fig. 2(c)) of the model where the CNTs stand close together and straight on the 

substrate (Fig. 2(b)).  

 

2.3.  Results of MDS and calculation 

 

We show the results of the MD simulation and the calculation in Fig. 3. First, In Fig. 3(a), Kn is higher 

than 0.001 for each Vf, thus it is found that the water flow becomes slip flow. Furthermore, Kn 

increases as the permeation area becomes narrower. Then, Fig. 3(b) shows the relationship between Vf 

and permeability (logK). In this graph, although the permeability of the slip state using MD results 

increase, that of no-slip state decreases as the permeating area becomes narrower. On the other hand, 

the permeability of the slip state using the MD results corresponds with that of the no-slip state as the 

permeation area becomes wider, that is, the influence of slip becomes smaller. 

 

2.4.  Discussion  

 

First, by the tendency of the Fig. 3(b), we can say that there is a clear divergence of the permeability 

tendency between the slip and no-slip states and the permeabilities show an opposite tendency with Vf. 

The tendency that the permeability increases and fluid flows more easily as the permeation area 

becomes narrower, corresponds with the experimental results of Byeongho et.al.25, who investigated 

water permeability in a VACNF. On the other hand, the permeability of the slip state corresponds with 

that of the no-slip state as the permeation area becomes wider. According to the above results, in 

permeation in nanopore-based CNTs, there exists a wide region where permeability in the no-slip state 

cannot be applied; therefore it is necessary to consider a new permeability equation with slip. 

Furthermore, it is found that the Vf increases and water become permeates more easily. This is because 

almost no friction is generated by the super-hydrophobicity of the CNT. Moreover, there are weak 

interfacial forces between the CNT and the water molecules. 

 

 

3. Conclusions 

 

In this study, we conducted a MD simulation of introduction of water into CNT membranes, especially 

a VACNF. As a result, we acquired the following results. First, Kn increased as the permeation area 

become narrower. Moreover, for each Vf, Kn was greater than 10-3 where the flow becomes slip flow. 

Next, while the permeability of the slip state from the MD results increases, that of the no-slip state 

decrease as the permeating area becomes narrower. On the other hand, the permeability of the slip 

state using the MD results corresponds with that of the no-slip state as the permeation area becomes 

wider, that is, the influence of slip becomes smaller. Thus, we can conclude that there is a clear 

divergence of permeability tendency between the slip state and the no-slip state, and the permeabilities 

show an opposite tendency with Vf. Furthermore, it is found that the Vf reases and water permeates more 

easily owing to the influence of the super-hydrophobicity of the CNT and the weak interfacial forces 

between the CNT and the water molecules.. 
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Figures 

 

 

 

 

(a) (b) 

(c) 

Fig. 1 Analytical models and permeating behavior. (a) Analytical model of impregnation outside a CNT. 

(b) Impregnation is performed by applying the periodic boundary condition. 

 

 

 

 

 

 

 
(a) 

  
(b) (c) 

Fig. 2 (a) is side view of and (b) is top view of schematics of the liquid interface in a surface with 

two-dimensional patterning with hydrophobic posts organized on a square lattice. (c) is definition of 

control volume. 
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(a) (b) 

Fig. 3 Diameter vs (a) Kn and (b) permeability.  
 

 

 

 

Tables 

 
Table 1. Parameters of AMBER96 potential function. i, j, and k represent an atom. 

Atoms(ij) εij [kcal/mol] σij [Å] 

CC 0.086 3.407 

OO 0.1521 3.151 

HH 0.0 0.0 

CO 0.114 3.275 

CH 0.0 0.0 

Bonds(ij) KijR [kcal/mol/Å2] Rijeq [Å2] 

OH 1000.0 1.0 

Angles(ijk) Kijkθ [kcal/mol/rad2] θijkeq [°] 

HOH 1,000.0 109.47 

 

 
Table 2. Computational condition of simulation. 

Relaxation Time step [fs] 0.01 

 Running time [fs] 20 

 Damping constant 100.0 

Simulation Time step [fs] 1.0 

 Running time [fs] 8.0 × 105 

 Temperature [K] 300 
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