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1. Introduction 
 

Nanoporous filtration membranes have been in fast 

development because of their important applications in 

super purification, hemofiltration, drug delivery, biosensors 

and DNA analysis etc. (Fissel et al. 2009, Jackson and 

Hillmyer 2010, Jung et al. 2019, Rashidi et al. 2020, Sofos 

et al. 2019, 2020, Surwade et al. 2015, Yang et al. 2006). 

The studies on these membranes were mainly experimental 

(Baker and Bird 2008, Jung et al. 2019, Li et al. 2004, 

Rashidi et al. 2020, Tiraferri et al. 2011, Yip et al. 2010). It 

has been found by experiments that the water transport 

through carbon nanotubes is much faster than the classical 

hydrodynamic flow theory prediction (Calabrò 2017, 

Majumder et al. 2005, Mattia et al. 2014, Whitby and 

Quirke 2007). It was explained by using the wall slippage, 

the depletion layer near the wall or both of them (Calabrò et 

al. 2013, Mattia and Calabro 2012). Water can also flow in 

hydrophilic micro/nano tubes where there may be a certain 

adsorption layer on the tube wall considerably influencing 

the water flow (Omidvar et al. 2015). 

In some nanoporous filtration membranes, there exists 

the regime of the multiscale flow where the radius of the 

filtration pore is comparable to the thickness of the 
physically adsorbed layer on the pore wall; in the central 

region of the pore occurs the continuum fluid flow. 

Theoretical studies should solve this multiscale flow.  
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Experiments confirmed the existence of the physical 

adsorbed layer on a solid surface long time ago (Brown et 

al. 1975, Debye and Cleland 1959, Everett and Findenegg 

1969, Findenegg 1971). The adsorbed layer can be a mono 

fluid molecule layer for long-chain fluid molecules or 

consists of several fluid molecule layers for short-chain 

fluid molecules or simple fluids. The mono adsorbed layer 

can be taken as a solid layer (Grosse-Rhode and Findenegg 

1978), while the multiple adsorbed fluid molecule layers 

should be treated by considering the momentum transfer 

between them (Zhang 2006). 

Not only the orientation but also the density and 

viscosity evolution occur within the adsorbed layer 

(Abraham 1978, Derjaguin 1983, Kern et al. 1977, Somers 

and Davis 1992). These physical phenomena depend on the 

fluid-solid interaction, the solid structure and the 

temperature. A simple way is just treating the adsorbed 

layer and the intermediate continuum fluid respectively 

with different viscosities (Chan and Horn 1985, Chauveteau 

et al. 1984), however, it was also realized that the 

microscopic molecular-scale flow model should be required 

for the adsorbed layer flow.  

Chan and Horn (1985) experimentally detected the 

adsorbed layer effect in a concentrated contact which 

resulted in the anomalous flow behavior between two solid 

surfaces when the surface separation was below 50nm. 

From their experiment, it should still not be drawn that the 

flow has entered into the non-continuum regime for the 

surface separation below 50 nm. There may be the 

multiscale flow in their experiment consisting of both the 

adsorbed layer flow and the intermediate continuum fluid 

flow. Zhang (2019) showed that the adsorbed layer with the 
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Abstract.  The paper presents the multiscale calculation results for the multiscale flow in micro/nano porous filtration 

membranes where the adsorbed layer effect is involved, by considering the adsorbed layer-fluid interfacial slippage. The 

analysis consists of the molecular scale analysis for the adsorbed layer flow and the continuum analysis for the intermediate 

fluid flow. The calculation results are respectively compared with the classical flow theory calculations and those based on the 

solid layer assumption. The adsorbed layer flow rate is also compared with the flow rate of the intermediate continuum fluid. 

It is shown that for a strong fluid-pore wall interaction or for a large adsorbed layer-fluid interfacial slippage the adsorbed 

layer can be treated as a solid layer; otherwise it should be treated as a flowing layer. The large interfacial slippage results in 

the flow rate through the pore far greater than the classical Hagen-Poiseuille equation calculation; it largely propels the flow of 

the intermediate continuum fluid and makes the adsorbed layer flow negligible particularly for the medium and strong 

fluid-pore wall interactions. The increasing fluid-pore wall interaction strength significantly reduces the flow rate through the 

pore. 
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thickness 1nm can have a significant influence on the flow 

in a micro/nano slit pore when the surface separation is 50 

nm.  

It is necessary to develop the corresponding multiscale 

analysis for the multiscale flow in a micro surface 

separation where the adsorbed layer effect is involved. 

Molecular dynamics simulation was ever used to model this 

multiscale flow (Atkas and Aluru 2002, Liu et al. 2007, Nie 

et al. 2004, Sun et al. 2010, Yen et al. 2007), however it is 

insufficient for modeling an engineering multiscale flow 

because of the over cost of both the computational time and 

the computer storage. The flow factor approach model for 

nanoscale flow was used to simulate the adsorbed layer 

flow, and it is an equivalent continuum flow model 

capturing the layer orientation and rheology evolution. 

Based on this model, the multiscale analysis has been 

developed respectively for the flows in micro/nano slit and 

cylindrical pores (Zhang 2020a, b), the closed-form explicit 

flow equations have been derived respectively for the 

adsorbed layer flow and the intermediate continuum fluid 

flow (Zhang 2020a, b).  

Based on the former research (Zhang 2020b) which 

derived the governing equations respectively for the 

adsorbed layer flow and the intermediate continuum fluid 

flow in a micro/nano cylindrical tube considering the 

adsorbed layer-fluid interfacial slippage, the present paper 

outlines the important parameters which show the adsorbed 

layer effect and gives the typical calculation results showing 

how the adsorbed layer influences the flow in micro/nano 

cylindrical pores in the condition of the interfacial slippage. 

Important conclusions have been drawn concerning the 

effects of both the adsorbed layer and the interfacial 

slippage in micro/nano cylindrical tube flows. The obtained 

results are of interest to the design and application of 

micro/nano porous filtration membranes for water 

purification or the separations of other liquids. 
 

 

2. Studied flow 
 

Fig. 1 shows the cross section of a micro/nano 

cylindrical tube where are present both the physically 

adsorbed boundary layer and the intermediate continuum 

fluid. Because of the thickness ℎ𝑏𝑓 of the adsorbed layer 

on the same scale with the tube inner radius, the effect of 

the adsorbed layer on the tube flow should be considered. 

The continuum fluid flow with the covering radius 𝑅0 can 

be simulated by the continuum fluid model. The fluid 

molecule is treated as a rigid spherical ball and within the 

adsorbed layer it is orientated and annularly layered as 

shown in Fig. 1. In a pressure driven flow, the momentum is 

transferred layer by layer in the proximity of the tube wall, 

and Fig. 1 shows the equivalent layering structure adjacent 

to the tube wall. 

For a hydrophilic tube wall, the interfacial slippage may 

first occur on the adsorbed layer-fluid interface, while it is 

absent on the adsorbed layer-tube wall interface. This 
interfacial slippage should largely reduce the resistance to 

the continuum fluid flow and consequently significantly 

enhance this flow. However, the adsorbed layer flow should 

be significantly alleviated because of the reduced  

 
Fig. 1 The studied multiscale flow in a micro/nano 

cylindrical tube with the adsorbed layer-fluid interfacial 

slippage 

 

 

momentum transfer by the interfacial slippage. The present 

paper just studies this multiscale flow to show the combined 

effect of the adsorbed layer and the interfacial slippage. 
 
 

3. Multiscale formulations of the flow 
 

The detailed multiscale analysis for the tube flow in Fig. 

1 has been shown by Zhang (2020b). The adsorbed layer 

flow is simulated by the flow factor approach model for 

nanoscale flow. Except on the interface, the fluid is 

Newtonian. The interfacial slippage is described by the 

limiting interfacial shear strength model, which interprets 

the adsorbed layer-fluid interfacial slippage as the result of 

the interfacial shear stress exceeding the interfacial shear 

strength on the adsorbed layer-fluid interface. When the 

magnitude of the shear stress on the adsorbed layer-fluid 

interface exceeds the shear strength of the adsorbed 

layer-fluid interface, the magnitude of the shear stress on 

the adsorbed layer-fluid interface will be reduced to be 

equal to the adsorbed layer-fluid interfacial shear strength, 

in this case, the shear stress boundary condition replaces the 

flow velocity boundary condition on the adsorbed 

layer-fluid interface, and by doing so there will be the flow 

velocity difference between the adsorbed layer and the 

continuum fluid on the adsorbed layer-fluid interface i.e., 

the interfacial slipping velocity. Furthermore, the flow is 

assumed as isothermal and the pressure influences on both 

the fluid density and viscosity are assumed as negligible. 

 

3.1 For the adsorbed layer 
 

When no wall slippage occurs on the tube wall but the 

interfacial slippage occurs on the adsorbed layer-fluid 

interface, the volume flow rate of the adsorbed layer 

through the tube is (Zhang 2020b): 

𝑞𝑣,𝑏𝑓 = 2𝜋𝑅𝑒[
ℎ𝑏𝑓

3

2𝜂𝑏𝑓
𝑒𝑓𝑓

𝜏𝑠,𝑏−𝑓

𝑅0
(1 +

1

2𝜆𝑏𝑓
 

−
𝑞0 − 𝑞0

𝑛

𝑞0
𝑛−1 − 𝑞0

𝑛

𝛥𝑛−2

ℎ𝑏𝑓
)

𝜀

1 +
𝛥𝑥
𝐷

−
𝐹1𝜏𝑠,𝑏−𝑓ℎ𝑏𝑓

3

12𝑅0𝜂𝑏𝑓
𝑒𝑓𝑓

] 

(1) 

where D is the fluid molecule diameter, 𝜏𝑠,𝑏−𝑓 is the shear 
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strength of the adsorbed layer-fluid interface, n is the 

number of the fluid molecules across the adsorbed layer 

thickness, 𝑅𝑒 is an equivalent constant radius, 𝑅0 < 𝑅𝑒 <

𝑅0 + ℎ𝑏𝑓, often 
𝑅𝑒

𝑅0
= 1 + 𝜆𝑏𝑓 and 𝜆𝑏𝑓 =

ℎ𝑏𝑓

2𝑅0
, 𝜂𝑏𝑓

𝑒𝑓𝑓
 is the 

effective viscosity of the adsorbed layer and formulated as 

𝜂𝑏𝑓
𝑒𝑓𝑓

= 𝐷ℎ𝑏𝑓/[(𝑛 − 1)(𝐷 + 𝛥𝑥)(
𝛥𝑙

𝜂𝑙𝑖𝑛𝑒,𝑙)𝑎𝑣𝑟,𝑛−1
,  𝜂𝑙𝑖𝑛𝑒,𝑙+1  and 𝛥𝑙 

are respectively the local viscosity and the separation 

between the (l+1)th and lth fluid molecules across the layer 

thickness, the order number of the fluid molecules across 

the adsorbed layer thickness is shown in Fig. 1, 𝑞0 =
𝛥𝑙+1

𝛥𝑙
 

and 𝑞0 (>1) is taken as the average constant, 𝛥𝑥 is the 

separation between the neighboring fluid molecules in the 

axial direction in the adsorbed layer, ε = (2DI + 

II)/[hbf(n−1)(Δl/ηline,l)avr,n−1], and 𝐹1 =
𝜂𝑏𝑓

𝑒𝑓𝑓(12𝐷2𝜓+6𝐷𝜑)

ℎ𝑏𝑓
3 . 

Here, 𝑖(𝛥𝑙/𝜂𝑙𝑖𝑛𝑒,𝑙)𝑎𝑣𝑟,𝑖 = ∑
𝛥𝑗−1

𝜂𝑙𝑖𝑛𝑒,𝑗−1

𝑖
𝑗=1 , 𝑖(𝑙𝛥𝑙−1/𝜂𝑙𝑖𝑛𝑒,𝑙−1)𝑎𝑣𝑟,𝑖 =

∑ 𝑗𝛥𝑗−1/𝜂𝑙𝑖𝑛𝑒,𝑗−1
𝑖
𝑗=1 , 𝐼 = ∑ 𝑖(𝛥𝑙/𝜂𝑙𝑖𝑛𝑒,𝑙)𝑎𝑣𝑟,𝑖

𝑛−1
𝑖=1 , 𝐼𝐼 =

∑ [𝑖(𝛥𝑙/𝜂𝑙𝑖𝑛𝑒,𝑙)𝑎𝑣𝑟,𝑖 + (𝑖 + 1)(𝛥𝑙/𝜂𝑙𝑖𝑛𝑒,𝑙)𝑎𝑣𝑟,𝑖+1]𝛥𝑖
𝑛−2
𝑖=0 , 𝜓 =

∑ 𝑖(𝑙𝛥𝑙−1/𝜂𝑙𝑖𝑛𝑒,𝑙−1)𝑎𝑣𝑟,𝑖
𝑛−1
𝑖=1 , and 𝜑 = ∑ [𝑖(𝑙𝛥𝑙−1/𝑛−2

𝑖=0

𝜂𝑙𝑖𝑛𝑒,𝑙−1)𝑎𝑣𝑟,𝑖 + (𝑖 + 1)(𝑙𝛥𝑙−1/𝜂𝑙𝑖𝑛𝑒,𝑙−1)𝑎𝑣𝑟,𝑖+1]𝛥𝑖. 

 

3.2 For the intermediate continuum fluid 
  

When the interfacial slippage occurs on the adsorbed 

layer-fluid interface, the volume flow rate of the continuum 

fluid through the tube is (Zhang 2020b): 

𝑞𝑣,ℎ𝑓 = 𝜋𝑣0𝑅0
2 +

𝜋𝑅0
3𝜏𝑠,𝑏−𝑓

4𝜂
 (2) 

where 𝑣0 is the velocity of the continuum fluid at 𝑧 =
−𝑅0 i.e., on the adsorbed layer-fluid interface and 𝜂 is the 

fluid bulk viscosity. 

By formulating the interfacial slipping velocity as 𝑣𝑠 =
𝛥𝑃𝑂𝑊/(𝜋𝑅0𝛥𝑙𝜏𝑠,𝑏−𝑓)  (Zhang 2020b), where 𝛥𝑙  is the 

axial length of the tube, 𝛥𝑃𝑂𝑊 = 𝑃𝑂𝑊 − 𝑃𝑂𝑊𝑐𝑟 , POW is 

the power loss on the tube with the axial length 𝛥𝑙, and 

𝑃𝑂𝑊𝑐𝑟  is the critical power loss on the tube with the axial 

length 𝛥𝑙 for starting the interfacial slippage, the volume 

flow rate of the continuum fluid through the tube is further 

expressed as (Zhang 2020b): 

𝑞𝑣,ℎ𝑓 =
𝜋𝑅0

3𝜏𝑠,𝑏−𝑓

4𝜂
+ 𝜋𝑅0

2[
𝛥𝑃𝑂𝑊

𝜋𝛥𝑙𝜏𝑠,𝑏−𝑓𝑅0

−
2𝐹2𝑅0𝜏𝑠,𝑏−𝑓𝜆𝑏𝑓

2

3𝜂𝑏𝑓
𝑒𝑓𝑓  

−
4𝑅0𝜏𝑠,𝑏−𝑓𝜆𝑏𝑓

𝜂𝑏𝑓
𝑒𝑓𝑓

(1 +
𝛥𝑥
𝐷

)
(
1

2
+ 𝜆𝑏𝑓 −

𝑞0 − 𝑞0
𝑛

𝑞0
𝑛−1 − 𝑞0

𝑛

𝛥𝑛−2

2𝑅0

)] 
(3) 

where 𝐹2 = 6𝜂𝑏𝑓
𝑒𝑓𝑓

𝐷(𝑛 − 1)(𝑙𝛥𝑙−1/𝜂𝑙𝑖𝑛𝑒,𝑙−1)𝑎𝑣𝑟,𝑛−1/ℎ𝑏𝑓
2 . 

 

3.3 Performance parameters 
 
3.3.1 For the present multiscale analysis 
The dimensionless total volume flow rate through the 

tube is (Zhang 2020b): 

𝑄𝑣 =
𝐾1

2𝜆𝑏𝑓
, for 𝐾1 > 𝐾𝑐𝑟  (4) 

where 𝑄𝑣 = 𝑞𝑣𝜂/(𝜏𝑠,𝑏−𝑓ℎ𝑏𝑓
3 ) , 𝑞𝑣 = 𝑞𝑣,𝑏𝑓 + 𝑞𝑣,ℎ𝑓 , 𝐾1 =

𝑃𝑂𝑊𝜂/(𝜏𝑠,𝑏−𝑓
2 ℎ𝑏𝑓

2 𝛥𝑙), and the dimensionless critical power 

loss on the tube with the axial length Δ𝑙 for starting the 

interfacial slippage is: 

𝐾𝑐𝑟 =
1

4𝜆𝑏𝑓
2 {8𝜋

𝑅𝑒

𝑅0
{

𝜀𝜆𝑏𝑓
3

𝐶𝑦 (1 +
𝛥𝑥
𝐷

)
[1 +

1

2𝜆𝑏𝑓
 

−
𝛥𝑛−2(𝑞0 − 𝑞0

𝑛)

ℎ𝑏𝑓(𝑞0
𝑛−1 − 𝑞0

𝑛)
] −

𝐹1𝜆𝑏𝑓
3

6𝐶𝑦
} +

𝜋

4
 −

4𝜋

𝐶𝑦
{
𝐹2𝜆𝑏𝑓

2

6
−

𝜆𝑏𝑓

1 +
𝛥𝑥
𝐷

 

[
1

2
+ 𝜆𝑏𝑓 −

𝛥𝑛−2(𝑞0 − 𝑞0
𝑛)

2𝑅0(𝑞0
𝑛−1 − 𝑞0

𝑛)
]}} 

(5) 

Here 𝐶𝑦 = 𝜂𝑏𝑓
𝑒𝑓𝑓

/𝜂. 

When 𝐾1 ≤ 𝐾𝑐𝑟 , no interfacial slippage occurs on any 

interface, the dimensionless total volume flow rate through 

the tube is (Zhang 2020b): 

𝑄𝑣 =
(𝜋𝐾1)

1
2

4𝜆𝑏𝑓
2 {8

𝑅𝑒

𝑅0

𝜀𝜆𝑏𝑓
3

𝐶𝑦 (1 +
𝛥𝑥
𝐷

)
[1 +

1

2𝜆𝑏𝑓
 

−
𝛥𝑛−2(𝑞0 − 𝑞0

𝑛)

ℎ𝑏𝑓(𝑞0
𝑛−1 − 𝑞0

𝑛)
] −

4𝑅𝑒𝐹1𝜆𝑏𝑓
3

3𝑅0𝐶𝑦
} +

1

4
 −

4

𝐶𝑦
{
𝐹2𝜆𝑏𝑓

2

6
 

−
𝜆𝑏𝑓

1 +
𝛥𝑥
𝐷

[
1

2
+ 𝜆𝑏𝑓 −

𝛥𝑛−2(𝑞0 − 𝑞0
𝑛)

2𝑅0(𝑞0
𝑛−1 − 𝑞0

𝑛)
]}}1/2 

(6) 

The ratio of the total mass flow rate through the tube 

calculated from the present analysis to that calculated from 

the classical hydrodynamic flow theory (without 

consideration of any interfacial slippage and any adsorbed 

layer) is defined as: 

𝑟𝑞 =
𝜌𝑏𝑓

𝑒𝑓𝑓
𝑞𝑣,𝑏𝑓 + 𝜌𝑞𝑣,ℎ𝑓

𝑞𝑚,𝑐𝑜𝑛𝑣

 (7) 

where 𝜌𝑏𝑓
𝑒𝑓𝑓

 is the average density of the adsorbed layer 

across the layer thickness, 𝜌 is the fluid bulk density, and 

𝑞𝑚,𝑐𝑜𝑛𝑣 is the classical calculation of the mass flow rate 

through the tube. 

The ratio of the mass flow rate of the adsorbed layer to 

that of the intermediate continuum fluid is defined as: 

𝑟𝑏/ℎ = 𝜌𝑏𝑓
𝑒𝑓𝑓

𝑞𝑣,𝑏𝑓/(𝜌𝑞𝑣,ℎ𝑓). 

 

3.3.2 Based on the solid layer assumption 
If the adsorbed layer is taken as a solid layer and the 

adsorbed layer-fluid interfacial slippage is considered, for 

the interfacial slippage case, the dimensionless total volume 

flow rate through the tube is: 

𝑄𝑣,𝑠 =
𝐾1

2𝜆𝑏𝑓
, for 𝐾1 > 𝐾𝑐𝑟,𝑠 (8) 

where 𝐾𝑐𝑟,𝑠is the dimensionless critical power loss on the 

tube with the axial length 𝛥𝑙 for starting the interfacial 

slippage and 𝐾𝑐𝑟,𝑠 = 𝜋/(16𝜆𝑏𝑓
2 ). 

When no interfacial slippage occurs on the adsorbed 

layer-fluid interface, the dimensionless total volume flow 

rate through the tube is: 

𝑄𝑣,𝑠 =
√𝜋𝐾1

8𝜆𝑏𝑓
2 , for 𝐾1 ≤ 𝐾𝑐𝑟,𝑠 (9) 
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In the case of the interfacial slippage, the ratio of the 

mass flow rate through the tube calculated based on the 

solid layer assumption to that calculated from the classical 

hydrodynamic flow theory is: 

𝑟𝑞,𝑠 =
4𝐴

𝜋
+1

(1+2𝜆𝑏𝑓)4, for 𝐴 ≥ 0                     (10) 

where 𝐴 = 𝛥𝑃𝑂𝑊𝜂/(𝜏𝑠,𝑏−𝑓
2 𝑅0

2𝛥𝑙). 

 

 

4. Calculation 
 

It was chosen that 𝛥𝑥/𝐷 = 𝛥𝑛−2/𝐷 = 0.15 . It was 

equivalently taken that 𝜂𝑙𝑖𝑛𝑒,𝑖/𝜂𝑙𝑖𝑛𝑒,𝑖+1 = 𝑞0
𝑚 , where 𝑞0 

and 𝑚 are respectively positive constants.  

It was formulated that (Zhang 2014): 

𝐶𝑦(𝐻𝑏𝑓) = 𝑎0 +
𝑎1

𝐻𝑏𝑓
+

𝑎2

𝐻𝑏𝑓
2  (11) 

where 𝐻𝑏𝑓 = ℎ𝑏𝑓/ℎ𝑐𝑟,𝑏𝑓, ℎ𝑐𝑟,𝑏𝑓 is a critical thickness, and 

𝑎0, 𝑎1 and 𝑎2 are respectively constant. 

It was formulated that (Zhang 2014): 

𝜌𝑏𝑓
𝑒𝑓𝑓

𝜌
= 𝐶𝑞(𝐻𝑏𝑓) = 𝑚0 + 𝑚1𝐻𝑏𝑓 + 𝑚2𝐻𝑏𝑓

2 + 𝑚3𝐻𝑏𝑓
3  (12) 

where 𝜏𝑠, 𝜏𝑠, 𝜏𝑠 and 𝜏𝑠 are respectively constants. 

The parameters 𝜀, 𝐹1 and 𝐹2 have been respectively 

regressed out to be (Zhang 2020b):  

𝜀 = 4.56 × 10−6 (
𝛥𝑛−2

𝐷
+ 31.419) (𝑛 + 133.8) 

(𝑞0 + 0.188)(𝑚 + 41.62) 
(13) 

𝐹1 = 0.18(𝛥𝑛−2/𝐷 − 1.905)(𝑙𝑛 𝑛 − 7.897) (14) 

and 

𝐹2 = −3.707 × 10−4 (
𝛥𝑛−2

𝐷
− 1.99) (𝑛 + 64) 

(𝑞0 + 0.19)(𝑚 + 42.43)  
(15) 

The weak, medium and strong fluid-tube wall 

interactions are respectively considered and they have the 

following parameter values: 

Weak interaction: m = 0.5, n = 3, 𝑞0 = 1.03, ℎ𝑐𝑟,𝑏𝑓 = 7 

nm 

Medium interaction: m = 1.0, n = 5, 𝑞0 = 1.1, ℎ𝑐𝑟,𝑏𝑓 = 

20 nm 

Strong interaction: m = 1.5, n = 8, 𝑞0 = 1.2, ℎ𝑐𝑟,𝑏𝑓 = 40 

nm 

The other parameter values are shown in Table 1 (a) and 

(b). 

 

 

5. Result 
 

Fig. 2(a) shows the values of 𝑟𝑞 and 𝑟𝑞,𝑠 for different 𝜆𝑏𝑓 

and A when the fluid-tube wall interaction is weak. For the 

low values of A such as 𝐴 ≤ 1, the value of 𝑟𝑞,𝑠  is 

significantly lower than that of 𝑟𝑞  when 𝜆𝑏𝑓 ≥ 0.05. It  

Table 1(a) Fluid viscosity data for different fluid-tube wall 

interactions (Zhang 2014) 

Parameter 

Interaction 
𝑎0 𝑎1 𝑎2 

Strong 1.8335 -1.4252 0.5917 

Medium 1.0822 -0.1758 0.0936 

Weak 0.9507 0.0492 1.6447×10-4 
 

 

Table 1(b) Fluid density data for different fluid-tube wall 

interactions (Zhang 2014) 

Parameter 

Interaction 
𝑚0 𝑚1 𝑚2 

Strong 1.43 -1.723 2.641 

Medium 1.30 -1.065 1.336 

Weak 1.116 -0.328 0.253 
 

 

 

means that for these cases the calculation based on the solid 

layer assumption significantly underestimates the mass flow 

rate through the tube and the calculation should be based on 

the multiscale scheme by considering the flowing property 

of the adsorbed layer. However, for the value of A as high 

as over 10, the values of 𝑟𝑞  and 𝑟𝑞,𝑠 are very close to one 

another. This means that for such cases the adsorbed layer 

can be treated as a solid layer even when the fluid-tube wall 

interaction is weak. It is due to the effect of the great 

interfacial slippage, which results in the negligible flowing 

of the adsorbed layer. Increasing the value of A i.e., 

increasing the interfacial slippage is shown very effectively 

to increase the mass flow rate through the tube (i.e., the 

value of 𝑟𝑞). For large interfacial slippage such as A = 100, 

the calculated mass flow rate through the tube is two orders 

higher than the classical hydrodynamic flow theory 

calculation (i.e., 𝑟𝑞 ≈ 100 ). These results match the 

molecular dynamics simulation outcomes (Mattia and 

Calabro 2012, Myers 2011) for hydrophobic tube walls, 

which were ascribed to the interfacial slippage effect. 

Fig. 2(b) shows the values of 𝑟𝑞  and 𝑟𝑞,𝑠  for the 

medium fluid-tube wall interaction. For a given A, the 

curves for 𝑟𝑞  and 𝑟𝑞,𝑠 are much closer than those in Fig. 

2(a). It means that for the medium fluid-tube wall 

interaction the flowing ability of the adsorbed layer is 

significantly reduced than for the weak fluid-tube wall 

interaction. The combined effect of the fluid-tube wall 

interaction and the adsorbed layer-fluid interfacial slippage 

makes the adsorbed layer able to be treated as a solid layer 

at a much lower value of A for the medium fluid-tube wall 

interaction than for the weak fluid-tube wall interaction. 

Fig. 2(c) shows that for the strong fluid-tube wall 

interaction the adsorbed layer can be treated as a solid layer 

when the interfacial slippage occurs (A > 0), as the curves 

for 𝑟𝑞  and 𝑟𝑞,𝑠 are overlaid for a given A. For this case, the 

flow ability of the adsorbed layer is lost. It is shown that for 

the strong fluid-tube wall interaction, if no interfacial 

slippage occurs, the mass flow rate through the tube is 
much smaller than the classical theory calculation (as 𝑟𝑞 <

1 for A=0), However, when the interfacial slippage is large 

enough (e.g., 𝐴 ≥ 10), the mass flow rate through the tube 
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(a) For the weak fluid-tube wall interaction 

 
(b) For the medium fluid-tube wall interaction 

 
(c) For the strong fluid-tube wall interaction 

Fig. 2 Values of rq and rq,s Solid line for rq and dashed 

line for rq,s 
 

 

is still much higher than the classical theory calculation 

(𝑟𝑞 > 1). This shows the great benefit of the interfacial 

slippage in improving the mass transfer in micro/nano tubes 

 
(a) For the weak fluid-tube wall interaction 

 
(b) For the medium fluid-tube wall interaction 

 
(c) For the strong fluid-tube wall interaction 

Fig. 3 Values of 𝑟𝑏/ℎ. 

 

 

particularly for the strong fluid-tube wall interaction. 

Figs. 3(a)-3(c) show the values of 𝑟𝑏/ℎ respectively for 

the weak, medium and strong fluid-tube wall interactions. 

Whichever the fluid-tube wall interaction is, when the value  
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Fig. 4 Values of the dimensionless volume flow rates (Qv 

and Qv,s) through the tube respectively calculated from 

the present scheme and the solid layer assumption when 

λbf = 0.15  

 

 

of A is large such as over 100 i.e., the interfacial slippage is 

large, the value of 𝑟𝑏/ℎ is shown to be very low and this 

indicates the negligible mass flow rate of the adsorbed 

layer, in this condition, because of the adsorbed layer-fluid 

interfacial slippage, the intermediate continuum fluid flow 

almost contributes all of the transported mass, while the 

adsorbed layer very slowly flows and it can be considered 

as a solid layer. With the increase of 𝜆𝑏𝑓, the value of 𝑟𝑏/ℎ 

is significantly increased especially for a smaller value of A 

i.e., a weaker interfacial slippage. Fig. 3(c) shows that even 

for the strong fluid-tube wall interaction, when A is small 

such as lower than 1.0, the value of 𝑟𝑏/ℎ can be over 0.1 

for 𝜆𝑏𝑓 > 0.45. This indicates that the mass transport of 

the adsorbed layer is normally not negligible when the 

interfacial slippage is weak and the tube inner diameter is 

less than four times of the thickness of the adsorbed layer, 

in spite of the fluid-tube wall interaction. 

Fig. 4 compares the values of 𝑄𝑣  calculated 

respectively for the weak, medium and strong fluid-tube 

wall interactions when 𝜆𝑏𝑓 = 0.15. These 𝑄𝑣  values are 

also compared with the value of 𝑄𝑣,𝑠  for the same 

condition. For a given dimensionless power loss 𝐾1, the 

increase of the fluid-tube wall interaction strength 

significantly reduces the flow rate through the tube. When 

the fluid-tube wall interaction is strong, the value of 𝑄𝑣  is 

very close to that of 𝑄𝑣,𝑠. This again indicates that for a 

strong fluid-tube wall interaction, the adsorbed layer can be 

taken as a solid layer whenever the interfacial slippage 

occurs or not, if 𝜆𝑏𝑓 is not too large e.g., 𝜆𝑏𝑓 ≤ 0.15. 
 

 

6. Conclusions 
 

The multiscale calculation results are presented for the 

flow in micro/nano cylindrical tubes when the adsorbed 

layer-fluid interfacial slippage is considered. The thickness 

of the adsorbed layer on the tube wall is comparable to the 

tube inner diameter. The weak, medium and strong 

fluid-tube wall interactions are respectively considered. The 

adsorbed layer is treated as in the non-continuum flow 

which is simulated by the flow factor approach model. The 

flow within the intermediate continuum fluid is simulated 

by the Newtonian fluid model. 

The calculation results show that when the interfacial 

slippage is large (𝐴 ≥ 10), the adsorbed layer can be taken 

as a solid layer in spite of the fluid-tube wall interaction, for 

large interfacial slippage such as A = 100, the calculated 

mass flow rate through the tube is two orders higher than 

the classical Hagen-Poiseuille equation calculation. The 

interfacial slippage substantially improves the mass 

transport through the tube. The fluid-tube wall interaction 

has a great influence on the mass transport through the tube, 

the increase of the fluid-tube wall interaction strength 

significantly reduces the flow rate through the tube. 

In the calculation, whether the adsorbed layer can be 

treated as a solid layer depends on the fluid-tube wall 

interaction and the value of the dimensionless power loss A 

for motivating the interfacial slippage. Weaker the 

fluid-tube wall interaction, higher the critical value of A for 

the adsorbed layer able to be treated as a solid layer. The 

mass transport of the adsorbed layer is normally not 

negligible when the interfacial slippage is weak and the 

tube inner diameter is less than four times of the thickness 

of the adsorbed layer, in spite of the fluid-tube wall 

interaction. 

The obtained results are of significant interest to the 

design and application of micro/nano porous filtration 

membranes where the diameter of the filtration pore is 

comparable to the thickness of the adsorbed boundary layer 

so that the multiscale flow occurs. 
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