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ABSTRACT

Basic knowledge regarding flow at conventional scales is relatively familiar to us. However,
micro-scale flow is distinctly different. To explore the flow characteristics and mass transfer
process in a membrane micro pore, a Knudsen-molecular diffusion mechanism with sliding
boundary condition is used to simulate the treatment of ethyl acetate solution using vacuum
membrane distillation. The diffusion coefficient is expressed by the Knudsen diffusion coef-
ficient and molecular diffusion coefficient. The simulation results are consistent with the
experimental data. The flow fields in the membrane pore are obtained, and the effects of
the membrane structure parameters on the membrane pore separation performance are
investigated. The results show that the increase in the porosity and pore diameter can
enhance the membrane flux and increase the tortuosity and pore length against permeate
flux. The optimal choice of the separation factors is presented as a function of the increase
in the porosity, pore diameter, and tortuosity. Pore length does not enhance the membrane
separation performance. The simulation of the phenomenon occurring in membrane pores
should contribute to appropriate membrane preparation and improve membrane separation
performance.

Keywords: Vacuum membrane distillation; Ethyl acetate solution; Numerical simulation;
Membrane pore

1. Introduction

The rapid development of industry has led to
increased wastewater pollution in the form of volatile
organic compounds (VOCs). Thus, it is an important
task for us to treat the VOCs produced by wastewater.
Compared to traditional methods used to treat VOC
pollutants, membrane distillation (MD) is becoming a
promising separation method due to its advantages of

energy saving and environmental friendliness, i.e. in
the range of 0.1–1.0% quality percentage [1].

In recent years, increasing attention has been paid
to simulation technology in studying the process of
MD. Ding et al. [2] developed a mathematical model
for hollow fiber components used for MD and ana-
lyzed the effect of channel flow in the components
using simulated calculation results. The model is used
for the macro-transfer process of the membrane. Using
the finite element method, Alklaibi [3–5] numerically
simulated air gap membrane distillation and direct
contact membrane distillation (DCMD) and studied*Corresponding author.
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thermal fluid, cold fluid flow, and the mass transfer
resistance. However, the boundary condition was not
given. Liu et al. [6] simulated the structure and
dynamic behavior of water in limited hydrophobic
micro pores by a molecular dynamics method. Self-
diffusion coefficient was investigated and analyzed.
The performance of separation was not investigated.
Ding et al. [7] investigated the performance of a large
flat multilayer membrane module used in typical MD
systems by using numerical simulation. The mathe-
matical model was built and solved simultaneous
equations of other apparatus. The simulation is used
for MD systems other than single module. Zhu et al.
[8] established a microscopic mass transfer and heat
transfer model for vacuum membrane distillation
(VMD). The flow in the module was supposed to lam-
inar flow, simulated the experimental data reported in
the literature and obtained satisfactory results.
Qtaishat et al. [9] established a heat transfer model for
a sodium chloride solution submitted to DCMD,
solved the heat transfer equations by using the
FSOLVE function in the MATLAB software program,
and discussed the mass transfer mechanism of a MD
process featuring a PTFE membrane; the simulated
results and the experimental values of the mass trans-
fer coefficient showed good agreement. Zhong et al.
[10] studied the non-equilibrium molecular dynamics
influenced by an added force during penetration and
the effect of the solution on the permeability coeffi-
cient. The separation factor of organic steam and a
nitrogen gas mixture passing through a porous carbon
membrane was established, and the permeability per-
formance of two types of mixtures, methane/nitrogen
(CH4/N2) and acetone/nitrogen (CH3COCH3/N2),
passing through a carbon membrane were calculated.
Using a dusty gas model, Pan et al. [11] established
mass transfer and heat transfer mechanism models for
the treatment of sodium chloride solution using VMD.
Additionally, the researchers effectively incorporated
pore size distribution into their MD mechanism model
by using the distribution function of the membrane
pore size instead of the average diameter. Above all,
they mainly focused on separation performance,
developing mass transfer and heat transfer models for
the process of MD, but they were not concerned with
the phenomena observed in the membrane pore; they
neither simulated the flow characteristics of the fluid
nor the change in the flow field in the membrane
pore.

To explore the flow characteristics in membrane
pores and improve the process of membrane separa-
tion, numerical simulation technology is used to inves-
tigate the flow and transfer characteristics in a
membrane pore by the treatment of an ethyl acetate

solution using VMD. The flow field in the membrane
pore is simulated, and the influence of membrane
structure parameters on membrane performance is
analyzed. The results may be used to enhance the
transfer process and guide membrane preparation.

2. Simulation in the membrane pore

2.1. Geometric model

Hydrophobic microporous membranes are used in
VMD. In the feed side, the membrane surface contacts
the liquid feed directly; part of the volatile compo-
nents and water gasify and then go into the mem-
brane pore. The pressure on the cold side is lower
than the equilibrium vapor pressure of the volatile
components on the hot side. With this pressure differ-
ence as the driving force, vapor through the mem-
brane pore is sucked into the cold side. The feed
solution in the membrane module process during
VMD is shown in Fig. 1. A geometric model of a
membrane pore is presented in Fig. 2.

2.2. Equations

The flow pattern of vapor moving through a mem-
brane pore is related to the pore structure and vapor
density. The Knudsen number (Kn) is an important
parameter in micro-scale flow that is determined by
the mean free path of gas molecular motion and mem-
brane pore size:

Kn ¼ k=d (1)

The average free path of gas molecular motion can
be calculated as follows:

k ¼ KBT
ffiffiffi
2

p
pr2P

.
(2)

solution

vacuum
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Fig. 1. Feed flow in the membrane module.
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The Kn is used to distinguish the flow pattern in
micro-pore flow. According to the Kn, gas flow in a
membrane pore is divided into free molecular flow,
transitional flow, sliding flow, and continuous med-
ium flow. The value of Kn in membrane pore flow
ranges between 10−3 and 0.1, which indicates sliding
flow [12]. Sliding flow can be described by the
Navier–Stokes equations by considering a sliding
boundary equation.

The governing equations are the Navier–Stokes
equations combined with sliding boundary conditions,
including a motion conservation equation, transport
conservation equation, and energy conservation equa-
tion.

(1) Motion differential equations

q
Du~
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¼ qF~�rpþ lr2u~þ 1

3
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(2) Mass transfer differential equation
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(3) Energy equation
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(4) Boundary condition

In standard atmospheric conditions, ethyl acetate
molecular mean free path is about 0.03 μm. The height
of the membrane pore is 0.23 μm. The rate order of
magnitude between the average free path of gas
molecular motion and the fluid characteristic length

Fig. 2. A geometric model of the membrane pore.
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(Kn = λ/L) is 0.1, the flow is the transitional flow. In the
micro scale, vapor flow is close to demarcation point
between slip stream and transition flow, the Navier–
Stokes equation with the sliding boundary [13], the
sliding boundary can be described by equation

�uw ¼ 2� r
r

Ls
@u

@y

� �
w

þ 3

4

l
qT

@T

@x

� �
w

(8)

Inlet : c0 ¼ c0;i; u ¼ u0; T ¼ T0;

Outlet : P ¼ P0; �n �N~i ¼ 0; Q ¼ hm ��Tm:

2.3. Diffusion coefficient

The membrane pore size and mean free path of
molecular motion are of approximately the same order
of magnitude; the collisions between molecules and
those between molecules and the wall are equally
important. The Knudsen diffusion coefficient in a sin-
gle pore can be expressed as follows:

DKA ¼ 48:5dp
T

MA

� �1=2

ð9Þ

The molecular diffusion coefficient of two
components can be expressed by Eq. (8):

DAB ¼
1:00� 10�7T1:75 1

MA
þ 1
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The entire diffusion coefficient is expressed as
follows:

DNA ¼ 1
1

DAB
þ 1

DKA

ð11Þ

In reality, the pores of the membrane are irregular,
and the corrected diffusion coefficient is obtained as
follows:

D0
NA ¼ e

s
DNA ð12Þ

2.4. Separation performance evaluation

In the VMD process, separation performance is
expressed by the membrane permeate flux and separa-
tion factor. The flux of MD is calculated by the follow-
ing formula:

J ¼ m

At
ð13Þ
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Fig. 3. Experimental setup for VMD: 1 – thermostatic bath; 2 – feed tank; 3 – magnetic driving pump; 4 – rotameter;
5 – membrane module; 6 – distillate receiving flask; 7 – condenser; and 8 – vacuum pump.
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Another separation performance parameter is the
separation factor, which is calculated as follows:

a ¼ x2ð1� x1Þ
x1ð1� x2Þ ð14Þ

3. Experiment

The experiment system of VMD apparatus includes
heating system, membrane separation system, and
condensing collection system, as shown in Fig. 3. The
feed ethyl acetate solution in the feed tank is heated
in the thermostatic bath and pumped into the mem-
brane module, the mass flow meter is used to measure
flow rate. The vapor through the membrane module is
collected in the condenser. The membrane flux and
separation factor is calculated according to the quality
of distillation liquid. Vacuum pump can be set to dif-
ferent vacuum degree. Operating parameters includ-
ing flow rate, temperature, and vacuum degree can be
changed for every measurement. Ethyl acetate solution
concentration is measured by spectrophotometer; stan-
dard curve is defined to calibrate measured data. Flow
rate is measured by flow meter, and temperature and
pressure are measured by temperature sensor and
pressure sensor, respectively. The heated ethyl acetate
solution is pumped by magnetic driving pump. The
type and accuracy are shown in Table 1. Thermometer
and the temperature are used to calibrate thermostatic
bath temperature. The flow meter is calibrated by
measuring cylinder. Different concentration of ethyl
acetate solution is prepared for measuring absorbance
and determining standard curve. When operate
parameters are changed, the various water fluxes and

separation factors are obtained. The membrane used
in experiment is polyvinylidene fluoride hydrophobic
membrane.

3.1. Error analysis

Error analysis was performed to understand the
sensitivity of these measurements. The error equation
are as follows:

d ¼ X � �X ð15Þ

/ ¼ d=�X ð16Þ

d was used to indicate the absolute error, ϕ was used
to indicate the relative error. After all the data with
different temperature were collected, the data from
each measurement were analyzed. These data includ-
ing water flux and separation factor were used to
investigate the validity of simulation. The error analy-
sis results concluded that the maximum relative error
of water flux was 3%, and the maximum relative error
of separation factor was 5%.

4. Results and discussion

4.1. Flow field

The simulation conditions include feed solution
concentration, vacuum and feed temperature. The feed
concentration of ethyl acetate is 0.14 mol/m3, the vac-

Table 1
The information of instrument

Instrument Type Maker Calibration standards

Thermostatic bath HHS-11-2 Shanghai Boxun Company Limited The temperature range is 37–100˚C, calibration
standard is 1˚C, and the power is 500 W

Magnetic driving
pump

MP-15R Shanghai Xinxishan pump
Company Limited

The rated power is 10 W, the rated flow is
16 L/min, and the rated head is 2.4 m

Flow meter LZB-10 Suzhou chemical instrument
Company Limited

The flow measurement range is 10–100 L/h
and calibration standard is 0.025

Vacuum pump SHB-Ⅲ Zhengzhou Great wall industry
and trade Company Limited

The limiting vacuum is 0.098Mpa and power
is 180W

Pressure sensor JYB-KO-HAA Beijing Kunlunhaian Company
Limited Sensing Technology Center

Calibration standard is 0.1% FS

Temperature
sensor

Pt100 thermal
resistance

Xiamen Yudian automation
technology Company Limited

Calibration standard is less than 0.015% FS/˚C

Spectrophotometer 756PC Shanghai spectrograph Company
Limited

Transmittance is 0.2% T
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uum pressure is 0.089 MPa, and the feed temperature
is 323 K. The velocity field of the fluid in the
membrane pore is shown in Fig. 4. The speed changes
from the minimum speed of 0.006 m/s on the wall to
the maximum speed of 0.023 m/s, along the axis.
Within the same velocity regime, the speed along the
axis is the highest; however, the fluid speed is not
constant along the axis. The reason is that the colli-
sions between molecules and the wall affect the fluid
speed, but the direction of the main body cannot be
affected. Considering the influence of the sliding
boundary during the simulation process, the speed of
the wall is not zero.

The concentration field of ethyl acetate through the
membrane pore is shown in Fig. 5. It seems that the
concentration of ethyl acetate through the entire length
of the membrane pore varies: the growth rate of the
ethyl acetate concentration at the entrance is slower
than that at the outlet. The concentration of ethyl ace-
tate increases from the minimum 0.14 mol/m3 at the
inlet to the maximum 2.38 mol/m3 at the outlet.

The driving force for transfer in VMD is the pres-
sure difference between the two sides of pores. The
pressure distribution in a membrane pore is shown in
Fig. 6. In the simulation, the feed concentration of
ethyl acetate is 0.14 mol/m3, the vacuum pressure is
0.089 MPa, and the feed temperature is 323 K. The

pressure changes from 258.47 to 15.44 KPa. Theoreti-
cally, the membrane permeate flux is directly propor-
tional to the pressure difference. In actual operation,
the selected vacuum pressure should not be higher
than the liquid critical pressure through the mem-
brane pore. Otherwise, the liquid in the membrane
would prevent separation. The appropriate feeding
pressure is near the saturated steam pressure corre-
sponding to the feeding temperature.

To validate the model used in this study, the simu-
lation results are compared with the experimental
data. The feed solution is fed at a rate of 76 L/h, the
feed concentration is 0.5 wt.%, and the vacuum
pressured on the cold side is 89 KPa. The ethyl acetate
flux and separation factor are compared, and the
results obtained from the numerical simulation and
the experimental data are shown in Fig. 7, where the
experimental results are represented by the black line
and the simulation results are represented by the red
line. It can be observed that the trends exhibited by
the simulation results are in accordance with that of
the experimental results. The average relative error
of water flux is less than 12%, the relative error of
separation factor is less than 1%. In simulation, all
pores are considered to be of the same size and struc-
ture; in reality, each pore diameter and tortuosity is
different, which leads to slight error.

Fig. 4. The velocity field section of the membrane pore.
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Fig. 5. The concentration field section of ethyl acetate, mol/m3.

Fig. 6. The pressure distribution of the membrane pore.
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4.2. The effect of membrane structure parameters

4.2.1. The effect of porosity

In the simulation process, the tortuosity is set to
6.12, the pore diameter is 0.23 μm, and the length of
the membrane pore is 117 μm. The effect of the
porosity on the mass transfer diffusion is investigated.
As shown in Fig. 8(a), the ethyl acetate flux is
represented by the black line and the water flux is
represented by the red line. The flux of ethyl acetate
and that of water appear to decrease with the increase
in porosity. When the membrane porosity changes
from 0.31 to 0.71, the ethyl acetate flux increases from
0.14 to 0.38 kgm−2 h−1, and the water flux increases
from 4.54 to 11.66 kgm−2 h−1. The increase in porosity
reduces the mass transfer resistance, increases the
fluid flow through the membrane per unit time, and
leads to an increase in the water and ethyl acetate per-
meate flux. The effect of the porosity on the separation
factor is illustrated in Fig. 8(b). The separation factor
increases at first, when the porosity is 0.43, reaches a

maximum, and then decreases with the increase in
porosity. At first, the velocity of the ethyl acetate solu-
tion through the membrane pore is higher than that of
the water, and the separation factor increases with the
increase in the porosity. Later, the porosity rises to a
certain value, and the velocity of the water through
the membrane pore is higher than that of the ethyl
acetate, which leads to a decrease in the separation
factor.

4.2.2. The influence of tortuosity

The simulation porosity is 0.412, the pore diameter
is 0.23 μm, and the length of the membrane pore is
117 μm; tortuosity is varied from 2.12 to 8.12. The
effect of the tortuosity on the membrane permeate flux
is illustrated in Fig. 9(a), where the ethyl acetate flux
is represented by the black line and the water flux is
represented by the red line. The permeate fluxes of
ethyl acetate and water decrease with the increase in
the membrane pore tortuosity. The reason why this
occurs is that higher tortuosity leads to higher mass
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Fig. 7. Comparisons of the experimental and simulation
results.
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transfer resistance. The effect of tortuosity on the
separation performance is illustrated in Fig. 9(b). The
separation factors first increase, when the tortuosity is
approximately 6.12, reach a maximum, and then
decrease with the increase in tortuosity. At first, the
separation factor increases with the increase in the
tortuosity. When the tortuosity increases further, the
separation factor decreases. On a certain scale, with
the increase in tortuosity, the collision probability
between molecules and the wall is lower than the col-
lision probability between molecules. The water
encounters relatively higher mass transfer resistance,
and the rate at which the volatile components of ethyl
acetate move through the microporous membrane is
higher than the velocity of the water; thus, the separa-
tion factor increases. With the further increase in the
tortuosity, the collision probability between molecules
and the wall is higher than the collision probability
between molecules; thus, a relatively small pool of
ethyl acetate molecule experience higher mass transfer
resistance. The rate at which the ethyl acetate moves

through the membrane pore decreases, and the
separation factor begins to drop.

4.2.3. The influence of pore diameter

The effect of the pore diameter on the mass
transfer diffusion is investigated, under the condi-
tions that the porosity is 0.412, the tortuosity is 6.12,
and the length of the membrane pore is 117 μm.
The pore diameter is varied from 0.2 to 0.8 μm. As
shown in Fig 10(a), the membrane permeate flux of
the water and ethyl acetate appears to increase with
the increase in pore diameter. The ethyl acetate flux
increases from 0.19 to 0.47 kgm−2 h−1, and the water
flux increases from 5.55 to 17.69 kgm−2 h−1. The
obvious reason for this increase is that the collisions
between molecules become more frequent than the
collisions between molecules and the pore wall;
thus, the increase in the pore diameter reduces gas
diffusion resistance, and the membrane permeate
flux increases with the increase in pore diameter.
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Fig. 10(b) shows that the separation factor increases
at first, when the pore diameter is approximately
0.6 μm, reaches a maximum of 10.6, and then
decreases with the increase in pore diameter. When
the pore diameter is in the range of 0.2–0.6 μm, the
mass transfer mechanism follows a Knudsen-molecu-
lar diffusion mechanism in the membrane pore.
When the pore diameter increases further, the per-
meation rate of water becomes higher than that of
the ethyl acetate, and the separation factor begins to
decrease.

4.2.4. The influence of the length of membrane pores

The simulations conditions are such that the feed
flow rate is 76 L/h, the feed concentration of the
ethyl acetate is 0.14 mol/m3, feed temperature is

323 K, the vacuum pressure is 89 KPa, the porosity
is 0.412, the pore diameter is 0.24 μm, and the tortu-
osity is 6.12. The effects of the pore length on the
membrane permeate flux and separation factor are
illustrated in Fig. 11. The ethyl acetate flux decreases
from 0.4 to 0.12 kgm−2 h−1, the water flux decreases
from 8.78 to 4.88 kgm−2 h−1, and the separation fac-
tor decreases from 9.24 to 4.59 when the length of
the membrane pore increases from 50 to 250 μm. The
reason for this decreasing trend is that the pore
length is related to the mass transfer resistance: a
longer pore length results in a greater mass transfer
resistance. The mass transfer resistance reduces gas
permeation, causing the flux to decrease. In the VMD
process, thin membranes are chosen to separate mix-
tures.

5. Conclusions

Using a three-dimensional geometric model, the
flow characteristics and transfer characteristics of a
membrane pore used to perform VMD to treat ethyl
acetate solution are studied, and the flow field in the
membrane pore and the effect of the membrane struc-
ture parameters on the separation performance are
investigated. The results show that the Knudsen and
molecular diffusion coefficients for a micro pore are
appropriate. Moreover, the simulation results are vali-
dated by the experimental data, and the flow field in a
membrane pore can be simulated correctly. Different
membrane structure parameters may lead to different
molecule–molecule and molecule–wall collision proba-
bilities, which result in different membrane perfor-
mances. The membrane flux increases with the
increase in the porosity and pore diameter, and
decreases with the increase in the tortuosity and the
pore length. The separation factor decreases with the
increase in the pore length, and the other membrane
structure parameters produce a maximum separation
factor value.

Notations

d — the absolute error
X — the measurements
X — the average measurements
ϕ — relative error
k — the average free path of gas molecular motion,

m
KB — Boltzmann constant
η — viscosity coefficient

(Continued)
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Fig. 11. The effect of pore length on the membrane perfor-
mance.
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ci — i component concentration, mol/m3

P — the average pressures, Pa
ρ — the fluid density, g/cm3

∇ — vector differential operator
T — the average temperature in membrane pore, K
σ — the critical diffusion diameter of molecular, m
J — membrane distillation flux, kg/(m2 h)
m — the quality of sample, kg
A — area of membrane, m2

t — the sample time, h
α — separation factor
ε — porosity
τ — tortuosity
L — the length of membrane pore, μm
Ls — boundary sliding length, m
∑Vi — the total atomic volume
NA — diffusion fluxes, kg/(m2 h)
ω1 — the feed concentration by weight
ω2 — the distillate concentration by weight
u
*
r — the speed in the direction of r, m/s

u/ — the speed in the direction of ϕ, m/s
uz — the speed in the direction of z, m/s
ρA — the density of A, g/cm3

DNA — diffusion coefficient of A
DAB — molecular diffusion coefficient
DKA — Knudsen diffusion coefficient
MB — the molecular mass of material B, g/mol
dp — the diameter of the pore, μm
MA — the molecular mass of material A, g/mol
KB — Boltzmann constant
F
*

— the quality force of the micro volume
Q — heat flux, (W/m2)
hm — heat transfer coefficient, (W/m2 K)
ΔTm — mean temperature difference, K
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