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Abstract: Membrane distillation (MD) is a promising technology to treat mine water. This work
aims to investigate the change in mass and heat transfer in reverse osmosis mine water treatment
by vacuum membrane distillation (VMD). A 3D computational fluid dynamics (CFD) model was
carried out using COMSOL Multiphysics and verified by the experimental results. Then, response
Surface Methodology (RSM) was used to explore the effects of various parameters on the permeate
flux and heat transfer efficiency. In terms of the influence degree on the permeation flux, the vacuum
pressure > feed temperature > membrane length > feed temperature membrane length, and the
membrane length has a negative correlation with the membrane flux. Increasing the feed temperature
can also increase the convective heat transfer at the feed side, which will affect the heat transfer
efficiency. Furthermore, the feed temperature also has a critical effect on the temperature polarization
phenomenon. The temperature polarization becomes more notable at high temperatures.
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1. Introduction

The western region is the main coal production area in China with production accounting for
about 77% of the country’s total [1]. However, this region is short of water resources, accounting for only
7.9% of the national coal production in China [2]. Coal mining must be accompanied by the production
of mine water, but according to statistics, the utilization rate of mine water is less than 30% [3].
The salt content of mine water in Western China is high; direct discharge will cause environmental
pollution, soil salinization, and waste of water resources [4], although the reverse osmosis treatment of
mine water has comprehensive advantages in wastewater quality, power consumption, desalination
efficiency, and land use. Nevertheless, the current ecological civilization construction puts forward
higher requirements for the utilization of mine water. New coal mines in some areas need to achieve
zero liquid discharge (ZLD). As a heat-driven membrane separation process, membrane distillation
(MD) has a wide range of applications in industry, such as seawater desalination, the concentration
of chemical products and recycling of industrial wastewater [5,6]. Compared with other separation
technologies, MD has lower requirements for heat source quality, so it can be combined with abundant
solar energy and industrial waste heat resources in mining areas. Besides, the content of organic
content in the mine water is low, reducing the risk of membrane wetting. Therefore, MD can be used
for the secondary treatment of reverse osmosis concentrated mine water to achieve higher recovery
efficiency and ZLD.
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There are four main types of MD configuration: VMD, direct contact membrane distillation
(DCMD), sweeping gas membrane distillation (SGMD), and air gap membrane distillation (AGMD).
Among the four types of MD configuration, VMD has attracted more attention due to its weak
electrical resistance and relatively high permeation flux [7,8]. Additionally, VMD can better reduce the
temperature polarization coefficient (TPC) and the possibility of membrane pore wetting due to the
application of a vacuum on the permeate side [9].

Although the MD has many attractive features, there are still some challenges that hinder its
wider application. The main challenges are continuous treatment of high-concentration wastewater,
which will cause a significant reduction in flux, and uneven distribution of internal fluids and
TPC [10,11]. CFD can provide an effective method to analyze the characteristics of mass and heat
transfer and dynamic behavior during various complex operations [12,13]. Tang et al. [14] applied CFD
simulation to the VMD process. The author simplified the membrane module into a two-dimensional
structure of fiber and regarded the VMD process as a multiphase flow process, and simulated the
effects of feed temperature and flow rate on membrane flux. Milad Shokrollahi et al. [15] used response
surface optimization and CFD exploration to explore the influence of different parameters on the
thermal efficiency and flux of DCMD and find the best parameters. Liu et al. [16] has constructed a
series of 3D simulation modules with 23 fibers to study the effect of fiber arrangement on the VMD
process of the cross-flow hollow fiber. The phase transition process is considered in the simulation
process. Ahmad s. alsaadi et al. [17]. established a three-dimensional CFD model by COMSOL
multiphysics, and predicted the permeation flux and interfacial temperature of naphthol blue-black
dye aqueous solution by VMD.

The structure and geometry of the membrane module are the same as the operating conditions,
which have an important influence on the operation process of MD. Ho et al. [18] applied
the rough surface flow channel to improve the performance of countercurrent DCMD to 42%.
Zhengfei Kuang et al. [19] systematically studied the effect of additional baffles on the feed and
permeation channel shells on DCMD under laminar flow and turbulent flow and found that structural
modification can promote TPC and suppress concentration polarization. However, the storage of the
baffle also adds additional energy consumption.

In some previous studies, the change in feed concentration in the flow process has often been
ignored. However, the high salt content of reverse osmosis mine water will affect the part of the
vapor pressure difference, thus affecting the transmembrane mass flux. Hence, it is necessary to study
the change in TPC and mass transfer coefficient when VMD is used to treat reverse osmosis mine
water. A mass transfer and heat transfer model suitable for reverse osmosis mine water system was
established. Since different parameters will affect the operation of MD, the RSM was used to study the
interaction between each factor and its influence on TPC, transmembrane flux, and thermal efficiency.
The purpose of this work is to explore the phenomenon of mass transfer and heat transfer in VMD
treatment of mine water and to provide a theoretical basis for the industrial treatment of reverse
osmosis mine water.

2. Theory

2.1. Governing Theory

MD is a complex process in which mass transfer and heat transport occur simultaneously and
interact with each other. As shown in Figure 1, the main transportation process is generally divided
into three parts: (1) The feed evaporates on the surface of the membrane; (2) Water vapor transports
across the membrane under the local vapor pressure difference; (3) Water vapor is pumped out on the
permeate side and condenses in the condensation chamber [20]. The equations of energy, momentum,
and mass must be solved simultaneously throughout the fluid dynamics process. Therefore, under the
laminar heat transfer process, the overall govern transport equation of the feed side, permeate side,
and membrane are expressed as follows [21,22]
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The continuity equation is
∇·(ρ
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ν ) = Sm (1)

the energy conservation equation is
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(
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and the momentum transport equation is
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(
ρ
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→
v
)
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...
τ + ρ

→
g + Sv (3)

Among them, Sm, Sh, Sv represent the quantitative changes in energy, momentum, and mass in
the system, respectively. Table 1 summarizes the expression of the source term in the MD operation.
It is worth noting that the source term may reflect a decrease in momentum, mass, and energy (at the
feed membrane interface) or gain (at the permeable membrane interface) [23].

Table 1. Source term in MD.

Expression

Sm
JS
V (4)

Sv JSu
V (5)

Sh
JS(cp∆T+h)

V
(6)

J, S, V, Cp, u and h are the permeate flux, membrane area, volume, the heat capacity of feed, velocity of feed, and
latent heat, respectively.

2.2. Mass Transfer

The permeate flux of MD can be calculated by the vapor pressure difference across the membrane

J = KM(P f ,m
0
− Pvacuum) (7)

where KM represents the membrane distillation coefficient, and P f ,m
0 and Pvacuum and represents the

vapor pressure at the feed membrane interface and the vacuum pressure at the membrane permeation
side, respectively. In MD operation, transmembrane mass transfer is the material transfer process of
vapor molecules in porous media. There are three basic mechanisms: Knudsen flow, viscous flow,
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and molecular diffusion [24–26]. Hence, the actual mass transfer process in the MD process can be
judged by the specific value of the Knudsen number (Kn). Kn can be defined as the ratio of the mean
free path of water vapor to the pore size [27]

Kn =
λ
d

(8)

The mean free path of water molecules can be described as

λ =
KBT

P
√

2πσ2
(9)

where T, KB, and P are the average temperatures, and the Boltzmann constants and the absolute pressure
(about 0.01 MPa) in the membrane pores, σ is the collision diameter (water vapor is 2.641 × 10−10 m).
When Kn > 1, the influence of the pore radius dominates due to the collision of diffusion molecules with
the membrane pore wall, which can be solved by the Knudsen diffusion mechanism. When Kn < 0.01,
the mass transfer resistance is primarily the collision between diffusion molecules, and the pore
radius has little effect, so the transmembrane mass transfer process is considered to be a molecular
diffusion mechanism. When 0.01 < Kn < 1, the mass transfer is combined with the molecular diffusion
mechanism and Knudsen diffusion [28,29].

In this experiment, the hollow fiber membranes of PVDF were explored. According to formulas (9),
the mean free path (λ) of water vapor molecules is in the range of 0.24–0.35 µm. Therefore, the control
mechanism in the mass transfer process is dominated by Knudsen diffusion, and KM can be expressed
by the following formula [30]

KM =
r2ε
δτ

1
8η

Pm

RTm
(10)

where r represents the average pore size, ε is the porosity, δ is the membrane thickness, and τ is the
tortuosity factor; η is the viscosity of the gas passing through the membrane pores (1.13 × 10−5 Pa s);
R is the gas universal constant (8.31 J mol−1K−1), Tm= (T f ,m + Tp,m)/2 is the mean temperature across
the membrane surfaces, and Pm= (P f ,m

0 + Pvacuum)/2 is the average pressure in the pores.
The saturated vapor pressure of pure water on the feed side can be obtained by the Antoine

equation [31]

Ps
v(T) = exp(23.1964−

3816.44
T f ,m − 46.13

) (11)

However, since the reverse osmosis mine water contains a large non-volatile substance,
such components will affect the water activity. Additionally, because the content of Na + and
Cl− in reverse osmosis mine water is higher than other ions, it is calculated as sodium chloride aqueous
solution based on the NaCl concentration in reverse osmosis mine water (3 kg/L), and its water vapor
partial pressure can be described by the following formula

P f ,m
0 = (1− xs)Ps

v
(
T f ,m
)
γw (12)

The activity coefficient of water at different concentrations can be expressed by the following
formula [32,33]

γw = 1− 0.5xs − 10xs
2 (13)

where xs is the mole fraction of sodium chloride, which can be calculated according to the mass
concentration of feed solution

xs=

wNaCl
MNaCl

wNaCl
MNaCl

+ wW
MW

(14)

When the concentration of salt is high, the membrane permeability intercepts some macromolecules
in the feed liquid and forms a mass transfer boundary layer on the feed side, resulting in the
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concentration gradient on the membrane forming concentration polarization. The appearance
of concentration polarization has a significant effect on the whole mass transmission process.
The concentration polarization coefficient (CPC) can be expressed by

CPC =
C f ,m
C f ,b

= exp( J
ρk f

) (15)

During the experiment, the flow state of the feed liquid in the hollow fiber tube was laminar,
and Kf can be calculated by the following formula

Sh = 0.664Re1/2Sc1/3 (16)

Sh =
K f ,bd

DAB
(17)

Re =
uρd
µ

(18)

Sc =
µ

ρDAB
(19)

where Sh is Sherwood number, Re represents Reynolds number, Sc is Schmidt number.
DAB is the diffusion coefficient of the salt from the main body of the feed liquid to the membrane

surface, and its relationship with temperature is

DAB = D f ,b(
T f ,m

T f ,b
)

1.75

(20)

2.3. Heat Transfer

As shown in Figure 1, MD is a heat-driven process, and its heat transfer can be divided into
three steps:

(1) Heat flows from the main body of the feed liquid through the thermal boundary layer to the
surface of the membrane by natural convection

Q f = h f
(
T f ,b − T f ,m

)
(21)

where is the local heat transfer coefficient of the feed liquid; T f ,b is the main body temperature of
the feed liquid; T f ,m is the membrane surface temperature on the feed side.

h f =
Q f

T f ,b − T f ,m
=

Qm

T f ,b − T f ,m
(22)

where hf is the local heat transfer coefficient;
(2) Heat passes through the membrane in two ways: latent heat of vaporization and heat conduction:

Qm = Qv + Qc (23)

At different temperatures, the latent heat of vaporization of water vapor is shown in Equation (24)

∆Hv = 2489.7− 2.412(T f ,m − 278.15) (24)

Qc =
kM

δ

(
T f ,m − Tp,m

)
(25)

kM = εkg + (1− ε)ks (26)
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where kM is the average thermal conductivity of the membrane; ε represents the porosity of the
membrane, kg is the thermal conductivity of gas molecules, and ks is the thermal conductivity of the
polymer material.

Qm = Jm∆Hv +
KM

δ

(
T f ,m − Tp,m

)
(27)

However, due to the low thermal conductivity of the VMD, this part of the membrane conduction
heat can be ignored.

Qm = Jm∆Hv (28)

The vaporized steam on the hot side condenses on the permeate side:

Qp = hp
(
Tp − Tp,m

)
(29)

Due to the existence of the thermal boundary layer on the membrane surface, temperature
polarization will occur during the MD operation. TPC is expressed as the ratio of the temperature of
the membrane surface on the feed fluid side to the temperature of the feed fluid body. The TPC value is
close to 1, which means that the surface temperature is similar to that of the feed liquid body, and the
influence of temperature polarization is small. TPC value close to 0 indicates that the temperature
of the membrane surface is quite different from that of the feed liquid body and the temperature
polarization effect is great [34,35].

TPC =
T f ,m

T f ,b
(30)

Thermal efficiency is the ratio of the heat transferred through the transmembrane water vapor to
the total heat transferred. The calculation formula is shown in Equation (31)

η =
J ∆Hv

J ∆Hv +
kM
δ

(
T f ,m − Tp,m

) (31)

3. CFD Model Formation

3.1. Geometry and Mesh

This experiment utilized COMSOL Multiphysics 5.5 to establish a detailed 3D model to simulate
and discuss the mass and heat transfer phenomena during the VMD experiment. The model for
the momentum, energy and quality, three modes of transport phenomena, have been considered.
The model consists of a feed channel on the shell side, a permeate channel, and a membrane module
between them. The membrane used in this test was PVDF hollow fiber membranes. Table 2 lists all
the parameters of different membrane modules and membranes. During operation, the feed liquid
can flow either in the module or in fibers. However, some of the literature indicated that due to the
uneven distribution of fibers, a greater flux can be obtained by the flow of the liquid in the fibers [36,37].
Therefore, the feed liquid flowed in the fiber during the experiment and simulation, and the vacuum
pump was used for vacuum processing outside the module. Besides this, the physical parameters of
each membrane fiber in the module are all the same, and the physical parameters of material and
liquid entering each membrane fiber are also the same. Because of the universality of the model and
the reduction in calculation burden, the calculation domain model of membrane fiber only selects the
internal flow space of one membrane fiber. All assumptions in the modeling are specified as follows:

(1) Steady-state operation;
(2) Both the feed side and the permeate side are incompressible flow, laminar flow model;
(3) The membrane has a 100% rejection rate of the feed liquid, and the removal rate of the precipitate

from the membrane surface is ignored;
(4) No chemical reaction;
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(5) No heat loss to the open environment.

Table 2. Hollow membrane module parameters.

Characteristics PVDF

Inner diameter (mm) 0.849
Outer diameter (mm) 1.139

Thickness (mm) 0.186
Contact angle (◦) 106.5

Effective membrane surface area (m2) 0.1066
Thermal conductivity (Wm−1K−1) 0.2

Before solving the complex governing equations, it is necessary to discretize the governing
equations in the spatial domain so that the solution domain is approximately a discrete domain
composed of finite elements with different sizes and shapes and connected. This process is called
finite element network partition. The meshing of the 3D model was implemented by the physical field
control mechanism, and on this basis, the fluid area was as refined as possible, thereby eliminating the
error between simulation and actual experiment. The first layer of mesh inflations with a thickness of
1 × 10−5 m was selected as the liquid–film interface between the lumen and the shell side to ensure
that the temperature polarization phenomena occur in the area with higher mesh resolution. Besides,
the grid is also tested for independence to check the quality of the grid. Figure 2 shows the 3D model
and the grid division, there are 761,471 grids in total.
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3.2. Boundary Conditions

All feed inlet and outlet boundaries were set according to the conditions given in Table 3. The inlets
of the feed and permeate section were set as the velocity inlet. The outlet boundaries of the feed
section and permeate section were set as the pressure outlet. The feed boundary is open to atmospheric
pressure and a certain vacuum value is set at the outlet pressure of the permeate side. Furthermore,
the feed and permeate sides were set as fluid domains. The outer surface of the membrane module was
set as the smooth wall without slippage, and the internal interface boundary was set as a conjugate
heat transfer boundary.
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Table 3. Boundary conditions for VMD.

Conditons Value

Feed temperature (k) 323.15 to 353.15 K
Permeate Temperature (K) 303.15

Feed solution concentration (Kg/L) 0.3
Feed inlet rate (L/min) 1.5

Permeate inlet rate (L/min) 1.5
Permeate pressure (MPa) −0.05 to −0.09

3.3. Design of CFD Simulation

In the experimental inquiry, an experimental design method is an effective approach for analyzing
the process, modeling, and optimizing the problem by involving various factors with different possible
values [38]. RSM is a set of statistical and mathematical techniques that can help design, model,
and analyze problems whose response is affected by multiple variables or factors [39]. In this study,
the BBD method, which is one of the RSM methods, was implemented to analyze the impact of key
factors (feed temperature, vacuum pressure, membrane length) on the flux and thermal efficiency.
The corresponding MD parameters of the design are listed in Table 4. The CFD model results (flux
and thermal) of each CFD run were input into the Design-Expert software (Version 8.0.6) to obtain the
relationship diagram and analyze the influence of factors.

Table 4. Independent design values and variables used in simulation studies.

Variables
Levels

Lower (−1) Central (0) Upper (+1)

Feed temperature (K) 323.15 33.15 353.15
Vacuum pressure (Mpa) −0.05 −0.07 −0.09
Membrane length (mm) 100 150 200

4. Experiment Method

The schematic diagram of the VMD experimental device is shown in Figure 3. In this experiment,
the feed solution was prepared by reverse osmosis mine water. The feed solution was first heated by
the heating element in the feed liquid tank, and was continuously pumped into the membrane module
by a peristaltic pump. Furthermore, the feed flow was adjusted to a preset flow rate through the flow
meter. When the feed temperature reached the specified temperature, turning on the vacuum pump
maintained the negative pressure state. The condensed product water was finally collected in a water
collection tank connected to an electronic balance, which can be used to monitor the weight of the
product water. All experimental data were measured under stable conditions. To verify the consistency
between the model and the experiment, tests were performed at different feed temperatures (323.15 to
353.15 K) and different vacuum pressures (−0.05 to −0.09 MPa).
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5. Results and Discussion

5.1. Model Validation

To verify the accuracy of the numerical model, the calculated flux was compared with the
experimental flux. The simulated flux under different temperatures and vacuum pressures were
consistent with the experimental results; the maximum error did not exceed 1.04% (Figure 4). Therefore,
the feasibility of the model was proven. As shown in Figure 4b, with the increase in temperature
and vacuum pressure, the permeate flux also shows an inclined trend, which was consistent with the
literature report [40,41].
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(b) different vacuum pressures (Tf = 323.15–353.15 K, Ppermeate = −0.05–0.09 MPa, vfeed = 1.5 L/min).

5.2. Mass Transfer in VMD

The permeate flux in CFD simulation based on RSM is presented in Table 5. The p-value < 0.05 in
the model indicates that the influencing factors are significantly effective. At the same time, “Sum of
Squares” is also an important parameter for model verification. The higher the “Sum of Squares” value
of the influencing factors in the model, the greater the impact on the model. It is obvious that individual
factors A, B, C, A2, and the interrelated factors AC have a significant influence on flux, but their
effects are not the same. B was found to be the most critical factor, and AC has the weakest effect.
The following will analyze the impact of each factor to deeply analyze the influence of each factor.
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Table 5. ANOVA results of response surface test for permeate flux.

Source Sum of Squares Df Mean Square F Value p-Value Distinctiveness

Model 23.17 9 2.57 371.26 <0.0001 **
A-feed temperature 7.29 1 7.29 1051.25 <0.0001 **
B-vacuum pressure 15.57 1 15.57 2245.10 <0.0001 **

C-length 0.067 1 0.067 9.68 0.0171 *
AC 0.053 1 0.053 7.60 0.0282 *
A2 0.16 1 0.16 23.54 0.0019 **

Residual 0.049 1 6.935 × 10−3

Lack of Fit 3.512 × 10−3 3 1.171 × 10−3 0.10 0.9535
Pure Error 0.045 4 0.011
Cor Total 23.22 16

Note: “*” indicates that the effect of the result is significant (p < 0.05); “**” indicates that the result is extremely
significant (p <0.01).

5.2.1. Effect of Membrane Parameters on Flux

Figure 5 is the 3D contour plots of the interaction between various factors, which helps to
understand the permeate flux trend in more detail. Figure 5b shows the flux results of different
membrane lengths obtained in the CFD simulation. With the increase in membrane length,
the flux continued to decline, but the downward trend was relatively gentle. In Antoine’s equation
(Equation (11)), temperature and saturated vapor pressure have an exponential relationship. Thus,
during the operation of VMD, when the pressure on the permeate side is kept constant, a higher
membrane surface temperature (Tf,m) can provide a more powerful driving force for mass transfer
and increase the permeate flux. Figure 6a shows the distribution of membrane surface temperature
along the flow direction under different membrane lengths. During operation, due to the continuous
evaporation of water vapor, the surface temperature of the membrane continuously decreased from the
feed inlet to the outlet region. With the increased length of the membrane, the temperature continued
to decline, which leads to the decrease in mass transfer driving force [20]. Figure 6b represents
the local flux changes along the length of the membrane. The local permeate flux, along with the
fiber, continuously decreased, especially when the length of the membrane was longer. For instance,
when the length of the membrane was 100 mm, the local permeation flux at the liquid outlet was
7.34 (kg/m2

·h), while when the length of the membrane increased to 200 mm, the final local flux at the
outlet dropped to 7.02 (kg/m2

·h). Comparing Figure 6, the local permeation flux has the same changing
trend as the membrane surface temperature. Thus, a shorter membrane length can produce a more
elevated permeate flux in this experiment.
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Figure 6. (a) Temperature and (b) local flux distributions of membrane surface along the fiber length 
at different membrane length (mm) (Tfeed = 338.15 K, P = −0.09 MPa, Vfeed = 1.5 L/min). 

5.2.2. Effect of Operational Factors on Flux 

In addition to the characteristics of the membrane itself, operating conditions such as vacuum 
and feed liquid temperature have a more pronounced effect on flux. From the CFD simulation data 
(Figure 5a), It is obvious that the permeation flux is positively correlated with the feed temperature. 
Figure 7a depicts the mass transfer coefficient along the flow direction at different feed temperatures. 
In this experiment, Knudsen diffusion dominates the transmembrane mass transfer mechanism. It 
can be seen from Equation (10) that the mass transfer coefficient is associated with the main 
characteristics of the membrane itself and the membrane surface temperature. Therefore, the mass 
transfer coefficient and flux increased with the raise in feed liquid temperature, so the curves in the 
two graphs exhibited the same trend. Besides, the local permeate flux showed an L-shaped 
downward trend at various temperatures. However, when the feed temperature was 323 K, the L-
shaped gradually became moderate. Zhang Yonggang et al. [20] obtained an identical tendency when 
using hollow fiber membranes to run VMD. 

  

Figure 6. (a) Temperature and (b) local flux distributions of membrane surface along the fiber length at
different membrane length (mm) (Tfeed = 338.15 K, P = −0.09 MPa, Vfeed = 1.5 L/min).

5.2.2. Effect of Operational Factors on Flux

In addition to the characteristics of the membrane itself, operating conditions such as vacuum
and feed liquid temperature have a more pronounced effect on flux. From the CFD simulation data
(Figure 5a), It is obvious that the permeation flux is positively correlated with the feed temperature.
Figure 7a depicts the mass transfer coefficient along the flow direction at different feed temperatures.
In this experiment, Knudsen diffusion dominates the transmembrane mass transfer mechanism. It can
be seen from Equation (10) that the mass transfer coefficient is associated with the main characteristics
of the membrane itself and the membrane surface temperature. Therefore, the mass transfer coefficient
and flux increased with the raise in feed liquid temperature, so the curves in the two graphs exhibited
the same trend. Besides, the local permeate flux showed an L-shaped downward trend at various
temperatures. However, when the feed temperature was 323 K, the L-shaped gradually became
moderate. Zhang Yonggang et al. [20] obtained an identical tendency when using hollow fiber
membranes to run VMD.
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an exponential growth trend. The principal reason for the trend is the growth in the driving force of 
VMD mass transfer. It can be seen from Equation (7) that at a certain temperature, the difference 
between the saturated vapor pressure and the vacuum pressure in the system increased, which can 
produce a larger driving force, thus promoting the permeate flux. Therefore, with the vacuum degree 
increased, a larger flux was generated. 
  

Figure 7. (a) Mass transfer coefficient and (b) local flux distributions of membrane surface along the
fiber length at different feed temperature (Lmembrane = 150 mm, P = −0.09 MPa, Vfeed = 1.5 L/min).

Vacuum pressure has the greatest impact on flux. It can be seen from Figure 5b that under the
condition of 150 mm membrane length and 353.15 K feed temperature, with the increase in vacuum



Water 2020, 12, 3403 12 of 19

pressure from −0.05 to −0.09 MPa, the permeate flux increased from 4.09 to 8.85 (kg/m2
·h), showing an

exponential growth trend. The principal reason for the trend is the growth in the driving force of VMD
mass transfer. It can be seen from Equation (7) that at a certain temperature, the difference between
the saturated vapor pressure and the vacuum pressure in the system increased, which can produce a
larger driving force, thus promoting the permeate flux. Therefore, with the vacuum degree increased,
a larger flux was generated.

5.2.3. CPC

In this study, the continuous experiment was conducted for 76 h under the best conditions to
explore the phenomenon of concentration polarization during operation. Figure 8 shows the changes
in water flux and conductivity during the continuous operation. When the flux decreases by 50%,
the membrane module was cleaned using deionized water. Within 76 h of continuous operation,
the flux dropped from 10.05 to 3.482 (kg/m2

·h). After two cleanings, the flux cannot be restored to the
initial value.
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operation, and the inorganic salt in the mine water was saturated and crystallized on the membrane 
surface, which blocks the membrane pores. By comparing the SEM and EDS of the virgin and the 
used membrane (Figure 9), it was found that calcium carbonate accumulated on the membrane 
surface after use, which confirmed the occurrence of concentration polarization in the process of MD 
treatment of reverse osmosis mine water. 
  

Figure 8. Variation in water flux, produced water conductivity during the VMD treatment of
reverse osmosis mine water (75 ◦C, −0.09 MPa, 1.5 L/min). Magenta arrows show the timing of the
cleaning membrane.

However, reverse osmosis mine water is high salinity mine water, which contains low organic
matter. Therefore, the main reason for this may be that concentration polarization occurred during
operation, and the inorganic salt in the mine water was saturated and crystallized on the membrane
surface, which blocks the membrane pores. By comparing the SEM and EDS of the virgin and the used
membrane (Figure 9), it was found that calcium carbonate accumulated on the membrane surface after
use, which confirmed the occurrence of concentration polarization in the process of MD treatment of
reverse osmosis mine water.
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feed liquid increases, the CPC increases (Figure 10a). When the temperature of the feed liquid 
increases, the water molecules diffuse faster and pass through the membrane in the form of steam. 
However, the inorganic salt in the mine water cannot permeate the membrane, resulting in a slight 
increase in the salt concentration on the membrane surface. 

As shown in Figure 10b, CPC increased as the vacuum pressure raised. The increase in the 
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leads to an increase in permeate flux. However, the inorganic salt was intercepted by the hydrophobic 
membrane, causing the salt concentration on the membrane surface to increase, and then the CPC 
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Figure 9. SEM images and EDS spectrum from (a) virgin, (b) used membrane.

Figure 10 explores the variation of CPC under different conditions. As the temperature of the feed
liquid increases, the CPC increases (Figure 10a). When the temperature of the feed liquid increases,
the water molecules diffuse faster and pass through the membrane in the form of steam. However,
the inorganic salt in the mine water cannot permeate the membrane, resulting in a slight increase in the
salt concentration on the membrane surface.
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As shown in Figure 10b, CPC increased as the vacuum pressure raised. The increase in the degree
of vacuum increases the flux, and more feed liquid diffuses to the membrane surface, which leads to an
increase in permeate flux. However, the inorganic salt was intercepted by the hydrophobic membrane,
causing the salt concentration on the membrane surface to increase, and then the CPC increases.

5.3. Heat Transfer in VMD

In addition to permeate flux, heat transfer efficiency is another crucial criterion to evaluate the
overall performance of MD. Table 6 shows the variance analysis of various related factors on the
thermal efficiency model. The “p-value” of this model is <0.05, and the “Lack of Fit F-value” is 1.87,
indicating that the model is valid. As shown in Figure 6, both independent factors and mutual factors
have an important influence on thermal efficiency. The feed temperature (A), vacuum pressure (B)
and interaction of feed-temperature–length (AC) parameters are valid in thermal efficiency and were
included in the analysis. According to the sum of squares, it can be judged that B has the greatest
influence on the thermal efficiency and the feed temperature has the weakest effect.

Table 6. ANOVA results of response surface test for thermal efficiency.

Source Sum of Squares Df Mean Square F Value p-Value Distinctiveness

Model 0.053 6 8.764 × 10−3 8.69 0.0017 **
A-feed temperature 9.143 × 10−3 1 9.143 × 10−3 9.07 0.0131 *
B-vacuum pressure 0.027 1 0.027 27.15 0.0004 **

AC 0.013 1 0.013 13.10 0.0047 *
Residual 0.010 1 1.008 × 10−3

Lack of Fit 7.434 × 10−3 6 1.239 × 10−3 1.87 0.2833
Pure Error 2.649 × 10−3 4 6.622 × 10−4

Cor Total 0.063 16

Note: “*” indicates that the effect of the result is significant (p < 0.05); “**” indicates that the result is extremely
significant (p < 0.01).

5.3.1. Effects of Membrane Characteristics on Heat Transfer

From the 3D contour plot of Figure 11a, it is clear that the membrane length is negatively related
to the heat transfer efficiency. When the membrane length increased from 100 to 200 mm, the heat
transfer efficiency decreased from 0.746 to 0.71 (Tfeed = 338.15 K, P = −0.07 MPa). Under different
membrane lengths, the decline in heat transfer efficiency is mainly due to the decrease in permeate
flux. In the above discussion (Figure 6), the membrane surface temperature decreases continuously
from the feed inlet to the outlet. With the increase in the membrane length, the Tf,m dropped 2 to a
lower level, which leads to a decrease in the flux across the membrane. Therefore, the heat transfer
efficiency and membrane flux have the same downward trend.Water 2020, 12, x FOR PEER REVIEW 17 of 22 
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5.3.2. Effect of Operational Factors on Heat Transfer

For the least influential factor, the temperature of the feed has a positive correlation with the
heat transfer efficiency (Figure 11a). When the vacuum degree was −0.07 MPa and the membrane
length was 150 mm, the feed temperature increases from 323.15 to 353.15 K, resulting in the increase
in thermal efficiency from 0.693 to 0.761. According to the above discussion, the permeate flux
increased with the increase in feed temperature (Figure 5a). Equation (19) indicates that an increase
in feed temperature produces a greater latent heat of evaporation. Furthermore, Qm becomes larger.
In addition to the change in Qm, the change in the heat input side also has a slight effect on heat
transfer efficiency [20]. It is evident that Qf increased with the increase in feed temperature (Figure 12a).
For example, when the feed temperature increased from 323.15 to 353.15 K, Qf can be increased from
16,283.92 to 26,035.69 W/m2. The increase in Qf can provide energy for the evaporation of water vapor
at the feed side. The more steam produced, the higher the efficiency of heat input energy used in the
VMD system [15].
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temperature is higher, the vaporization requires more energy, so the temperature drop is larger [42]. 
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Figure 12. (a) Qf and (b) TPC along the fiber length at different feed temperature (Lmembrane = 150mm,
P = −0.09 MPa, Vfeed = 1.5 L/min).

The vacuum pressure is the most significant of several factors. Figure 11b confirms that heat
transfer efficiency increases with vacuum pressure. The above discussion found that vacuum pressure
has the most marked effect on the increase in permeate flux. The effect of vacuum pressure on heat
transfer efficiency was similar to that of membrane length, and the influence of membrane flux on heat
transfer efficiency was also affected by membrane flux.

5.3.3. TPC

Temperature polarization also plays an important role in the heat transfer process of MD. Figure 13
is a cross-sectional view of the temperature distribution of the membrane and the membrane module;
the existence of the temperature boundary layer can be found. From the feed inlet to the outlet, the high
temperature area in the middle of the membrane gradually decreases along the flow direction, and the
thermal boundary layer begins to appear, resulting in temperature polarization.

From the above discussion, it is understood that the vacuum pressure and the length of the
membrane mainly affect the heat transfer by controlling the membrane flux, and the feed temperature
enhances the thermal efficiency in terms of membrane flux and convective heat transfer. Therefore,
this study only discusses the relationship between feed temperature and TPC. As shown in Figure 12,
it can be clearly found that at different feed temperatures, TPC decreases sharply with the increase in
feed temperature, which means that the difference between feed body temperature and membrane
surface temperature is increasing. It is notable that the higher the temperature, the greater the decrease
in TPC with the distribution of membrane. The cause of this fact is that when the feed temperature is
higher, the vaporization requires more energy, so the temperature drop is larger [42]. The feed flow
rate adopted in this experiment was 1.5 L/min, which is relatively low. In the future improvement
experiments, the feed flow rate can be appropriately increased to reduce the residence time of the feed
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liquid on the membrane surface, alleviating the temperature polarization phenomenon. The team
found in this experiment that, due to the small inner diameter of the fiber, if the feed flow rate is
too large, the local resistance in the membrane will increase, resulting in excessive internal pressure
and rupture.
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Figure 13. Membrane modules and fiber temperature distribution in different sections. (a) 0 mm,
(b) 50 mm (Tfeed = 338.15 K, Vfeed = 1.5 L/min, P = −0.09 MPa).

6. Conclusions

In this study, to explore the mass and heat transfer process of reverse osmosis mine water in
the MD process, COMSOL Multiphysics was used to establish a 3D model and CFD simulation
was performed, which was verified by the experimental results. The operating conditions: the feed
temperature, the vacuum pressure, and the membrane length were compared and simulated. Based on
the simulation results (flux and thermal efficiency), these parameters and their interactions were
systematically compared by RSM. According to the simulation results, the following conclusions can
be drawn:

(1) In addition to the membrane length, the two operating conditions were positively correlated
with permeate flux. With the increase in feed temperature/vacuum pressure, the permeate flux
was raised;

(2) The results of RSM showed that the impact on the permeate flux was: vacuum pressure > feed
temperature > membrane length > feed-temperature–membrane length;

(3) The heat transfer efficiency can be improved by increasing vacuum pressure and feed temperature,
but the effects of them were different. The vacuum pressure affected the permeate flux, and thus
changes the heat transfer efficiency. However, the feed temperature can provide heat for the
evaporation of water vapor through convective heat transfer, which plays a certain role in heat
transfer efficiency;

(4) The influence on heat transfer efficiency was: vacuum pressure > feed temperature > film length
> feed temperature;

(5) TPC also has a significant effect on MD heat transfer. The temperature of the feed liquid is
negatively correlated with TPC. There was a negative correlation between temperature and TPC.
TPC decreased with the increase in feed temperature.
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Nomenclature

Cp Heat capacity (KJ/(Kg·K))
Df,b Diffusion coefficient (m/s)
d Hydraulic diameter (m)
hf Local heat transfer coefficient (W/(m2

·K))
∆Hv Latent heat of vaporization of water (J/ kg)
J Membrane flux (kg/(m2

·h))
K Heat conductivity (W/(m·K))
KB Boltzmann constant
KM Membrane distillation coefficient (W/(m·K))
Kn Knudsen Number
M Molecular mass (kg /mol)
P Average pressure (pa)
Pf,m Vapor pressure at feed membrane interface
Pvacuum Vacuum pressure (pa)
Ps

v Water vapor pressure (pa)
Q Heat flux (W/m2)
R Gas universal constant (J/(mol·K))
Re Reynolds number
r Average pore size (m)
rw Activity coefficient of water
S Membrane area(m2)
Sc Schmidt number
Sh Energy source term (J/(m3

·s))
Sm Mass source term (Kg/(m3

·s))
Sv Momentum source term (N/m3)
T Temperature (K)
u Velocity of feed (m/s)
xs Molar fraction of sodium chloride
Greek symbols
ε Porosity (%)
λ Mean free path of water molecule (m)
σ Collision diameter(m)
δ Membrane thickness (m)
τ Tortuosity
η Thermal efficiency (%)
µ Viscosity (Pa·S)
Subscript
f,b Feed bulk
f,m Membrane surface on the feed side feed
p Permeate
P,m Membrane surface on the permeate side
Abbreviations
CFD Computational fluid dynamics
MD Membrane distillation
VMD Vacuum membrane distillation
TPC Temperature polarization coefficient
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