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a b s t r a c t
Recently, the seawater desalination process has gained widespread attention due to lack of drinking 
water. Among several membrane distillation methods for desalination, vacuum membrane distilla-
tion (VMD) is one of the emerging technologies that has mostly focused. In this study, an integrated 
heat and mass transfer model for the VMD process is established and the simulation results are 
validated with experimental data available in the literature. The numerical model is solved using 
in-house coding in Mathcad. The effect of some influential process parameters like feed circulation 
velocity, feed temperature, salinity, and heat transfer coefficient (HTC) on VMD flux is investigated. 
Moreover, the influence of some membrane characteristics like membrane porosity, membrane pore 
size and membrane thickness on permeate flux is also considered. Furthermore, the effect of some 
operating parameters on temperature polarization is also presented in this paper. Results of the 
numerical model indicated that the VMD flux enhanced with an increase in velocity, feed tempera-
ture, membrane porosity, membrane pore size, and HTC, whereas permeate flux declined with an 
increase in salt concentration, vacuum pressure, and membrane thickness. The maximum increase in 
permeate flux was 21.62 kg/m2h by increasing feed temperature from 35°C to 65°C at a constant feed 
velocity of 1.0 m/s. Additionally, it was confirmed that an optimum value of the membrane parameter 
is preferable for a substantial improvement in overall VMD performance.
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1. Introduction

The earth is composed of 70% water, out of which 97% is 
in the oceans and is not drinkable because of its salty nature 
[1,2]. The remaining freshwater is not directly accessible 
because it is present in the deep aquifers. As a result, the 
shortage of fresh water has become a global issue and society 

has arrived at the problem of shortage of drinkable water. 
However, this problem may be addressed by the desalina-
tion of seawater to make it drinkable. Various techniques 
are available to desalinate seawater such as multi-stage flash 
distillation (MSF), multi-effect distillation (MED) and reverse 
osmosis (RO). All of these techniques require higher operat-
ing and maintenance costs, and they cannot be operated by 
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means of a low-grade energy source such as solar energy [3]. 
An alternative to existing methods of seawater desalination is 
membrane distillation (MD) which has emerged as an alter-
native and attractive technique to common processes such as 
MED, MSF and RO [4].

MD process revealed many appealing features, particu-
larly when integrated with a low-grade heat source such as 
low operating pressure and temperature, simple membrane 
construction, little consumption of energy when waste heat 
is available, theoretically 100% salt rejection, high poten-
tial to use a low-grade energy source and no extensive 
pretreatment [4–8].

MD exists in the form of four different modules based 
on the process arrangements: direct contact membrane dis-
tillation (DCMD), vacuum membrane distillation (VMD), 
air gap membrane distillation (AGMD) and sweeping gas 
membrane distillation (SGMD) [9–11]. The main differ-
ence in these configurations lies in the type of condensing 
design (cold side) and are categorized based on the method 
by which pressure difference is generated across the mem-
brane. In DCMD [12], the cold stream at the permeate side 
is in direct contact with the membrane surface. This cold 
stream cannot cross the membrane pores and is a condens-
ing medium for the vapors that are transported from the 
membrane feed side. In AGMD [13], the feed solution and 
membrane are only in direct contact and the transported 
vapors are condensed on the cold surface. The existence of 
air gap between the condensing surface and the membrane 
decreases the heat loss, and as a result, improved thermal 
efficiency compared to DCMD. However, a major disad-
vantage of AGMD is that it offers resistance to the permeate 
flux and as a result imposes a high mass transfer resistance 
compared to other MD modules. In SGMD, an inert gas is 
used that sweeps the vapors. In this configuration, the con-
densation of the vapor takes place outside the MD module 
[14]. In VMD, vacuum pressure is created at the membrane 
permeate side and because of this vacuum pressure, a partial 
vapor pressure difference is created across the membrane. 
This pressure difference is responsible for the transport of 
vapors through the membrane. A comparison between MD 
configurations shows that the VMD process involves low 
mass transfer resistance and can produce permeate flux at 
a low operating temperature [15,16]. In addition to seawa-
ter desalination, VMD is also being used for fermentation 
[17,18], juice and coffee concentration in the food industry 
[19–26], removal of volatile organic compounds from aque-
ous solution [27–36], mineral recovery [37], and for regen-
eration of liquid desiccant air conditioning system [38,39].

To accurately predict the permeate flux and also the 
behavior of heat and mass transfer in a VMD configuration, 
a detailed integrated heat and mass transfer model (HMTM) 
is essentially required. By exploring the previously reported 
prominent articles on VMD, few studies can be found related 
to the effects of operational parameters on permeate flux 
and temperature polarization (TP) phenomenon in VMD 
[40,41], and also a very limited work related to the effects 
of membrane characteristics on the performance of VMD 
can be found in the literature [42]. Likewise, the only mem-
brane characterization parameter considered in the past to 
study its effect on the TP is the membrane thickness [42]. 
However, no attempt can be found in the open literature that 

considered the effects of other membrane characterization 
parameters (i.e. mean pore size, membrane porosity, etc.) 
on the TP phenomenon in VMD. Accordingly, the purpose 
of this study was to fill the required gap. TP is one of the 
main drawbacks associated with VMD that notably influ-
ences the permeate flux and largely depends on the process 
parameters and membrane characteristics. Thus, an attempt 
was made to study the effects of different membrane char-
acteristics and process parameters on the permeate flux and 
TP to get enhanced permeate flux and improved VMD per-
formance. In this study, an integrated HMTM for the VMD 
process has been established. The model is solved using 
in-house coding in Mathcad. The simulation results are 
validated with the experimental data [43] of the previously 
published literature.

2. Theory

2.1. Mass transfer model

The microporous membrane is responsible for the vapors 
transport in MD by allowing the diffusive and conductive 
flow of vapors through the membrane pores. The differ-
ence between the pressure at the feed side and the vacuum 
pressure is responsible for mass transfer in VMD. The mem-
brane structure itself is the main barrier to vapors transport. 
Moreover, the air present within the membrane pores also 
imposes a resistance for the mas transfer. The mass trans-
fer in VMD can be explained by either Poiseuille model or 
Knudsen diffusion model, the prior being dominant when 
the mean free molecular path of the gaseous water mole-
cules is smaller than the membrane pore size [44], whereas 
Knudsen diffusion is dominant in case of smaller pore 
size compared to the mean free molecular path [28,45]. 
The following equation is used to calculate mass flux in case 
of Knudsen model:

J r M
RT
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where Pv and Pi are water vapor pressure at vacuum side and 
feed side at membrane interface respectively; r, δ, τ and ε are 
the pore size, membrane thickness, tortuosity, and membrane 
porosity respectively; and Tavg, R, and M are average absolute 
temperature in membrane pores, universal gas constant and 
molecular weight of water, respectively.

On the other hand, for Poiseuille’s flow regime the equa-
tion used is:
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where Pavg and η are average vapor pressure and viscosity of 
water vapor respectively.

Dimensionless number called Knudsen number is used 
to specify the flow type, which is described as follows:

Kn
L

=
λ  (3)
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In Eq. (3) λ is the mean free molecular path and L is a 
physical scale characteristic length [46]. In this study, the 
characteristic length would be the membrane pore size. 
In most VMD arrangements, the mean free molecular path 
is extremely larger as compared to the pores size of the 
membrane. For that reason, the Knudsen model usually 
controls the mass transfer across the membrane.

2.2. Heat transfer model

Depends on the process arrangement, three types of 
heat transfers are involved in the VMD process; (1) the heat 
transfer through the membrane by means of conduction. 
(2) The heat transfer by means of convection from the feed 
side boundary layer adjacent to the membrane interface. 
(3) The latent heat transfer associated with permeate flux.

The convection heat transfer from the feed side boundary 
layer can be defined as:

Q h d N T Tf f f b i= ( ) −( )π 0  (4)

where hf is the convective heat transfer coefficient (HTC). 
Groehn’s correlation can be used to find hf [47]:

N
h d
Ku
f h

f

= = ( )0 206
0 63 0 36. Re cos Pr
. .θ  (5)

where dh is the hydraulic diameter of the shell, Kf is the ther-
mal conductivity and θ is the yaw angle which varies from 0° 
to 90°. In our case, the yaw angle is 87° for the MD020CP2N 
membrane module [7].

For calculating Reynold’s number, the following relation 
can be used:

Re =
d vhρ
µ

 (6)

where ρ, ν, and μ are the density, velocity, and viscosity of the 
feed solution, respectively.

Also, the Prandtl number (Pr) can be calculated by using 
the following relation:

Pr =
C
K
pµ  (7)

The hydraulic diameter of the shell can be computed by 
using the following relation:

d
d
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where Ø is the module property known as module packing 
density.
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where ds is the shell inner diameter.

It must be noted that in the steady-state conditions, the 
heat transfer in the feed side and the heat transfer through 
the membrane are equal [43,44,48].

Q Qf m=  (10)

2.3. Integration of heat and mass transfer

In the VMD process, the heat and mass transfer rates are 
interconnected. A change in one of them induces a change in 
the other. According to Alsaadi et al. [49], the two rates are 
related by the following equation:

Q h T T Jg C P P gf b i v m i v v= −( ) = = −( )  (11)

where gv and Cm are enthalpy of saturated vapor and mass 
permeability coefficient of the membrane, respectively. To 
calculate gv, we used the following equation [50]:
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where T is valid in the range 0.01–200°C.

2.4. Temperature polarization

A primary reason for flux declination during the MD 
operation is the TP near the membrane interface. As can be 
seen in Fig. 1, the feed bulk temperature Tb drops to Ti at 
the membrane interface on the feed side. Some water evap-
orates and is transported through the membrane pores to 
the permeate side. At the same time, heat is transferred 
through the membrane. The force which is responsible 
for vapors transport is, therefore, the pressure difference 
between the feed side at temperature (Ti) and the vacuum 
pressure at the lumen side, which is less than the difference 
in pressure between the feed side at bulk temperature (Tb) 
and the vacuum pressure. So the driving force for vapors 
transport should be less in this case. This phenomenon is 
called TP [51–54].

The TP effect can be expressed mathematically by a fac-
tor known as temperature polarization coefficient (TPC) 
which can be defined as the ratio of the temperature differ-
ence between the feed side membrane interface tempera-
ture and the permeate side temperature to the difference 
between the bulk temperatures across both the membrane 
sides;

TPC =
−
−

T T
T T
i v

b v

 (13)

According to Eq. (14), lower the value of TPC, more exten-
sive is the TP. Consequently, the difference between interface 
temperature Ti and feed bulk temperature Tb turns out to be 
much greater and the resistance to mass transfer increases. 
On the other hand, as TPC value approaches to unity, the TP 
effect turns out to be trivial, the temperature gradient at the 
feed side becomes smaller and the system will be only mass 
transfer limited.
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3. Methodology

3.1. Input parameters

To get more flux and also to enhance the VMD per-
formance, a simultaneous HMTM for the VMD process is 
established and the results are validated with the exper-
imental data of the previously published literature. The 
numerical model has been solved using in-house coding in 
Mathcad. The calculations were carried out for a feed circu-
lation velocity of 0.2 m/s, feed temperature of 50°C and for a 
vacuum pressure of 2,000 Pa. The calculations were carried 
out for a polypropylene (PP) hollow fiber membrane with 
a porosity of 0.7 and a thickness of 400 μm. To study the 
effects of operating parameters on permeate flux and TP, a 
numerical iterative method as discussed in section 3.3 was 
adopted.

3.2. Membrane properties

Properties of the MD020CP2N hollow fiber membrane 
module was used in the numerical model. A schematic of 
the hollow fiber membrane module is shown in Fig. 2. The 
hollow fiber membrane module has three layers; shell side 
through which feed solution flows, the membrane layer and 
the permeate side which should be kept under vacuum. The 
MD020CP2N is a commercial shell and tube type hollow 
fiber membrane module in which the feed solution flows 
in the shell side whereas the lumen side is kept under vac-
uum. It contains a set of PP porous hollow fibers which are 
hydrophobic. The properties of MD020CP2N membrane 
module specified by the manufacturer are as follows:

Length of fibres: 0.47 m; number of fibres: 40; inner diam-
eter of the shell: 0.025 m; inner diameter of fibres: 1.8 mm; 
outer diameter of fibres: 2.6 mm; thickness of membrane: 
0.4 mm; membrane mean pore size: 0.2 μm; effective area: 
0.15 m2; porosity of the membrane module: 70%.

3.3. Solution procedure

The thermophysical properties of NaCl solution and 
water were used from the reference [55]. A flow chart of the 
solution procedure is shown in Fig. 3. A numerical iterative 

method is used to solve for the value of permeate flux and the 
membrane interface temperature using Mathcad’s in-house 
coding. HTC is found from Groehn’s correlation [47]. gv is cal-
culated using Eq. (12) whereas Pv is calculated from Antoine’s 
equation:

P
Tv = −

− +








exp . .

.
23 1964 3816 44

46 13
 (14)

 
Fig. 1. Temperature polarization in VMD.

 

Fig. 2. Schematic representation of a hollow fiber VMD module.

 

Fig. 3. VMD model iteration.
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The membrane interface temperature and the permeate 
flux should be estimated on a trial basis. The solution was 
converged when the calculated interface temperature and 
the guessed temperature were satisfied within an absolute 
error of 10–3.

4. Validation of numerical model

It is of interest to relate the numerical findings with the 
experimental results. The numerical model was compared 
with the experimental results of Mengual et al. [43]. The 
model was validated by comparing the experimental and 
numerically determined to permeate flux over a range of 
feed temperatures from 35°C to 65°C and was also com-
pared over a range of feed velocities from 0.2 to 1.0 m/s as 
shown in Figs. 4a and b, respectively. The lines and symbols 
depict the numerical and experimental results respectively. 
As shown in Figs. 4a and b, the numerical results show a 
good agreement with the experimental data, with an aver-
age deviation of less than 5% between the simulated and 
experimental flux.

5. Numerical results and discussion

5.1. Effect of operating parameters on permeate flux

5.1.1. Feed temperature

The influence of feed temperature on VMD flux is 
shown in Fig. 5 at various feed circulation velocities. The 
temperature was varied from 35°C to 65°C, for each one of 
the following feed velocities: 0.2, 0.4, 0.6, 0.8 and 1.0 m/s. 
While increasing feed temperature, an increase in perme-
ate flux occurs because of the exponential relationship 
between vapor pressure and temperature as given by 
Antoine’s equation. Therefore, a rise in feed temperature 
will result in increased vapor pressure of the feed solution 
that will, in turn, increase the permeate flux.

As depicted in the figure, at low feed temperature, the 
impact of velocity variation is low, whereas, at a high feed 
temperature of 65°C, the flux is enhanced from 16.3 to 24 kg/
m2h by increasing velocity from 0.2 to 1 m/s. Likewise, when 
the feed velocity was 0.2, 0.4, 0.6, 0.8, and 1.0 m/s and the feed 
temperature is varied from 35°C to 65°C, the flux increased 
from 1.94 to 16.3 kg/m2h, from 2.21 to 19.69 kg/m2h, from 
2.34 to 21.64 kg/m2h, from 2.37 to 22.98 kg/m2h and from 
2.38 to 24 kg/m2h, respectively. The maximum increase in 
permeate flux is 21.62 kg/m2h at a feed circulation velocity 
of 1.0 m/s. Hence, initially at lower feed temperature, the 
effect of increase in velocity is insignificant however the 
effect becomes dominant by increasing the feed temperature.

5.1.2. Feed velocity

Fig. 6 presents the numerical values of permeate flux 
against feed velocity using the feed temperature as vari-
able. The velocity was varied from 0.2–1.0 m/s, for each one 
of the following feed temperatures: 40°C, 50°C, and 60°C. 
An increase in feed circulation velocity led to an increase in 
the HTC and as a result, the membrane interface temperature 
became closer to the feed bulk temperature. This will cause 
a higher temperature difference across the membrane and 
subsequently a higher flux.

 

Fig. 4. Comparison of numerical and experimental permeate 
flux (a) feed temperature at feed velocity (V) of 0.6 and 1.0 m/s, 
(b) feed velocity at feed temperature (Tf) of 40°C, 50°C, and 
60°C. Lines: numerical data and symbols: experimental data.

 
Fig. 5. Effect of feed temperature on permeate flux for water 
inlet velocity (V) of 0.2, 0.4, 0.6, 0.8, and 1.0 m/s.
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While feed temperature is 40°C, 50°C, and 60°C and 
the feed circulation velocity is varied from 0.2–1.0 m/s, per-
meate flux increased from 3.79 to 4.88 kg/m2h, from 8.13 to 
11.07 kg/m2h and from 13.36 to 19.17 kg/m2h respectively. 
The maximum increase in permeate flux is 5.81 kg/m2h at a 
temperature of 60°C. Moreover, the impact of feed velocity 
on permeate flux is trivial at low values of feed temperature. 
However, the effect becomes dominant with the increase in 
feed temperature.

5.1.3. Vacuum pressure

In the VMD performance, vacuum pressure at the per-
meate side plays a significant role. The effect of vacuum 
pressure on the permeate flux is studied for three different 
feed temperatures (i.e., 50°C, 60°C, and 70°C) as shown in 
Fig. 7, while keeping the feed flow rate constant at 0.2 m/s. 
As it is clear, while vacuum pressure increased, MD flux 
declined for all three feed temperatures. This is because 
of the decrease in the driving force required for MD mass 
transport, since the difference in vapor pressure at feed 
side temperature and the vacuum pressure is responsible 
for mass transfer in MD. Therefore, MD flux increased at 
stronger vacuums.

It is noteworthy that the permeate flux becomes zero 
once the vacuum pressure is increased to such a value that it 
becomes equal to the vapor pressure of water at the feed side, 
that is, the driving force becomes zero.

5.1.4. Feed concentration

The influence of salt concentration on the VMD flux is 
shown in Fig. 8 for three different feed velocities. There is 
a trivial decrease in the VMD flux by increasing the feed 
concentration irrespective of the feed velocity. This decrease 
in the VMD flux is because of the reduction in the vapor 
pressure of water by increasing the salt concentration which 
is in accordance with Raoult’s law [56,57]. Since the driving 
force for vapors transport through the membrane is the vapor 
pressure difference across the membrane, so by increasing 

it at the permeate side and decreasing at the feed side, the 
resistance to mass transfer increases. The decrease in perme-
ate flux with feed concentration might also be influenced by 
the decrease of the convective HTC with increase of solution 
concentration [58].

5.1.5. Heat transfer coefficient

The effect of HTC on the VMD flux is presented in Fig. 9 
for three different feed temperatures (i.e., 40°C, 50°C, and 
60°C). By increasing the HTC, the permeate flux increases. 
The increase in HTC causes the temperature difference at 
the feed side to decrease. Consequently, the membrane inter-
face temperature approaches the bulk temperature and at 
that membrane interface temperature, the vapor pressure is 
higher causing an increased driving force that resulted in a 
greater permeate flux.

 
Fig. 6. Effect of feed circulation velocity on VMD flux for inlet 
feed temperature (Tf) of 40°C, 50°C, and 60°C.

 

Fig. 7. Effect of vacuum pressure on MD flux for inlet feed 
temperature (Tf) of 50°C, 60°C, and 70°C.

 

Fig. 8. Effect of salt concentration on permeate flux for feed 
circulation velocity (Vf) of 0.2, 0.4 and 1.0 m/s.
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Moreover, the effect of enhancing HTC on the VMD 
flux is more prominent with the increase in feed tempera-
ture. In other words, increase in HTC is more effective on 
the VMD performance at higher feed temperatures.

5.2. Effect of operating parameters on TP

5.2.1. Feed temperature

The influence of feed temperature on TP is shown in 
Fig. 10a. The feed temperature was varied from 35°C to 
65°C at different feed circulation velocities (i.e., 0.2, 0.4, 
0.6, 0.8 and 1.0 m/s). The TPC decreases by increasing the 
temperature which means that the undesirable effect of 
TP increases with the feed temperature. This is because, 
rise in feed temperature increases the rate of heat transfer 
from feed to the permeate side and ultimately decreases 
the temperature at the membrane interface on the feed 
side. Likewise, at a higher temperature, the energy con-
sumption from the vaporization is higher. The net result 
of the increased heat transfer via conduction and convec-
tion at higher feed temperature appears as a decrease in 
the observed TPC. Although, the TP effect increases with 
an increase in feed temperature, however, by increasing 
feed temperature, there is also an enhancement of permeate 
flux in all MD configurations.

5.2.2. Feed circulation velocity

Feed velocity has a significant impact on TP. As can be 
seen from Fig. 10b, while feed velocity is increased, the TPC 
increases considerably irrespective of the feed temperature 
and reduces the TP effect. This tendency of decreasing the 
TP effect can be described by the fact that an increase in 
the circulation velocity led to an increased HTC and mini-
mizes boundary layer resistance. Consequently, the mem-
brane interface temperature turns out to be closer to the bulk 
temperature and the TP effect diminishes.

The increasing trend of TPC depicted that increasing the 
feed velocity causes an improved mixing in the feed chan-
nel which led to a reduction in the thermal boundary layer 
thickness. Furthermore, it is noteworthy that the change in 
TPC with feed velocity is more substantial at low feed veloc-
ity (laminar flow) but it becomes trivial in a turbulent flow 
where an increase in feed velocity does not considerably 
affect the TPC.

5.3. Effect of membrane characteristics on TP and permeate flux

5.3.1. Membrane porosity

Fig. 11a illustrates the influence of membrane poros-
ity on the VMD flux. Also known as fractional void vol-
ume; membrane porosity is a major factor affecting VMD 
performance. Membranes having higher void volume will 
have a larger surface area for evaporation. As can be seen 
in Fig. 11a, increasing the membrane porosity results in an 
increased MD flux irrespective of the membrane thickness.

 

Fig. 9. Effect of heat transfer coefficient on permeate flux for 
three different inlet feed temperatures of 40°C, 50°C, and 60°C.

 

Fig. 10. Temperature polarization as a function of (a) feed 
temperature for five different feed circulation velocities of 0.2, 
0.4, 0.6, 0.8 and 1.0 m/s and (b) feed circulation velocity for three 
different feed temperatures of 40°C, 50°C, and 60°C.
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It must be noted that the membranes having higher 
porosity exhibits a lower heat loss by conduction because 
that the conductive HTC of the gases within the pores of 
the membrane is less as compared to the HTC of the hydro-
phobic material used in the membrane. Also, increasing the 
membrane porosity will result in an increased surface area 
of the membrane. This will cause a greater convective heat 
transfer and subsequently reduces the membrane interface 
temperature which will results in a higher TP effect as shown 
in Fig. 11b.

5.3.2. Mean pore size

The effect of membrane pore size on permeate flux and 
TP was investigated and the results are presented in Fig. 12. 
The feed temperature and feed circulation velocity were 
maintained at 50°C and 0.2 m/s, respectively. As depicted 
in the figure, when the mean pore size was increased from 
0.1 to 1.0 μm, the permeate flux was enhanced considerably. 
This is because of the reduction in the mass transfer resis-
tance with increasing pore size, which resulted in increased 

 

Fig. 11. Effect of membrane porosity on (a) permeates flux for 
membrane thickness (δ) of 0.1, 0.2 and 0.4 mm and (b) TP.

 

Fig. 12. Effect of mean pore size (0.1–1.0 μm) on permeate flux 
and TP.

  

Fig. 13. Effect of membrane thickness (δ = 0.1–1.0 mm) on (a) per-
meate flux and (b) TP.
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Table 1
Comparison of different numerical and experimentally performed VMD analysis in terms of permeate flux

Membrane material Membrane characteristics/VMD parameters Permeate flux Reference
Polyvinylidene fluoride (PVDF) 

membrane was fabricated from 
Kynar® 740 using the phase 
inversion process

Feed temperature: 30°C; vacuum pressure: 
3.78 kPa; and feed: pure water

0.71 kg/m2 h [59]

PVDF membrane was fabricated from 
a blend of Kynar® 740 and Kynar® 
HSV900 (HSV900:740 = 2:8) using 
phase inversion process

Feed temperature: 27.5°C and feed: 35 g/L of 
NaCl

0.335 kg/m2 h [60]

PVDF membrane was fabricated from 
a blend of Kynar® 740 and Kynar® 
HSV900 (HSV900:740 = 2:8) using 
phase inversion process

Feed temperature: 25°C; vacuum pressure: 
2.306 kPa; and feed: 35 g/L of NaCl

1.25 kg/m2 h [61]

PVDF membrane was fabricated from 
Kynar® 740 using the immersion 
precipitation technique

Feed temperature: 23°C–35°C and vacuum 
pressure: 3.8 kPa

0.04–0.14 kg/m2 h [62]

PVDF membrane was fabricated from 
a blend of Kynar® 740 and Kynar® 
HSV900 (HSV900:740 = 4:6) using 
phase inversion process

Porosity: 25.32%; feed temperature: 27°C; and 
vacuum pressure: 3.78 kPa

0.692 kg/m2 h [63]

PVDF membrane was fabricated from 
Kynar® MG 15 polymer using 
phase inversion process

Pore size: 49.8 nm; porosity: 20.7%; feed 
temperature: 27°C; and vacuum pressure: 
3.78 kPa

0.325 kg/m2 h [64]

PVDF membrane was prepared from 
Kynar® 740 using the immersion 
precipitation technique

Feed temperature: 30°C; vacuum pressure: 
3.8 kPa; thickness: 0.25 mm

0.08 L/m2 h [65]

PP hollow fiber membrane module 
from Celgard Liquicel®, Hoechst-
Celanese

Pore size: 0.2 μm; fiber thickness: 80 μm; 
Permeate pressure: 6.3–56.3 kPa; feed 
temperature: 25°C; feed flow rate: 1.2–2 L/
min

0.3–0.5 kg/m2 h [24]

PP hollow fiber membrane Average pore size: 0.2 μm; porosity: 60%; 
thickness: 0.25 mm; vacuum pressure: 
4–30 kPa; feed temperature: 60°C–75°C; feed 
flow rate: 200–600 L/h

2.6–13.5 L/m2 h [66]

PVDF membrane were fabricated 
from Kynar® 740 using the phase 
inversion process

Feed temperature: 30°C; vacuum pressure: 
3.78 kPa; and feed: 35 g/L of NaCl

0.35 kg/m2 h [59]

PP hollow fiber membrane Pore size: 0.3 μm; feed temperature: 40°C–70°C; 
vacuum pressure: 10–100 mmHg; feed 
velocity: 0.0072–0.72 m/s; and feed: pure 
water

0.73–5.7 kg/m2 h [67]

PP hollow fiber membrane Pore size: 0.3 μm; feed temperature: 40°C–70°C; 
vacuum pressure: 10–100 mmHg; feed 
velocity: 0.0072–0.72 m/s; and feed: 0.2 kg/L 
of NaCl

0.21–4.2 kg/m2 h [67]

PP hollow fiber membrane 
(MD020CP2N membrane module)

Pore size: 0.2 μm; membrane thickness: 
0.4 mm; outer diameter of fibers: 2.6 mm; 
vacuum pressure: 4 kPa; feed temperature: 
35°C–65°C; and feed velocity: 1.0 m/s

2.38–24 kg/m2 h [this work]

PP hollow fiber membrane 
(MD020CP2N membrane module)

Pore size: 0.2 μm; membrane thickness: 0.4 mm; 
outer diameter of fibers: 2.6 mm; vacuum 
pressure: 4 kPa; feed temperature: 60°C; and 
feed velocity: 0.2–1.0 m/s

13.36–19.17 kg/m2 h [this work]
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vapor permeability and consequently a higher permeate flux 
is obtained. Also, increasing the membrane pore size resulted 
in an increased surface area for water evaporation which 
causes a decrease in the membrane interface temperature 
and subsequently increased the TP effect as can be seen in 
the figure.

5.3.3. Membrane thickness

The permeate flux decreases by increasing the mem-
brane thickness because by increasing the thickness of the 
membrane, opposition to mass transfer increases as is the 
case in Fig. 13a. To get high VMD flux, membrane thick-
ness should be as small as possible as depicted in the figure. 
On the contrary, increasing the membrane thickness would 
result in better heat efficiency (low TP) as shown in Fig. 13b, 
because in VMD the membrane itself is responsible for the 
conduction heat loss, and by increasing the membrane thick-
ness the opposition to conduction heat loss increases. So, by 
considering both the positive effect (higher flux) and nega-
tive effect (TP) concerned with the membrane thickness, an 
optimum value of membrane thickness should be selected 
for overall VMD performance.

Table 1 shows the effects of different membrane charac-
teristics and VMD parameters on the permeate flux studied 
in this work and compare to previously published data. From 
the table, it is clear that the VMD permeate flux depends 
largely upon the membrane characterization parameters as 
well as many process parameters such as feed circulation 
velocity, feed temperature, salt concentration, vacuum pres-
sure etc.

6. Conclusion

In this paper, the VMD process is studied numerically in 
detail to study HMTM and also the effect of different mem-
brane characteristics and operating parameters on the VMD 
performance. The results of the numerical model indicated 
that the VMD flux enhanced with increase of feed velocity, 
temperature, membrane porosity, membrane pore size, and 
HTC, and declined with an increase in salt concentration, 
vacuum pressure, and membrane thickness.

Furthermore, the following conclusions can be drawn 
based on this study:

• Feed concentration, feed circulation velocity, and HTC 
has the least impact on VMD flux as compared to vacuum 
pressure and feed temperature.

• The effect of feed velocity on VMD flux is trivial at low 
values of feed temperature; however, the effect becomes 
dominant with the increase in feed temperature.

• The impact of feed circulation velocity on the TP is more 
prominent as compared to feed temperature.

• An increase in TPC with feed velocity is more significant 
at low feed velocity (laminar flow) but it becomes trivial 
in a turbulent region where an increase in feed velocity 
does not considerably affect the TPC.

• Considering the effect of membrane characteristics on 
the VMD flux, an increase in membrane porosity and 
mean pore size has a positive influence on it, whereas 

permeate flux decreases with an increase in membrane 
thickness.

• All the membrane characteristics have opposite impacts 
on both permeate flux and TP. Consequently, considering 
both the positive effect (higher permeate flux) and nega-
tive effect (TP), concerned with the membrane character-
istics, an optimum value of membrane parameter should 
be selected for overall VMD performance.

• Increase in feed temperature results in enhanced permeate 
flux but on the other hand, the negative effect of TP also 
increases. However, feed circulation velocity has a posi-
tive impact on both the permeate flux and TP. Therefore, 
an increase in TP with feed temperature can be compen-
sated by an increase in the feed velocity. Accordingly, to 
optimize VMD performance, high values for both the feed 
circulation velocity and feed temperature can be useful.

The presented results provide a comprehensive guide-
line for the impact of various operating conditions and 
membrane characteristics on permeate flux and on TP. How-
ever, it does not provide an optimum value of membrane 
characteristics for better performance of VMD. Therefore, for 
future work, it is recommended to investigate the optimum 
range of all membrane parameters, which will eventually 
improve the performance of VMD.

Abbreviations

AGMD — Air gap membrane distillation
DCMD — Direct contact membrane distillation
HTC — Heat transfer coefficient
HMTM — Heat and mass transfer model
MD — Membrane distillation
PP — Polypropylene
SGMD — Sweeping gas membrane distillation
TP — Temperature polarization
TPC — Temperature polarization coefficient
VMD — Vacuum membrane distillation
VOCs — Volatile organic compounds

Symbols

do — Outer diameter of fiber, mm
ds — Shell inner diameter, m
hf — Convection HTC at the feed side, W/m2K
J — Permeate flux, kg/m2h
Kf —  Thermal conductivity of the feed solution, 

W/m/K
M — Molecular weight, kg/mol
Nf — Number of fibers
Nu — Nusselt’s number
Pi — Partial vapor pressure of feed solution, Pa
Pv — Vacuum pressure, Pa
P0 — Vapor pressure of pure substances, Pa
Pr — Prandtl’s number
Qm — Heat transfer through the membrane
R — Gas constant, J/mol/K
Re — Reynold’s number
Tb — Feed bulk temperature, K
Ti — Feed side membrane interface temperature, K
Tv — Temperature at the permeate side, K
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Greek

δ — Membrane thickness, mm
ε — Membrane porosity
τ — Tortuosity
λ — Mean free molecular path, mm
Ø — Module packing density
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