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ABSTRACT: Numerical simulation is an effective method to get the optimal operating parameters in the chemical engineering process.

In this work, the transport mechanism of vacuum membrane distillation (VMD) process was simulated and predicted by mathemati-

cal model, which was established based on the convective heat transfer coefficient, and 0.5M aqueous NaCl solution was concentrated

with isotactic polypropylene (iPP) hydrophobic microporous membrane prepared via thermally induced phase separation (TIPS) in

the VMD process. The as-presented mathematical model simulated the effects of different operating parameters on the VMD per-

formances for aqueous NaCl solution, such as feed temperature, feed flow rate, absolute pressure of membrane permeate side, tem-

perature coefficient, membrane thickness, and porosity. A comparison between experimental data and simulated data was also

considered to verify the proposed mathematical model. Additionally, the salt rejection of aqueous NaCl solution production water in

VMD was higher than 99.9%. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41632.
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INTRODUCTION

Membrane distillation (MD) is a thermally driven process, in

which only vapor molecules are transported through porous

hydrophobic membranes.1 The permeate side of the membrane

may consist of a condensing fluid in direct contact with the

membrane (DCMD),2 a condensing surface separated from the

membrane by an air gap membrane distillation (AGMD) a

sweeping gas membrane distillation (SGMD), or a vacuum

membrane distillation (VMD).3,4 The type of MD employed is

dependent upon permeate composition, flux, and volatility.5–7

The porous membrane used in membrane distillation process is

often made of hydrophobic material available in hollow fiber or

flat-sheet forms such as polypropylene (PP),8–11 poly(vinylidene

fluoride) (PVDF),12–14 and polytetrafluoroethylene (PTFE).15

Compared with PVDF and PTFE, there are some advantages of

isotactic polypropylene (iPP). It is an outstanding membrane

material because of its low cost. Besides, it has good mechanical

properties, high thermal stability, and excellent resistance to

acids, alkalis, and organic solvent.16 Thermally induced phase

separation (TIPS), based on the dependence of the polymer

solubility on the temperature, offers an attractive way to prepare

iPP membrane because iPP can be dissolved in some solvents at

about melting temperature of pure iPP.

The potential advantages of MD process in comparison with the

conventional separation process rely on the lower operating

temperature and hydrostatic pressure. Feed solutions having

temperatures much more lower than its boiling point under

pressures near atmosphere can be used. Benefiting from the

above advantages, MD could be applied in many industrial

processes, such as brine desalination,17 waste water treat-

ment,18,19 food,20 and energy industry.21 Therefore, MD is now

being investigated worldwide as a low-cost and energy-saving

alternative to conventional separation processes such as conven-

tional distillation and reverse osmosis.22 VMD process received

a great deal of attention by many investigators because of its

promising applications in several separation areas. It is also a

rising technology for seawater or brine desalination process.

VMD process is based upon using a macroporous hydrophobic

membrane for the separation of an aqueous feed solution and a

downstream gaseous phase kept under vacuum. The driving
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force of the VMD is the partial pressure difference gradient

across the membrane. Nonetheless, from a commercial stand-

point, VMD is not implemented yet in industry for the main

barrier of optimizing operating conditions.23–26 Some research-

ers have already optimized the VMD process by numerical sim-

ulation. The heat and mass transfer processes were analyzed to

build a mathematic model of cross-flow VMD process.27,28

Besides, computational fluid dynamics (CFD) was employed to

study the fluid dynamics of two-dimensional model for VMD a

in our former study.29 A two-dimensional geometry model of

hollow fiber membrane was established by using the business

software GAMBIT, and the flow conditions were set up using

FLUENT software. Unfortunately, for a given hydrophobic

microporous membrane, how to establish the mathematical

model which describes the relationship between heat transfer

and mass transfer correctly of aqueous NaCl solution in VMD

process has not been reported as far as we know.

In this work, the numerical simulation of hollow fiber mem-

brane module was modeled to describe the aqueous NaCl solu-

tion in VMD process. The relationship between heat transfer

and mass transfer of aqueous NaCl solution in VMD process

was investigated first. The membrane fibers in membrane mod-

ule were narrow pore size distribution iPP membranes, which

were prepared at optimum operating conditions via thermally

induced phase separation (TIPS). The mathematical model of

aqueous NaCl solution in the VMD process using the resultant

membranes module was established, and the comparison of per-

meate flux between experimental data and mathematical simu-

lated results was done to verify the model. The effects of feed

temperature, feed flow rate, membrane permeates side pressure,

membrane thickness, and membrane porosity on permeate flux

and temperature polarization coefficient were investigated by

simulation in the VMD process. This work would be helpful for

the application of VMD and numerical simulation as well as

technology design for desalination.

EXPERIMENTAL

Materials

Isotactic polypropylene (iPP) (melt index 5 3.0 g/10 min, aver-

age molecular weight 5 412,000) was supplied by Huabei Petro-

chemical Co.Ltd., China. Soybean oil (diluent) was purchased

from Northsea Oils & Industries (Tianjin) Co. Ltd., China.

Adipic acid (reagent purity) and hexane (reagent purity) were

purchased from Tianjin Kemiou Chemical Reagent (China) and

Tianjin Yingda Chemical Reagent (China), respectively. All

chemicals were used without further purification.

Membrane Preparation

A casting solution was made up of about 27% (w/w) iPP, 73%

(w/w) soybean oil (dilute), and 0.05% (w/w) adipic acid (nucleat-

ing agent). The mixed iPP hydrophobic microporous membranes

for MD were prepared by TIPS, and the porosity was 60%. The

thickness of the resulting membranes was 210 lm. And the maxi-

mum pore size of the membrane was 7 lm, respectively.30,31

Experimental Set-Up and Methods

A schematic view of the VMD experimental set-up was pre-

sented in Figure 1; 0.5M aqueous NaCl solution was continu-

ously fed by a pump to the membrane module from a

reservoir; the feed flow rate was controlled by a rotameter.

When the feed was heated to the desired temperature, and a

vacuum pump was connected to the permeate side of the mem-

brane module to remove the water vapor flux. The vapor trans-

ferred through the membrane pores to the vacuum side and

was collected in liquid nitrogen cold traps and was sampled

every a certain time. The absolute pressure in the vacuum side

was 3.0 kPa. The weight of permeation collected in the cold

trap was measured continuously to calculate the VMD flux, J.

J5
W

A � t (1)

where J is the VMD flux, kg/(m2 h), W is the weight of vapor

across the membrane, kg; A is the effective membrane area, m2,

and t is the experimental running time, h.

Feed flux is the ratio of feed flow and membrane area.

F5
Q

A
: (2)

In this equation, “F” means feed flux, kg/(m2 h), “Q” means

feed flow, kg/h, and “A” means membrane area (m2).

g describes the salt rejection for the permeation selectivity of

aqueous NaCl solution:

g5
CF2CP

CF

3100% (3)

where, g is the salt rejection, %, CF is the concentration of Cl2

in aqueous NaCl solution, M. CP is the concentration of Cl2 in

permeation solution, M.

VMD MATHEMATICAL MODELS

Transfer Mechanism for Aqueous NaCl Solution in VMD

Process

The mechanism of transport in VMD involves simultaneously

both heat transfer and mass transfer. Generally, the transport

mechanism of VMD for aqueous NaCl solution can be summar-

ized in the following steps: evaporation of water at the warm

feed side of the membrane, migration of water vapor through

the nonwetted pores, and condensation of water vapor trans-

ported outside of the permeate side of the membrane.3,4 The

main requirements of this process are that the membrane must

not be wetted and only vapor is present in the pores.

Figure 1. Schematic view of the VMD set-up. 1. Feed reservoir; 2. pump;

3. rotameter; 4. membrane module; 5. condensation tube; 6. flask for sam-

pling; 7. buffer bottle; 8. waterpower vacuum pump; 9. thermometer; 10.

manometer; 11. vacuum meter; 12. temperature controller.
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A schematic drawing of the heat transfer and mass transfer

mechanism in VMD process was shown in Figure 2. Tfm, Tpm,

Tf, and Tp (K) were membrane interface temperatures and fluid

bulk temperatures at the feed and permeate side, respectively.

dh, dm, and dx (m) were the thicknesses of thermal boundary

layer, membrane and concentration boundary layer, respectively.

P, PI, and Pv (Pa) were pressures of the feed side, interfacial sur-

face, and vacuum side, respectively. Cf and Cfm (M) were the

concentration of nonvolatile solute(s) at the bulk feed and at

the membrane surface, respectively.

The driving force for water vapor migration through the mem-

brane pores was the temperature difference between the feed/

membrane interface temperature (Tfm) and permeate/membrane

interface temperature (Tpm). Due to the heat losses in MD pro-

cess, the membrane/interface temperatures were different from

the bulk temperatures. This could be considered as one of the

MD process drawbacks. This temperature difference led to a

decrease from the theoretical driving force, which was defined

as the difference between the bulk feed temperature (Tf) and

the bulk permeate temperature (Tp). This phenomenon was

known as temperature polarization.3,4 The temperature polariza-

tion coefficient (TPC) was defined as the ratio between the

actual driving force and the theoretical driving force, as a result,

the temperature polarization coefficient was expressed mathe-

matically as following:

TPC5
Tfm2Tpm

Tf 2Tp

(4)

where, Tfm, Tpm, Tf, and Tp were the same as before.

It was impossible to measure the membrane/interface tempera-

tures experimentally. Usually, these temperatures were evaluated

by performing a heat balance that relates them to the bulk tem-

peratures. In order to solve this heat balance for membrane

interface temperatures, the heat transfer coefficients in the

adjoining liquid boundary layers to the membrane should be

evaluated. Generally, the boundary layers heat transfer coeffi-

cients were evaluated using empirical correlations for the deter-

mination of Nusselt number, and a wide variety of these

correlations were available in the literatures,31,32 thus, facilitate

the evaluation of the membrane surface temperatures. In the

MD literatures, Dittus-Boelter correlation was often used to

estimate the heat transfer coefficients. The formula was

expressed mathematically as following:31,32

Nu5
hf d

kT
50:023Re 0:8Pr 1=3/u50:023

duq
l

� �0:8
cPl
kT

� �1=3 l
lwall

� �0:14

(5)

In VMD process, l
lwall

� �0:14

equaled to one, thus the formula

could be written as:

Nu5
hf d

kT
5uResPrt (6)

where Nu was Nusselt number, Re was Reynolds number,

Re5
duq
l , Pr was Prandtl number, Pr5

Cpl
K T , d was the tube diame-

ter, qwas the fluid density, lwas the bulk liquid viscosity, Cp

was the liquid heat capacity, K T was the thermal conductivity of

the liquid, u, s, t were parameters in this equation.

Mass Transfer for Aqueous NaCl Solution in VMD Process

The hydrophobic VMD membrane is a porous medium. The

mass transport mechanism in a porous medium was governed

by three basic mechanisms known as Knudsen-diffusion (K),

Poiseuille-flow (P), molecular–diffusion (M).3,4 In detail, Knud-

sen diffusion is a diffusion that occurs when the scale length of

a system is comparable to or smaller than the mean free path of

the particles involved. Molecular diffusion is diffusion that

molecular–molecular collision played an important role, which

is suitable for the condition that the scale length of a system is

much larger than the particles. The Knudsen number (Kn):

Kn5
1

d
(7)

It is used to judge the dominating mechanism of the mass

transfer in the pores. Here, l is the mean free path of the trans-

ferred gas molecules and d is the mean pore diameter of the

membrane. Table I shows the dominating mass transfer mecha-

nism based on Kn in a gas mixture with a uniform pressure

throughout the system.33 As the pore size of the VMD mem-

branes is in general in the range of 0.2 to 1.0 mm (pore diame-

ter was 0.3–0.6 mm in our membrane) and the mean free path

of the water vapor is 0.63 mm at 0.5 KPa and 60�C in VMD

process (Comparing with water vapor is 0.11 mm at 0.1 MPa

and 60�C in MD process). Kn calculated from eq. (7) is in the

range of 2.10 to 1.05. In VMD the downstream pressure is

reduced below the equilibrium vapor pressure, so that a convec-

tive transport mechanism is dominant for mass transfer. In view

of the low pressure values prevailing in the gaseous phase, the

molecular mean free path of the water vapor is substantially

Figure 2. Diagram of heat and mass transfer of aqueous NaCl solution in

VMD process. Tfm, Tpm, Tf, and Tp (K) are membrane interface tempera-

tures and fluid bulk temperatures at the feed and permeate side, respec-

tively. dh, dm, and dx (m) are the thicknesses of thermal boundary layer,

membrane, and concentration boundary layer, respectively. P, PI, and Pv

(Pa) are pressures of the feed side, interfacial surface, and vacuum side,

respectively. Cf and Cfm (M) are the concentration of nonvolatile solute(s)

at the bulk feed and at the membrane surface, respectively.

Table I. Mass Transfer Mechanism in Membrane Pore

Molecular
diffusion

Knudsen-molecular
diffusion transition
mechanism

Knudsen
mechanism

Kn<0.01 0.01<Kn<1 Kn>1
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larger than the pore sizes of the membranes typically used in

MD processes. As a consequence, mass transfer through the

membrane is generally dominated by Knudsen diffusion mecha-

nism, and molecular diffusion is neglected. Poiseuille flow is

pressure-induced flow in a long duct, usually a pipe. In this

work, the pore diameter and the pore length is 0.3to 0.7 mm

and 100 to 250 mm, respectively. As a result, the combination of

Knudsen diffusion and Poiseuille diffusion was employed in this

work. The mass transfer flux across the membrane of aqueous

NaCl solution could be obtained by calculating the following

equations:

Ni5
1

RTavgd
K0

8RTavg

pMi

� �1=2

DPi1B0

Piavg

lg

DP

" #
(8)

DPi5Pfmi
2PVi

(9)

where, Ni was the mass transfer flux across the membrane, �Pi

and �P were the difference of vapor subpressure and total pres-

sure on both sides of the membrane, respectively. Piavg and Tavg

were the mean pressure and temperature on both sides of the

membrane, respectively. Mi was molar mass of the pure i sub-

strate; lg was gas viscosity; d was the membrane thickness; R

was the universal gas constant (8.314 J/(mol K)); K0 and B0

were constants depended on the geometrical parameters of the

membrane, which could be measured by gas permeate experi-

ments or be given by the following equations.

B05
er2

8s
(10)

K05
2er

3s
(11)

DP5Pfm2PV (12)

where, e was membrane porosity, s was Bending factor of the

membrane pore, and r was radius of the pores (m). Pfm and Pv

were pressures of water vapor at the interfacial surface and mem-

brane permeate side, respectively. The driving force of mass trans-

fer flux across the membrane was the vapor pressure difference

on both sides of the membrane. Vapor pressure on vapor-liquid

interface, Pfm was affected by the concentration of aqueous NaCl

solution, which could be calculated by formula (13).34–36

Pfmi
5xicwaterP

0
i (13)

P0
i 5exp 23:19642

3816:44

Tfm246:13

� �
(14)

TPm5
3816:44

23:19642ln PV

146:13 (15)

where, Pi
0 was the saturated water vapor pressure on vapor-

liquid interface, which could be calculated by Antoine equation.

xi was the molar ratio of water in the bulk, and cwater was the

activity coefficient of water in aqueous NaCl solution.

In the experiment, xwater equaled to 0.99108.37 Water activity

coefficient cwater could be estimated by NRTL equation, UNI-

QUAC equation, Wilson equation, or Van Laar equation, etc.

and Van Laar equation and NRTL equation were better applied

to different MD models.38–40 Schofield had proved that the

water activity coefficient of aqueous NaCl solution could be

solved by the following formula:41

cwater5120:5xNaCl210x2
NaCl

(16)

where, vNaCl was the molar ratio of NaCl in the bulk of the feed.

In this work, vNaCl equaled to 0.00892, thus cwater was 0.99474.

The formulas used in aqueous NaCl solution mathematical

model for VMD process were summed up and listed in the

Appendix.

The software Matlab was used in this work. The parameters of

the self-made membranes were listed in the Table II.

In order to simplify the simulation, the regressed u, s, t was

used to replace the u, s, t coefficients in Dittus-Boelter correla-

tion. The process of computing correlation coefficients u, s, and

t were regressed in Figure 3.

RESULTS AND DISCUSSION

Effect of Feed Temperature and Feed Flow Rate

Effect of Feed Temperature and Feed Flow Rate on VMD

Permeate Flux. The effect of feed temperature and feed flow

rate was shown in Figure 4(a). The experiment was carried out

at vacuum side absolute pressure of 3 kPa. Figure 4(a) showed

that VMD flux increased with the increasing of feed tempera-

ture, however, VMD flux had minor change with feed flow rate

increasing (the variance analysis was in Supporting Information

Table S1–S3). The VMD flux increases with increasing feed tem-

perature could be explained as follows. Increasing the feed tem-

perature made the upside vapor pressure higher, leading to an

increase of the mass transfer driving force, despite the fact that

the downside vacuum degree was kept constant. In addition,

the liquid viscosity was reduced by the temperature rising, and

the improved fluidity of the feed enhances turbulent movement.

The lower concentration polarization led to a decrease in mass

transfer resistance. As the feed flow rate increases, the thickness

of heat and mass transfer boundary layer on feed side became

thinner, which reduced the resistance of heat transfer and mass

transfer. However, the main resistance of heat transfer and mass

transfer was the transmembrane resistance, and the feed flow

rate played a trivial role on VMD flux.

Table II. The Parameters of the Self-Made Membranes

Pv (Pa) R (J/(mol K)) p MH2O(kg/mol) e (%) R (m)

3000 8.314 3.1416 0.018 60 4 3 1028

d (m) s m (m/s) cp (J/(kg K)) a (m) b (m)

2:1 3 1024 1.4 20 4181 3:4 3 1023 3:3 3 1023

Parameters “v”, “a,” and “b” means the average movement speed of vapor molecular, the long, and length of cross-section of the flow channel,
respectively.
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Effect of Feed Temperature and Feed Flow Rate on Temperature

Polarization Coefficient. The simulated influence of feed tem-

perature and feed flow rate on temperature polarization coeffi-

cient was shown in Figure 4(b) (the absolute pressure on

vacuum side was kept at 3 kPa). It showed that the temperature

polarization coefficient increased with the increasing of feed

temperature at the same feed flow rate. Because the higher feed

temperature caused a larger temperature dropping of heat

boundary layer on vapor–liquid interface, which would result in

the temperature polarization phenomenon. Additionally, the

temperature polarization coefficient dropped obviously with the

increasing of feed flow rate when the feed temperature was

fixed. Due to the fact that feed flow rate increased, the resist-

ance of heat transfer and mass transfer was reduced and the

temperature decreases accordingly, which led to a decrease in

the temperature polarization effect and temperature polarization

coefficient in the VMD process.

Effect of Membrane Permeate Side Pressure

Effect of Membrane Permeate Side Pressure on VMD Permeate

Flux. The effect of membrane permeate side pressure on perme-

ate flux simulated by using mathematical method was shown in

Figure 5(a). The permeate flux of aqueous NaCl solution

Figure 3. (a) The process computing parameters “s” with language C11.

(b) The process computing parameters “u, t” with language C11.

Figure 4. (a) Effect of feed temperature and rate on simulated permeate

flux of aqueous. (b) Effect of feed temperature on simulated temperature

polarization coefficient of aqueous NaCl solution for VMD.

Figure 5. (a) Effect of membrane permeate side pressure on simulated

permeate flux of aqueous NaCl solution for VMD. (b) Effect of membrane

permeate side pressure on simulated temperature polarization coefficient

of aqueous NaCl solution for VMD.
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decreased obviously with increasing of the membrane permeate

side pressure (the variance analysis was in Supporting Informa-

tion Table S4). When feed flow rate and the saturated water

vapor pressure were constants, membrane permeate side pres-

sure had a negative effect on the driving force of mass transfer

across the membrane, which reduced the permeate flux of aque-

ous NaCl solution for VMD. As shown in Figure 5(a), the mass

transfer process could not be carried on when the feed tempera-

ture was 313.15 K and the pressure at membrane permeate side

was 8 kPa.

Effect of Membrane Permeate Side Pressure on Temperature

Polarization Coefficient. The effects of membrane permeate

side pressure on temperature polarization coefficients were

shown in Figure 5(b). The temperature polarization coefficients

of aqueous NaCl solution increased with the increase of perme-

ate side pressure, accordingly. The saturated water vapor tem-

perature was increased with the increasing of permeate side

pressure, and the temperature polarization phenomenon became

more obvious at the same time.

Effect of Membrane Thickness

The membrane thicknesses were related with mass transfer rate

and membrane mechanical stability, which mainly depends on

spin speed and slit thickness. In this part, we explored the role

of membrane thickness as a factor influencing permeate flux

and temperature polarization coefficient. Figure 6(a) showed

the effect of membrane thickness on flux when the absolute

pressure on membrane permeates side was kept at 3 kPa. The

permeate flux increased with the decreasing of the membrane

thickness for smaller vapor resistance (the variance analysis was

in Supporting Information Table S5). The effect of membrane

thickness on the temperature polarization phenomenon simu-

lated by using mathematical method was shown in Figure 6(b).

As a result, the membrane thickness had negligible influence on

the temperature polarization coefficient of aqueous NaCl solu-

tion in VMD.

Effect of Membrane Porosity on VMD Permeate Flux and

Temperature Polarization Coefficient

The membrane porosity is a key factor correlated with membrane

performance, which could be tuned by polymer concentration,

quench temperature, and nucleating agent concentration during

the process of membrane preparation. Thus, the membrane

porosity on VMD permeate flux was investigated as shown in

Figure 7(a). It was clearly showed that under the same feed con-

dition, the permeate flux increased with the increasing of mem-

brane porosity (the variance analysis was in Supporting

Figure 6. (a) Effect of membrane thickness on simulated permeate flux of

aqueous NaCl solution for VMD. (b) Effect of membrane thickness on

simulated temperature polarization coefficient of aqueous NaCl solution

for VMD.

Figure 7. (a) Effect of membrane porosity on simulated permeate flux of

aqueous NaCl solution for VMD. (b) Effect of membrane porosity on

simulated temperature polarization coefficient of aqueous NaCl solution

for VMD.
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Information Table S6). Membranes with higher porosity exhibited

greater surface area for evaporation in the process of mass trans-

fer crossing the membrane, which reduced the mass transfer

resistance and increases the mass transfer flux. Especially, the

improving membrane porosity was more helpful for enhancing

flux under relatively higher temperature. In contrast, as shown in

Figure 7(b), the effect of membrane porosity on flux was negligi-

ble. We postulated that the flux was determined by temperature

and limited by porosity. More specifically, temperature deter-

mined mass transfer rate and porosity determined mass transfer

resistance directly.

COMPARISON BETWEEN EXPERIMENTAL DATA AND
MATHEMATICAL SIMULATED RESULTS FOR AQUEOUS
NACL SOLUTION IN THE VMD PROCESS

Finally, comparisons of experimental and simulated permeate

flux for aqueous NaCl solution VMD with a serial of feed fluxes

were taken to validate the applicability of mathematical model

for VMD process of aqueous NaCl solution. The experimental

and simulated condition were both determined as 3 kPa (mem-

brane permeates side absolute pressure) and 0.5M aqueous

NaCl solution. As shown in Figure 8, the permeate flux of

simulated results were agreed well with the experimental data

under feed flux from 30 to 80 kg/(m2 h). It could be concluded

that as-established mathematical model could be used in the

VMD process of aqueous NaCl solution. Moreover, salt rejection

was investigated by measuring the concentration of chloride in

aqueous NaCl solution and in production water during VMD

process. As demonstrated in Table III, the salt rejection of pro-

duction water was all up to 99.9%, which indicated that the

self-prepared membrane was of excellent separation behavior.

CONCLUSIONS

The mathematical model of aqueous NaCl solution in the VMD

process using self-made polypropylene hydrophobic membrane

was established on the base of Knudsen-diffusion and Poiseuille-

flow mechanism by the software of C11 language. Dittus-Boelter

Figure 8. Comparison of experimental and simulated permeate flux for aqueous NaCl solution VMD with (a) feed flux 30 kg/(m2 h), (b) feed flux

50 kg/(m2 h), (c) feed flux 70 kg/(m2 h), (d) feed flux 80 kg/(m2 h).

Table III. The Determination Results of Salt Rejection for Aqueous NaCl

Solution VMD

No.

Cl2 concentration
in aqueous NaCl
solution(mg/L)

Cl2 concentration
in production
water (mg/L)

Desalinization
ratio (%)

1 17,750 17.2 99.90

2 17,552 16.8 99.90

3 17,750 18.3 99.90

4 17,753 13.2 99.93

5 17,749 17.5 99.90

6 17,751 18.9 99.90

7 17,750 15.4 99.91

8 17,750 18.6 99.90

9 17,752 12.5 99.93

10 17,753 17.6 99.90
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correlation was employed to study the effects of the feed solution

temperature, feed flow rate, membranes permeate side pressure,

membrane thickness, and porosity on permeate flux and tempera-

ture polarization coefficient. Comparisons of experimental and

simulated permeate flux for aqueous NaCl solution VMD with a

serial of feed fluxes were taken to validate the applicability of

mathematical model for VMD process of aqueous NaCl solution,

which also could be used in desalination process by VMD. The

temperature polarization coefficient decreased with the increasing

of the feed flow rate, however, the feed flow rate played a trivial

role on VMD flux. The increasing temperature of feed solution

resulted in the increasing of permeate flux and temperature polar-

ization coefficient. When the membrane permeate side pressure

increased, the permeate flux decreased significantly and tempera-

ture polarization coefficient increased at the same time. Mean-

while the permeate flux increased with the increasing of

membrane porosity and decreasing of membrane thickness. From

the variance analysis results, it was shown that the temperature

was first important factor, and the membrane thickness was the

second important factor, the permeate side pressure was the third

important factor, then the membrane porosity was forth impor-

tant factor, and feed flow rate was the least important factor. In

this work, all the desalination rates of production water via a

VMD process were all above 99.9%.
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NOMENCLATURE

A Effective membrane area, m2.

CF Concentration of Cl- in aqueous NaCl solution, M.

CP Concentration of Cl- in permeation solution, M.

Cf The concentration of nonvolatile solute(s) at the bulk

feed, M.

Cfm The concentration of nonvolatile solute(s) at the mem-

brane surface, M.

Cp The liquid heat capacity, M.

D The tube diameter, m.

K T The thermal conductivity of the liquid.

J VMD flux, kg/(m2 h).

Mi Molar mass of the pure i substrate.

Nu Nusselt number.

Ni The mass transfer flux across the membrane.

P Pressures of the feed side, Pa.

PI Pressures of the interfacial surface, Pa.

Pv Pressures of the vacuum side, Pa.

Pfm Pressures of water vapor at the interfacial surface, Pa.

Pv Pressures of water vapor at membrane permeate side,

Pa.

Pi
0 Saturated water vapor pressure on vapor-liquid interface.

Piavg The mean pressure on both sides of the membrane, Pa.

Pr Prandtl number.

�Pi The difference of vapor sub-pressure of the membrane,

Pa.

�P The difference of total pressure on both sides, Pa.

R Radius of the pores, m.

Re Reynolds number.

t Experimental running time, h.

Tfm Membrane interface temperatures at the feed side, K.

Tpm Membrane interface temperatures at the permeate

side, K.

Tf Fluid bulk temperatures at the feed side, K.

Tp Fluid bulk temperatures at the permeate side, K.

Tavg The mean temperature on both sides of the membrane,

K.

W Weight of vapor across the membrane, kg.

xi Molar ratio of water in the bulk.

q The fluid density.

l The bulk liquid viscosity.

lg Gas viscosity.

g Salt rejection, %.

dh Thicknesses of thermal boundary layer.

dm Thicknesses of membrane.

dx Thicknesses of concentration boundary layer.

d The membrane thickness.

e Membrane porosity.

s Bending factor of the membrane pore.

cwater Activity coefficient of water in aqueous NaCl solution.
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