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a b s t r a c t

Membrane distillation (MD) has been widely investigated the last two decades as a novel and prom-
ising technique for desalination. Four main configurations are commonly used and developed. 
Sweeping gas membrane distillation (SGMD) which is not enough investigated in the literature, con-
sists of a hot saline solution and a binary gas flow (generally dry air and water vapor) separated by 
a hydrophobic membrane allowing just water vapor to pass. In this work, a numerical analysis is 
conducted to investigate the details of the heat and mass transfer in the channel where the sweeping 
gas flows. The physical model considers also the transport phenomena in the feed solution and the 
hydrophobic membrane. The axisymmetric flow field is modeled using the two dimensional steady-
state partial differential equations expressing conservation of mass (overall and species), energy and 
momentum using constant fluid properties. Viscous dissipation, thermal radiation and Soret and 
Dufour effects are neglected. Appropriate boundary conditions are applied. Results are expressed in 
terms of velocity and temperature profiles as well as heat transfer coefficients. Pure water production 
and performance of the overall process are also investigated. The results show in particular that pure 
water production and thermal efficiency are very sensitive to inlet temperatures and inlet veloci-
ties of both flows (saline solution and sweeping air). For instance, increasing the sweeping air inlet 
velocity tends to enhance the gas heat transfer mechanism and to reduce that of the saline solution.
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1. Introduction

Membrane distillation (MD) is a membrane separation 
process which has been widely investigated the last two 
decades as a novel and promising technique for desalina-
tion. This is due mainly to its potential in desalination and 
numerous other separation applications as well as to its 
various advantages including the low levels of operating 
temperature and pressure in comparison with the usual 
membrane processes, its high rejection rates and its capabil-
ity to treat high concentration saline waters.

The driving force in MD process is the difference in 
vapor pressure of water caused by an existing tempera-
ture difference across the membrane. The trans-membrane 

vapor pressure difference can be generated with several 
possibilities leading to four main configurations namely 
direct contact membrane distillation (DCMD), air gap mem-
brane distillation (AGMD), vacuum membrane distillation 
(VMD) and sweeping gas membrane distillation (SGMD).

Many theoretical and experimental studies have been 
conducted to investigate the MD performance, particularly 
for DCMD, AGMD and VMD configurations, while SGMD 
configuration has received less attention. This may be 
attributed to the condensation process that takes place in an 
external condenser and its lower pure water production in 
comparison with AGMD and DCMD configurations oper-
ating under the same conditions [1,2]. SGMD can be used in 
various applications including desalination and pure water 
production from brackish waters, concentration of non-vol-
atile acids, separation of azeotropic aqueous mixtures such 
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as alcohol/water mixtures and crystallization [3,4]. Import-
ant details and useful information on the advantages and 
characteristics of this MD configuration can be found in [5].

Experimental and theoretical investigations have been 
performed to investigate the SGMD performance in par-
ticular the permeate flux and the thermal efficiency for 
isopropanol water separation [6], wastewater containing 
ammonia [7], desalination [8,9], ethanol water separation 
[10] and sucrose aqueous solutions [11]. Karanikola et al. 
[12] investigated the effect of membrane characteristics and 
architecture and operational variables using a bench-scale, 
sweeping gas, flat-sheet Membrane Distillation (MD) unit. 
Results of simulations based on coupled mass and energy 
balances and on experimentally calibrated theoretical 
model have been presented.

Among the previous studies on SGMD, just few have 
been concerned with refined numerical analysis of the flows 
and the associated transport phenomena. The remaining 
studies are based on 1D and lumped simplified models 
using empirical heat and mass transfer correlations [3,5–
8,11–19]. Charfi et al. [19] presented detailed numerical 
results on the flow with heat and mass transfer patterns 
in the fluid zones as well as in the membrane region using 
appropriate equations for micro-porous medium. Huang et 
al. [20] investigated the conjugate heat and mass transfer in 
a hollow fiber membrane tube bank with an in-line arrange-
ment of a sweeping gas membrane distillation. A numeri-
cal model for various domains (tube side, membrane side, 
and shell side) has been developed and results expressing 
the friction factors, local and mean Nusselt and Sherwood 
numbers have been obtained. Besides, an experimental set 
up for validation purposes has been developed and used.

This work aims at contributing to understand the flow 
and transfer mechanisms and propose heat and mass trans-
fer results by conducting a numerical simulation of a SGMD 
configuration. The effects of the SGMD operating condi-
tions such as inlet temperatures and velocities will be pre-
sented and discussed. The developed code is validated with 
available experimental data from the literature.

2. Mathematical model

2.1. Process description

The present study deals with a numerical simulation 
of flows in a sweeping gas membrane distillation unit. 
Fig. 1 illustrates a descriptive diagram of the physical 
model considered. The 2D Cartesian coordinates are used. 
Hot saline solution flows inside a channel. The wall of this 
channel consists of a micro porous hydrophobic membrane 
through which only water vapor can diffuse and the liquid 
water is retained. Vapor is recovered through a sweeping 
air circulation and condensed elsewhere. The temperature 
difference between the inner and the outer membrane sides 
creates a partial pressure gradient forcing the vapor to 
diffuse through the membrane. The computation domain 
includes the flows and heat and mass transfers in the hot 
saline water and the sweeping gas. The efficiency of this 
process depends on the effectiveness of several physical 
phenomena including the vapor generation by evaporation 
and its transport through the membrane as well as its con-
densation.

2.2. Governing equations

The partial differential equations governing the flow, 
heat and mass transfer within the hot feed saline water and 
the sweeping air are those of conservation of mass, momen-
tum energy and species in x and y directions.

These equations are normalized using the following 
dimensionless variables (the suffixes s and a represent 
respectively the hot saline solution and the sweeping air).
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Us, Ts and Cs are respectively the inlet velocity, inlet tem-
perature and inlet concentration of the saline solution. On 
the other side, Ua and Ta are respectively the inlet velocity 
and the inlet temperature of the sweeping air.

Therefore and after non dimensioning the governing 
equations and the boundary conditions, we obtain in the 
hot domain:
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Fig. 1. Geometry and coordinate system of flow domain.
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where the Reynolds, Prandlt and Schmidt of the hot saline 
solution are:
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The boundary conditions in dimensionless form are:

•	  Inlet of the saline solution (x = 0)

U V T C= = = =1 0 1 1, , ,  (9)

•	  Symmetry conditions (y = 0)
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•	 Outlet of the saline solution (x = L)
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•	 Feed saline solution - membrane interface (y = d)

U = 0  (12)
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where QL = Jvhfg represents the latent heat flux and Qc the 
conduction heat flux.

In the sweeping gas domain, we suppose that there is 
no solute (NaCl) in the permeate side (vapor free of salt).
Besides, we assume also that the generated vapor mass flow 
rate through the membrane is too limited and small com-
pared to the mass flow rate of weeping air. It does not alter 
the thermo-physical of the sweeping gas.

The gas side govering equations and their correspond-
ing boundary conditions are:
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where the Reynolds and Prandlt numbers of the sweeping 
gas are:
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The boundary conditions in dimensionless form are:

•	 Inlet of the sweeping air domain (x = L)

U V T= = =1 0 0, ,  (19)

•	 Symmetry conditions
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•	 Outlet of the cold solution (x = 0)
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•	 Sweeping gas-membrane interface (y = d+δ)

U = 0  (22)

V = 0  (23)

∂
∂

=
+( )
−( )

T

y

d Q Q

k T T
c L

S a S

 (24)

Stephan’s law is used to give the general mass flux form 
Alklaibi and Lior [21]:

J K Pv v= ∆  (25)

where Jv is the local vapor flux generated across the mem-
brane, K the permeability of the membrane and ∆Pv the water 
vapor pressure difference between the membrane sides;

The vapor pressure Pv can be calculated using the 
Antoine’s equation:

P
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The membrane permeability K is defined for the molec-
ular diffusion as [2,22–24]:
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The effect of salt’s presence in the solution on the vapor 
pressure at the hot surface of the membrane side has been 
considered and the Raoult’s Law is used. So that, the vapor 
pressure at the hot saline solution-membrane interface Phm 
is expressed as:

Phm = (1 – CM)Pv (28)

where CM is the mole fraction of NaCl and Pv is the vapor 
pressure calculated used Antoine’s equation at the tempera-
ture of the hot saline-membrane interface.

On the other hand, the total pressure may be written as 
function of the water vapor pressure corresponding to the 
air side of the membrane and the humidity ratio, w [14,25]:

P
P w

w
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The humidity ratio along the membrane module length 
may be related with the air flux, ma, and with the humidity 
at the membrane module inlet, wa [14,25]:

w w
J A
ma
v

a

= +  (30)

where A represents the membrane area. In the present 
study wa will be considered equal to zero. Thus, the inlet air 
is considered as completely dry.

The total heat involved in such a process can be divided 
in two parts: the latent heat and the sensible one. The latent 
one is associated with the evaporation of the liquid water at 
the hot membrane side. While, the total sensible heat trans-
fer Qsens is transferred from the hot surface of the membrane 
to the sweeping air by:
heat conduction across the membranes Qc;
the mass transfer of the vapor, Qv:
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T T
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m
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where T1 is the temperature at the hot side of the membrane, 
T2 is the temperature at the cold side of the membrane and 
Rm is the thermal resistance of the membrane defined by:
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where the heat transfer resistance of the solid part of the 
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ka and kma are the thermal conductivity of the air, and the 
membrane material, respectively. The heat transfer resis-
tance of the vapor flow through the membrane pores is:
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The averaged permeate flux is defined as:
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Q
L

Q x dxT T

L

= ∫
1

0

( )  (38)

Therefore, the process thermal efficiency can be defined 
as:
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The local heat transfer coefficients, hxs and hxa respec-
tively for the saline solution and the sweeping air are 
defined by making equal convective and conductive heat 
transfer at the hot saline-membrane interface and the mem-
brane-air flow interface respectively so that:
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where T0 represent the temperature at the center of the hot 
channel, T1 the temperature at the saline solution-mem-
brane interface, T2 the temperature at the membrane-sweep-
ing gas interface and T3 the temperature at the center of cold 
channel.

3. Numerical method and validation

The control volume method and the Simpler algorithm 
[26] were used for the solution. A grid-dependence analy-
sis of the method of solution was performed as mentioned 
in Table 1. The values are practically independent of the 
chosen grid. We select the grid size of 1000, 40 (1000 nodes 
in the axial direction and 40 in the transversal one) for the 
simulations conducted in this work. The computed results 
were validated by comparison with experimental data of 
Khayet et al. [14] and Charfi et al. [19] and were found to be 
in very good agreement, as shown in Fig. 2. The results of 
the simplified theoretical model developed by Khayet et al. 
[14] are also presented to show the difference between their 
model and the one presented in this study. It is obvious that 
our model fits better the experimental data.

4. Results and discussion

For all calculations, the following general conditions 
were considered: d = 2 mm, L = 20 cm, Ua = 1.5 m/s, Us =  
0.1 m/s, Cs = 0.025, Ta = 20°C, χ = 1.5, ε = 0.7, Ts = 65°C, δ =  
0.4 mm, kma = 0.2 W/mK.

Fig. 3 presents the variations of the SGMD permeate flux 
as a function of inlet temperatures (Ts and Ta refer for saline 
solution and sweeping air respectively) and parameterized 
with inlet velocities (Us and Ua respectively for saline solu-
tion and sweeping air).

As expected, increasing inlet saline solution temperature 
or decreasing inlet sweeping air temperature induces the 
increase of pure water production; this increase is enhanced 
by boosting one of the inlet velocities. In fact, the increase 
of inlet flow causes improvement of the heat transfer and 

Table 1
Influence of grid size on the permeate flux and the thermal 
efficiency

Nx, Ny 1000,40 1200,40 1000,50 1200,50
J [kg/m2h] 11.7811 11.7881 11.7899 11.7837
η 0.8680 0.8612 0.8688 0.8607
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makes the temperature at the membrane surface approach-
ing the bulk temperature, and as a direct consequence, the 
driving force rises.

The variation of the thermal efficiency as a function of 
inlet temperatures for different inlet velocities is presented 
in Fig. 4. It is clear that, increasing inlet temperatures makes 

thermal efficiency higher. For a fixed saline solution inlet 
velocity (Us = 0.1 m/s), increasing sweeping air velocity 
reduces slightly thermal efficiency while increasing saline 
solution inlet velocity for a fixed sweeping air velocity (Ua 
= 2.5 m/s) makes thermal efficiency rises again which pres-
ents opposite effects. While increasing inlet air and solu-
tion velocities results in an increasing in J, Qc and QL. The 
decrease of η when rising Ua is attributed to the fact that the 
rate of increase of QL is lower than that of QC .

On the other side, the investigation of the heat and mass 
transfer behaviors is necessary to a better design and accu-
rate evaluation of some output parameters used in the final 
design and construction of such desalination processes. 
Figs. 5 and 6 depict the axial variation along the channel 
of the heat transfer coefficients hxs and hxa respectively for 
the saline solution and the sweeping air as function of flow 
velocities. Two kinds of simulations have been done: vary-
ing the inlet hot saline solution velocity from 0.05 to 0.2 m/s 
(Fig. 5) and the sweeping air inlet velocity Ua from 0.5 to 2.5 
m/s (Fig. 6).

Fig. 5 shows that both hx decrease after entering the 
channel. For Ua = 1.5 m/s, varying Us has no effect on the 
behavior of hxa while hxs decreases with Us decrease. So we 
can conclude that the major heat transfer resistance of fluids 
occurs at the feed side.

In order to clarify and qualify the effect of the sweeping 
air inlet velocity on the heat transfer coefficients, Fig. 6 pres-
ents the variations of hx with Ua when Us is kept constant 
and equal to 0.1 m/s. Increasing sweeping air inlet velocity 
tends to increase the heat transfer of the gas and to decrease 
slightly the saline solution one.

Figs. 7 and 8 illustrate the effect of the membrane mate-
rial thermal conductivity kma and membrane porosity ε on 
the permeate flux and the thermal efficiency. An increase of 

Fig. 2. Validation of the developed code with experimental data 
presented by Charfi et al. [19] and Khayet et al. [14].

Fig. 3. Permeate flux evolution as a function of inlet tempera-
tures and velocities.

Fig. 4. Evolution of the process thermal efficiency as a function 
of inlet temperatures and velocities.



N. Loussif, J. Orfi / Desalination and Water Treatment 131 (2018) 1–86

water production by 66.84% occurred when kma decreases 
from 0.35 to 0.05 Wm−1 K−1. Also, low values of kma enhance 
thermal efficiency. These increases result from the decrease 
of the effective thermal conductivity of the membrane 
which leaves much heat for water production. In the other 
side, increasing ε from 0.6 to 0.9 induces an increase of both 
J and η by 76.92 % and 11.68% respectively.

Fig. 9 shows the effect of the inlet concentration of the 
saline solution and inlet velocities corresponding to saline 

solution and sweeping air on the permeate flux on water 
production and thermal efficiency.

The inlet concentration has a small effect on the water 
production and the thermal efficiency of the SGMD device 
which presents an advantage of MD in comparison with 
usual techniques used for desalination such as reverse 

Fig. 5. Local heat transfer coefficients variations along the chan-
nel, hxs and hxa respectively for the saline solution and the sweep-
ing air as a function of saline solution inlet velocity Us.

Fig. 6. Local heat transfer coefficients variations along the chan-
nel, hxs and hxa respectively for the saline solution and the sweep-
ing air as a function of sweeping air inlet velocity Ua.

Fig. 7. Effect of membrane material thermal conductivity and 
porosity on the permeate flux.

Fig. 8. Effect of membrane material thermal conductivity and 
porosity on the thermal efficiency.
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osmosis. In fact, when Cs varies from 0.02 to 0.05, water pro-
duction and thermal efficiency decrease by about 4% and 
1% respectively.

5. Conclusions

This study presents a numerical investigation of a sweep-
ing gas membrane distillation unit used for desalination. The 
governing equations expressing the conservation of mass, 
momentum, energy and species in the hot saline solution 
and the sweeping air were developed and solved numeri-
cally using the finite volume method. Numerical results were 
validated with experimental data. The results give a picture 
on the flow, heat and mass behavior in both domains of feed 
saline solution and weeping gas respectively. One of the 
main aims of the present study concerns the evaluation of the 
heat and mass transfer coefficients for such configurations. 
Obtaining accurate heat and mass transfer coefficients leads 
to contribute to improve the lumped models extensively 
used in MD theoretical analyses.

The main findings of this study can be summarized in 
the followings:

•	 simplified theoretical models such as the one developed 
by Khayet et al. [14] doesn’t fit well the experimental 
data in comparison with the complete model presented 
in this study.

•	 pure water production and thermal efficiency are highly 
affected by inlet temperatures and slightly by inlet veloc-
ities of both flows (saline solution and sweeping air)

•	 varying saline solution inlet velocity Us has no signifi-
cant effect on the behavior of air heat transfer coefficient 
hxa while hxs, corresponding to the saline solution heat 
transfer, decreases with Us decrease.

•	 increasing sweeping air inlet velocity tends to increase 
the heat transfer of the gas and to decrease the saline 
solution one.

•	 increasing membrane porosity or decreasing membrane 
material thermal conductivity enhances both water pro-
duction and thermal efficiency.

•	 the inlet concentration of the saline solution has a small 
effect on the water production and the thermal efficien-
cy even when varifying inlet velocities which presents 
an advantage of MD in comparison with usual tech-
niques highly affected by salt concentration at the inlet.
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Symbols

A — Membrane area [m2]
C — Mass fraction of NaCl
CM — Mole fraction of NaCl
Cp — Specific heat [J kg–1 K–1]
d — Half-width of the flow channel [m]
Ds — Diffusion coefficient of NaCl [m2/s]
Dv/a — Coefficient of vapor-air mass diffusion [m2/s]
g — Acceleration of gravity [m/s2]
hfg — Latent heat of evaporation [J/kg]
hx —  Local convective heat transfer coefficient [W/

m2K]
J —  Length-averaged permeate flux at the hot side 

of the membrane [kg/m2 h]
Jv —  Local permeate flux at the hot side of mem-

brane, in vapor phase [kg/m2 s]
K — Permeability of the membrane
k — Thermal conductivity [W/mK]
L — Membrane length [m]
ma — Air flux [kg/s]
Mv — Molar mass of water vapor [kg k mol–1]
Nx — Number of nodes along x direction
Ny — Number of nodes along y direction
P — Pressure [Pa]
Pr — Prandtl number
QC — Conductive heat flux [kJ/m2 h]
QL — Latent heat flux [kJ/m2 h]
QT — Total flux [kJ/m2h]
R — Universal gas constant [J/kmol K]
Re — Reynolds number
Rm — Thermal resistance of the membrane [m2K/W]
Rmc —  Thermal resistance of the solid part of the 

membrane [m2K/W]
Rv —  Thermal resistance of the vapor flow through 

membrane pores [m2K/W]
Sc — Schmidt number
T — temperature [°C]
U — Axial velocity component [m/s]
V — Radial velocity component [m/s]
w — Humidity ratio
wa — Humidity at the membrane module inlet
x — Coordinate along to the solution flow [m]
y — Coordinate normal to the solution flow [m]
μ — Dynamic viscosity [kg m–1 s–1]

Fig. 9. Variation of permeate flux and thermal efficiency as a 
function of saline solution inlet concentration and inlet veloc-
ities.
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υ — Cinematic viscosity [m2 s–1]
ρ — Density [kgm–3]
ε — Porosity
χ — Tortuosity
δ — Membrane thickness [m]
η — Process thermal efficiency 

Subscripts

a — Air
m — Membrane
ma — Membrane material
moy — Average
s — Saline solution
T — Total
v — Vapor
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