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1. Introduction 

 

Nowadays, many techniques are widely used to produce 

pure water from brackish or sea water. A promising 

technique, membrane distillation (MD) has many 

advantages particularly its low energy consumption, high 

quality water production and its ability to treat highly 

concentrated waters. In Membrane distillation, a 

hydrophobic membrane is used to ovoid membrane wetting 

and permitting only vapor transport to cross it. The driving 

force is the difference in vapor pressure of water caused by 

a temperature difference across the membrane. In fact, 

vapor molecules are transported from the high vapor 

pressure side to the low vapor pressure side. This vapor 

pressure difference may be maintained with one of the four 

following possibilities applied on the permeate side which 

leads to four different configurations (Rommel et al. 2007 

and El-Bouraoui et al. 2016): 

•  Air Gap Membrane Distillation (AGMD): an air gap 

is placed between the membrane and a condensation surface; 

the water vapor molecules cross the membrane and the 

stagnant air and condense on the internal side of a cooling 

plate.  

•  Direct Contact Membrane Distillation (DCMD): an 

aqueous solution colder than the feed solution maintained in 

the direct contact with the permeate side. 

•  Vacuum Membrane Distillation (VMD): a vacuum 

pump can be used to reduce the pressure in the permeate  
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side; the condensation occurs outside of the membrane 

module. 

•  Sweeping Gas Membrane Distillation (SGMD): a 

cold inert gas sweeps the permeate side carrying the water 

vapor molecules outside the membrane module where the 

condensation takes place. 

Many theoretical and experimental studies have been 

conducted to investigate the MD performance, while 

SGMD configuration has received less attention. SGMD 

investigations have been conducted to show the process 

performance in particular pure water production and the 

thermal efficiency for isopropanol or ethanol water 

separation (Lee and Won 2001, Shukla et al. 2018), waste 

water containing ammonia (Xie et al. 2009), desalination 

(Khayet et al. 2003, Si et al. 2019, Moore et al. 2018), 

sucrose aqueous solutions (Cojocaru and Khayet 2011) and 

triethylene glycol (Duyen et al. 2016). In addition, 

theoretical studies concerned with the SGMD process have 

received less attention (Khayet et al. 2003, Loussif and Orfi 

2016, Rivier et al. 2003 and Khayet et al. 2000) and few 

studies on SGMD have been done with advanced numerical 

analysis. The remaining studies are based on 1D simplified 

models using empirical heat and mass transfer correlations 

(El-Bouraoui et al. 2016, Lee and Won 2001, Xie et al. 

2009, Camacho et al. 2013 and Charfi et al. 2010).  

Furthermore, the non-slip boundary condition is always 

used at the hydrophobic side of the membrane, but when a 

surface is covered with hydrophobic material, the fluid near 

the surface does not stick to the solid boundary resulting in 

an overall velocity slip. This slip velocity is related to the 

normal velocity gradient of the fluid adjacent to the wall 

with a slip length b which can be described as the imaginary 

distance within the solid where the velocity extrapolates to 
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zero. Slip velocity can be presented in the following form 

(Ramon et al. 2008): 

U|y=0=b
∂U

∂y
|
y=0

 (1) 

Where U is the axial velocity component [m/s], b is the slip 

length [m] and y is the coordinate normal to the solution 

flow [m]. 

Pit et al. (2000) measured a slip length of 0.4 µm when 

the surface was coated with octadecyltrichlorosilane for 

hexadecane flowing between two rotating parallel disks. 

Cottin et al. (2005) investigated experimentally water flow 

across hydrophobic surfaces; they found slip lengths of 

approximately 0.02 µm. Tretheway and Meinhart (2002 and 

2004) revealed an apparent fluid slip in channels with 

hydrophobic walls. They measured a slip length of about 1 

µm. On the other hand, a superhydrophobic surface can 

dramatically reduce the hydrodynamic resistance and a slip 

length greater than 25 µm were measured by Ou and 

Rothstein (2005) and higher than 185 µm has been reported 

by Choi and Kim (2006) and Lee et al. (2008). Orfi et al. 

(2016) proposed a model for the heat and mass transfer in 

an air gap membrane distillation with slip flow. A recent 

work (Liu et al. (2020)) aimed to understand the reasons 

why superhydrophobic membrane is favorable for the MD 

technology in desalination use. Liu et al. (2020) developed 

models for the VMD establishing bridges between the 

membrane surface parameters and the heat and mass 

transfer mechanism. To the authors’ knowledge, there is not 

study on the impact of slip flow conditions on the transport 

phenomena in SGMD. 

Earlier studies on SGMD units used for desalination 

were performed within the continuum regime and the effect 

of slip flow at the hydrophobic membrane surface was 

neglected. Therefore, the aim of this study is to present a 

two-dimensional model for the transport phenomena in a 

SGMD configuration where the slip velocity boundary 

condition is considered. Parametric investigation will be 

undertaken to show the slip flow effects on profiles and 

process parameters. 

 

 
2. Mathematical model 
 

2.1 Process description 
 

The configuration of a Sweeping Gas Membrane 

Distillation is a vertical channel one. It consists of two 

concentric channels. Hot saline water flows inside the inner 

one. The wall of the inner channel consists of a micro 

porous hydrophobic membrane through which only water 

vapor can diffuse and the liquid water is retained. The vapor 

is recovered through a sweeping gas to achieve the 

condensation outside the module. The feed water flows up 

while the air is forced to circulate in the opposite direction. 

Natural convection effects are ignored for both fluids saline 

water and air.   

The computation domain includes the flows, heat and 

mass transfers in the hot saline water and the sweeping gas. 

 
Fig. 1 Schematic diagram of a Sweeping Gas         

Membrane Distillation 

 

 
The assumptions used in this study are: steady-state, 

axisymmetric and constant fluid properties. The flows are 

symmetric so that only half of the cells are shown and 

computed. 

Fig. 1 describes the physical model considered in the 

present study. 

 

2.2. Governing equations 
 

In this section, we will present the governing equations 

and their boundary conditions for a SGMD process.  

The partial differential equations governing the flow, 

heat and mass transfer within the hot feed saline solution 

and the sweeping air are those of conservation of mass, 

momentum energy and species in x and y directions. The 

suffixes a and s represent respectively the sweeping air and 

the hot saline solution. 

These equations are normalized using the following 

dimensionless variables. 
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Us, Ts and Cs are respectively the inlet velocity, inlet 

temperature and inlet concentration of the saline solution. 

The inlet velocity and the inlet temperature of the sweeping 

air are respectively Ua and Ta. 

Consequently, in non-dimension form, the governing 

equations and the boundary conditions in the hot domain 

are: 
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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) 

1=U  , 0=V  , 1=T  , 1=C  
(10) 

- Symmetry conditions (y=0) 
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(11) 

- Outlet of the saline solution (x=L) 
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(12) 

- Feed saline solution-membrane interface (y=d) 

Slip boundary condition, happened in the feed saline 

solution-membrane interface, due to hydrophobic 

membrane characteristics, is expressed by Eq. (13) and 

could be written using the dimensionless variables as:  

𝑈 =
𝑏

𝑑

𝜕𝑈

𝜕𝑦
 (13) 

In Eq. (13), b=0 refers to the non-slip boundary 

condition. 

The remaining boundary conditions for feed saline 

solution-membrane interface are:  
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where QL =Jvhfg represents the latent heat flux and Qc the 

conduction heat flux. 

We assume that the generated vapor mass flow through 

the membrane is too small compared to the mass flow of 

sweeping air, so it does not modify the thermo-physical 

properties of the sweeping gas. Besides, we suppose that 

there is no solute (NaCl) in the permeate side.  

The sweeping gas side equations and their boundary 

conditions are: 
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where the Reynolds and Prandlt numbers of the sweeping 

gas are: 

a
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(19) 

The boundary conditions in dimensionless form are:  

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

1=U  , 0=V  , 0=T  (20) 

- Symmetry conditions 
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- Outlet of the cold solution (x=0) 
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(22) 

 - Sweeping gas-membrane interface (y=d+δ) 

0=U  (23) 

0=V  
(24) 
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Stephan’s law is used to give the general mass flux form 

(Alklaibi and Lior 2005):   

vv PKJ =
 

(26) 

where Jv is the local vapor flux generated by the membrane, 

K the permeability of the membrane and ∆Pv the water 

vapor pressure difference between the membrane sides; 
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The vapor pressure Pv can be calculated using the 

Antoine’s equation: 

 

(27) 

The membrane permeability K is defined as (Lawson 

and Lloyd 1997, Alklaibi and Lior 2006): 

mmoymoyam
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(28) 

where ε is the porosity of the membrane, χ is the tortuosity 

of the pores, δ is the membrane thickness [m], Dv/a is the 

coefficient of vapor-air mass diffusion [m2/s], Mv is the 

Molar mass of water vapor [kg.kmol-1], PT is the total 

pressure [Pa], R is universal gas constant [J/kmol K], Pa,moy 

is the average partial pressure of the air [Pa] and Tmoy,m is 

the average temperature of the membrane [°C]. 

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 (Khayet et al. 2000, 

Khayet et al. 2002): 

w

wP
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T
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(29) 

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:  

)1( Mvhm CPP −=
 

(30) 

where CM is the mole fraction of NaCl and Pv is the vapor 

pressure calculated used Antoine’s equation at the 

temperature of the hot saline-membrane interface. 

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 (Khayet et al. 2000, 

Khayet et al. 2002): 

a
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(31) 

In the present study, the inlet air is considered as 

completely dry; therefore, wa will be considered equal to 

zero. 

The total heat involved in such a process can be divided 

in two parts: the latent heat and the sensible one. The latent 

heat is associated with the evaporation of the liquid water at 

the hot membrane side. While, the sensible heat Qsens is 

transferred from the hot surface of the membrane. 

To the sweeping air by heat conduction across the 

membranes Qc and the mass transfer of the vapor Qv: 

𝑄𝑠𝑒𝑛𝑠 = 𝑄𝑐 + 𝑄𝑣 =
𝑇1 − 𝑇2
𝑅𝑚

 (32) 

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: 

𝑅𝑚 =
𝑅𝑚𝑐𝑅𝑣

𝑅𝑚𝑐 + 𝑅𝑣
 (33) 

where the heat transfer resistance of the solid part of the 

membrane is: 

𝑅𝑚𝑐 =
𝛿

𝑘𝑚
=

𝛿

휀𝑘𝑎 + (1 − 휀)𝑘𝑚𝑎

 (34) 

ka and kma are the thermal conductivity of the air, and the 

membrane material, respectively. The heat transfer 

resistance of the vapor flow through the membrane pores is: 

𝑅𝑣 =
1

𝐽𝑣𝐶𝑝𝑣
 (35) 

The averaged permeate flux is defined as: 
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The averaged conduction heat flux is : 
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The averaged total latent heat flux is: 
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(38) 

The total heat transfer is: 
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L
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(39) 

Therefore, the process thermal efficiency can be defined 

as: 

T

L

Q

Q
=

 

(40) 

The local heat transfer coefficients, hxs and hxa 

respectively 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 

membrane-air flow interface, respectively: 

ℎ𝑥𝑠 =
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 (42) 

where T0 represents the temperature at the center of the hot 
channel, T1 the temperature at the saline solution-membrane 
interface, T2 the temperature at the membrane-sweeping gas 
interface and T3 the temperature at the center of cold 
channel. 
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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] 
b=0 μm 14.8287 14.8312 14.8425 14.8491 

b=50μm 15.1508 15.1539 15.1679 15.1752 

η 
b=0 μm 0.91469 0.91469 0.91470 0.91472 

b=50μm 0.91546 0.91547 0.91549 0.91550 

 

 

Fig. 2 Validation of the developed code with          

experimental data presented by Khayet et al. (2000) 

 
 
3. Numerical method and validation  
 

The governing equations with the boundary conditions 

are solved numerically using the finite volume method and 

the Simpler Algorithm (Versteeg and Malalasekera 2007). A 

grid-dependence analysis of the method of solution was 

performed as mentioned in Table 1. Based on a grid 

dependence analysis, the values are practically independent 

of the chosen grid, so we select the grid size of 1000,40 for 

the simulations conducted in the present study.  

The validation of the developed numerical model is 

based on experimental results presented by Khayet et al. 

(2000), particularly the evolution of the permeate flux as a 

function of air inlet temperature. The experimental 

parameters used for the validation are:  

- Membrane TF-450, characterized by a pore diameter 

equal to 0.45 mm, the thickness is equal to 178 mm and the 

fractional void volume is equal to 80%.   

- Flow velocity equal to 0.15 m/s, air velocity equal to 

0.8m/s and flow inlet temperature equal to 65°C.  

The computed results for SGMD were validated by 

comparison with theoretical and experimental data of 

Khayet et al. (2000) and were found to be in very good 

agreement, as shown in Fig. 2. It is obvious that our model 

fits better the experimental data particularly when the slip 

condition is taken into consideration. 

 
Fig. 3 Axial velocity evolutions at three positions for   

different slip lengths  

 
Table 2 Slip length effects on process parameters 

b [µm] 0 0.1 1 10 50 100 

J[kg/m2h] 14.8287 14.8294 14.8357 14.8982 15.1508 15.4163 

η 0.91469 0.91469 0.91470 0.91486 0.91546 0.91608 

 
 

4. Results and discussion 
 

The following general conditions were considered for all 

simulations: d=2mm, L=20cm, Ua=1m/s, Us=0.1m/s, 

Cs=0.025, Ta=25°C, =1.5, ε=0.8, Ts=70°C, δ=0.4mm, 

kma=0.2W/mK. 

In order to show the impact of introducing a slip 

velocity boundary condition on process parameters, we 

have presented pure water production J and thermal 

efficiency η for different slip lengths (Table 2). The slip 

length b is varied from zero to 100 µm. For low values of b 

(0-10µm), no significant effects on process parameters are 

noticed, while increasing b from 10 to 100 µm induces a 

notable variation of the permeate flux, J. The thermal 

efficiency remains almost unchanged.  

The axial velocity profiles for different values of x/d 

along the channel are presented in Fig. 3. It is important to 

notice that when the slip flow condition is applied (b is 

nonzero), the fluid adjacent to the hydrophobic membrane 

no longer attains the velocity of the membrane’s solid 

surface. In fact, increasing b leads to an increase of the fluid 

velocity at the surface. In the core region of the channel, the 

saline solution accelerates and its maximum velocity occurs 

at the centerline of the channel, while slip condition tends to 

decelerate the centerline velocity.  

This phenomenon is described clearly in fig. 4, where 

the evolutions of the centerline and wall saline solution 

velocities across the channel, for different values of b, are 

presented. It’s clear that increasing slip length b induces a 

decrease of the centerline velocity, while the fluid velocity 

at the wall is no longer zero. 
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Fig. 4 Evolutions of the centerline and wall saline    

solution velocities as function of slip lengths 

 

 

Fig. 5 Temperature evolutions at three axial positions for 

different slip lengths 
 

 

The evolution of the temperature along the channel 

(positions x/d=3, 10 and 100) for different slip lengths is 

presented in Fig. 5. One can see that slip impact on the 

temperature profile is significant for high values of b. In 

fact, increasing b leads to a reduction of the temperature 

drop which results in a higher temperature difference and 

higher pure water production. 

Fig. 6 presents the evolution of the permeate flux, the 

conductive heat flux and the thermal efficiency when 

varying the inlet temperature of the saline solution. 

Increasing Ts induces an increase of all these parameters. 

In fact, when neglecting slip condition, increasing Ts 

from 40 to 80°C makes the permeate flux increase 7.35  

 
Fig. 6 Process parameters as function of inlet saline    

solution temperature and slip lengths 

 

 
Fig. 7 Process parameters as function of inlet sweeping air 

temperature and slip lengths 

 

 

times. The conductive heat flux and the thermal efficiency 

increase by 220% and 10% respectively. In the other side, 

introducing slip condition raises slightly pure water 

production, thermal efficiency and the conductive heat flux. 

This increase becomes significant for high values of slip 

length b and saline solution inlet temperature Ts. In fact for 

Ts =80°C and b varying from zero to 50 μm, one can see an 

increase by 2% for both water production and conductive 

heat flux and 0.3% for thermal efficiency. No significant 

variation occurred when b=10 μm even for high values of 

Ts. 

The effect of the temperature of the sweeping air on the 

SGMD configuration is mentioned in Fig. 7. When b=0, 

decreasing Ta from 40 to 10°C leads to an increase of J by 

62.4% and Qc by 114.7%, while η decreases by 2%. The 

impact of slip velocity on process parameters is significant 

for all Ta values. For Ta =10°C, all quantities increase when 

b varies from zero to 50 μm. In fact J, Qc and η increase by 

3.4%, 1.3% and 0.15%, respectively. 

Figs. 8-9 present the evolution of pure water production 

and thermal efficiency as a function of saline solution and  
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Fig. 8 Variation of pure water production for different 

inlet velocities and slip lengths 
 

 
Fig. 9 Variation of thermal efficiency for different inlet 

velocities and slip lengths 
 

 

sweeping air inlet velocities. For the non-slip condition, 

increasing inlet velocities results in an increasing water 

production by 26% and 18.3% respectively when Ua 

increases from 0.5 to 2.5 m/s and Us from 0.1 to 0.3 m/s. 

The slip velocity impact is significant and could enhance by 

3% the water production when Us=0.3 m/s and the slip 

length varies from zero to 50 μm. 

In the other side, increasing sweeping air velocity 

reduces thermal efficiency by 1.3% while increasing saline 

solution inlet velocity makes thermal efficiency rise by  

 
Fig. 10 Local heat transfer coefficients variations along 

the channel, hxs and hxa respectively for the saline      

solution and the sweeping air 

 

 

0.8%, which presents opposite effects. The same behavior 

occurs when the slip boundary condition is considered, and 

varying b from zero to 50 μm makes η increase by 0.1% (Ua 

=2.5 m/s).  

Fig. 10 shows the variation of the convective heat 

transfer coefficients along the channel hxs and hxa for the 

saline solution and the sweeping air respectively. At the 

entrance of both saline solution and sweeping air, the 

temperature fields are under development. Therefore, heat 

transfer coefficients are high and decrease as the 

temperature fields approach the fully developed region. So, 

one can notice that the major heat transfer resistances of 

saline solution and sweeping air occurred at the feed side. 

On the other hand, when the slip condition is introduced, hxs 

increases while the behavior of hxa remains unchanged 

despite the variation of slip length from zero to 50μm. It is 

important to remind that the slip flow condition is applied 

on the feed water-membrane interface. 

 

 

5. Conclusions 
 

This study presents a numerical investigation of the heat 

and mass transfer in a sweeping gas membrane distillation 

unit used for desalination. The governing equations and 

their boundary conditions, including slip velocity due to the 

hydrophobic surface of the membrane, were developed and 

solved numerically using the finite volume method. The 

main results of this study are: 

- All profiles and quantities are affected by the 

incorporation of the slip condition.  

- The results of the complete theoretical model 

presented in this study, including slip velocity boundary 

condition, fit well with the experimental data. 

- Slip effect on process parameters, particularly pure 

water production, becomes more pronounced at higher inlet 
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temperature of the saline solution, higher inlet velocities 

and lower sweeping gas temperature.   

- Slip condition makes the local heat transfer of the 

saline solution rise across the channel while the behavior of 

the local heat transfer of the sweeping air remains 

unchanged despite the variation of slip length from zero to 

50μm.  
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Appendix 
 
Nomenclature 

 

A Membrane area [m2] 

C Mass fraction of NaCl 

CM Mole fraction of NaCl 

Cp Specific heat [Jkg-1K-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 [kg/m2h] 

Jv local permeate flux at the hot side of membrane [kg/m2s] 

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.kmol-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/m2h] 

QL Latent heat flux [kJ/m2h] 

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 through 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] 

Greek letters 

μ Dynamic viscosity [kg.m-1s-1] 

υ Cinematic viscosity [m2s-1] 

ρ Density [kg.m-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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