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Abstract: - Membrane distillation is an emerging technology for desalination that differs from other membrane 

technologies and in which the driving force for desalination is the difference in vapor pressure of water across 

the membrane, rather than total pressure. The membrane is hydrophobic material that allows water vapor only to 

pass across.  The vapor pressure gradient is created by heating the source water, thereby elevating its vapor 

pressure. The major energy requirement is for low-grade solar energy.  
 The technique used to desalinate water is the Air Gap Membrane Distillation (AGMD), which is more 

compact, less energy-consuming and required lower temperature (between 40 °C to 80 °C) than conventional 

distillation processes. In this paper, the work aims to establish a mathematical model of the Navier-Stockes 

equation applied to a porous membrane of polytetrafluoroethylene. PTFE nanofiber membrane could be used in 

membrane distillation to produce drinking water from a saline water of NaCl.  
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I. INTRODUCTION 
 The population of the world is increasing, and fresh water is the primary requirement for life in the 

universe. However, while water covers about three-quarters of the earth’s surface, only 3 % is fresh water from 

various sources, and not all of this limited quantity is suitable for drinking. 
 Thus, water treatment is usually needed, and desalination is the most efficient method for providing 

fresh water from brackish and/or seawater. However, desalination is energy- intensive process. And because of 

scarce availability of wood and oil and high capital and operational cost, the desalination based on renewable, 

safe, free and clean solar energy is the promise for a cost-effective solution. 

 The steady flow in a long channel or in a long tube of circular section under the action the pressure 

gradient imposed at the two ends, usually known as Poiseuille flow or Hagen Poiseuille flow, is a typical 

textbook example in fluid dynamics. In the last few years, numerous authors [1-9] have analyzed this problem 

with the channel geometry when the pressure difference is replaced by a constant external field. 

The objective of this work is to analyze theoretically the effect of membrane pore size and porosity. 

 

II. MEMBRANE DISTILLATION CONFIGURATIONS 
 Membrane distillation (MD) is an emerging technology for desalination. Membrane distillation differs 

from other membrane technologies, the fact that the driving force for desalination is the difference in vapor 

pressure of water across the membrane, rather than total pressure. The membranes for MD are hydrophobic, 

which allows water vapor (but not liquid water) to pass. The vapor pressure gradient is created by heating the 

source water, thereby elevating its vapor pressure. The major energy requirement is for low-grade thermal 

energy. 

 A variety of methods have been employed to impose the vapor pressure difference across the 

hydrophobic membranes [1]. In every case, the raw water to be desalted directly contacts the hot side of the 

membrane. The four classes of membrane distillation are therefore (Fig. 1) [2]: 
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• Direct-Contact Membrane Distillation (DCMD). The cool condensing solution directly contacts the membrane 

and flows in a countercurrent system to the raw water. This is the simplest configuration. It is well suited for 

applications such as desalination and concentration of aqueous solutions. 

• Air-Gap Membrane Distillation (AGMD) in which an air layer is interposed between the membrane and the 

condensation surface.  

• Sweep-Gas Membrane Distillation (SGMD). A sweep gas pulls the water vapor and/or volatilizes from the 

system. Useful when volatile salts can be removed from an aqueous solution. 

• Vacuum Membrane Distillation (VMD). A vacuum is used to pull the water vapor out of the system. Useful 

when volatile salts can be removed from an aqueous solution. 
Membranes with lower thermal conductivities and higher porosities improve the performance of single-

membrane designs while thinner membranes improve the performance of air-gap designs. This device can be 

used with a solar heating system which already uses concentrated salt solutions. 

 

 
Figure 1 - Membrane distillation configurations (a) DCMD, (b) AGMD, (c) SGMG, and (d) VMD 

 
The advantages of membrane distillation are: 

• It produces high-quality distillate. 

• Water can be distilled at relatively low temperatures (40 °C to 90 °C). 

• Low-grade heat (solar, industrial waste heat or desalination waste heat) may be used. 

• The water does not require extensive pretreatment as in pressure-based membrane treatment. 

 

III. PHENOMENA DESCRIPTION OF AGMD 
 Out of all the different MD processes, AGMD was selected for modeling because the model was more 

general than for some other MD processes, and is therefore easier to modify for modeling other types of MD 
processes. A schematic of an air-gap membrane distillation unit is shown in figure 2. The brackish or saline 

water to be distilled is heated and passed by one side of the membrane. Water vapor diffuses across the 

membrane and air gap to the other side, where it condenses on the cooler surface. The right side of the air gap is 

kept cool by a flow of cooling water. The overall process is driven by a gradient in water vapor pressure, rather 

than a difference in total pressure. Thermal energy is required to elevate the vapor pressure of water in the hot 

stream. Figure 3 illustrates the scheme of a cylindered membrane PTFE. 

                     
Figure 2 - Schematic of air-gap membrane distillation.     Figure 3 - Vertical and cylindered membrane PTFE 

 

 The membrane itself is hydrophobic with pore sizes rp, usually in the range of 0.05 m to 0.2 m. 
Lawson and Lloyd (1997) [3], for example, used polypropylene membranes with maximum pore sizes rp 

ranging from 0.3 m to 1.1 m. Water is kept from penetrating the pores by surface tension and capillary 
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pressure. Table 1 summarizes surface energy of some membrane materials and table 2 recapitulates 

characteristics of commercial materials commonly used in membrane distillation. 

 

Table 1 - Experimental surface energy of some material membranes used in MD [4] 

Membrane materials  Surface tension 
LV

  mN /  

PTFE 0.0191 

PP 0.0300 

PVDF 0.0303 

PE 0.0332 

 

Table 2- Characteristics commercial materials commonly used in membrane distillation [5] 

 Membrane Trade 

Name 

Manufacturer Material Thickness
 

(m) 

pore size y 

(m) 

Conductivities 

k (W-1K-1) 

Porosity 

 (%) 

TF200 Gelman PTFE 55 0.20 0.0382 75-85 

TF450 Gelman PTFE/PP 178 0.45  80 

TF1000 Sartorious PTFE  1.00  75-80 

GVHP Millipore PVDF 118 0.22 0.041 70 

HVHP Millipore PVDF 140 0.45 0.040 75 

S6/MD020CP2N 
Akzo Nobel 

Microdyn PP 450 0.2 
 

70 

 
Figure 4 - Scheme of an operating modular solar system of the membrane distillation 

 

 To study the performance of the modular solar thermal desalination system, analytical calculations have 

been made as illustrated (Fig.4). The salt-water supply is heated from a set (solar collector (7-8), conventional 

heat exchanger (5-6)). In the tubular porous membrane, the temperature of the brine is between 30 °C and 90 °C 

[4]. The wall of the tube is hydrophobic allowing only radial diffusion of the vapor. Steam generated through 

the membrane and the air gap condenses on the inner wall of the second pipe to be collected. The energy 

balance equations will be presented in next sections. 
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IV. THE POISEUILLE MODEL FLOW: THEORETICAL APPROACH 
 The Poiseuille flow model is based on viscous flow through a cylindrical capillary wall (Fig.5). When 

the capillary diameter is large compared with mean free path lengths and a pure substance is present in the 

capillary we have the classical Poiseuille’s problem. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure 5- AGMD cell configurations 

 

4.1. Mathematical and physical modeling at steady state 

A steady state, laminar, incompressible, viscous and isothermal flow in a cylindrical tube with a permeable wall 
is considered. The velocity profile in laminar flow in a tubular membrane is plotted as illustrated (Fig.6). 

 
Figure 6 - Plot of velocity profile for laminar flow in a tubular membrane 

 

For micro porous membrane, the viscous flow equation may be written as: 

ppv nmJ 
        

(1) 

where 

2

1

p

P
r

n





       

(2) 

assuming the pore is a uniform circular tube. 



American Journal of Engineering Research (AJER) 2013 
 

 
w w w . a j e r . o r g  
 

Page 37 

 Balancing the viscous shear forces acting over the surface, the velocity distribution over the cross section of the 

pore is given by: 

r

prr
V

p
)r(
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(3) 

The mass flow rate through the pore can be obtained by integrating equation (3) over the cross section of the 

pore size. 
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Substituting equation (4) and (2) into (1) we have 
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where Thm and Tcm are the temperatures of the hot and cold sides of the membrane.

 And in general, equation (5) may be written as: 

vpv pKJ .
       

(6) 

where Kp, the permeability of the membrane due to Poiseuille flow, is expressed by 
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(7) 

The vapor pressure (pv) were calculated using the Antoine equation [1] as 

45

3841
32823




T
.pln v

                    

(8) 

The effect of the presence of salt in the solution on the vapor pressure at the hot surface onto the membrane side 
has been accounted by using the empirical correlation for the boiling point elevation. Raoul’s Law can be used 

to express the vapor pressure at the hot side of the membrane (phm) as 

   hmvhmshm TpCp ,1
                          

(9) 

 

4.2. Velocity problem  

Consideration is given to a constant property fluid flowing in a straight tube of circular cross section, at the 

walls of which there is a uniform mass transfer. 

The mass conservation and momentum equations, Navier-Stokes equations expressed in cylindered coordinates 

with axisymetric assumption are: 
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where Vr and Vz are the velocity components. 
At the permeable, porous, homogeneous and isotropic wall, the wall suction velocity is given by Darcy’s law as 

mentioned in the previous section. Considering the boundary conditions, at the inlet developed laminar profile is 

considered, ie, Poiseuille flow which leads to: 
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In the entrance region the flow is not developed, and the following equation has been recommended for 

turbulent flow in tubes. The solution depends on both the Reynolds axial and filtration number. 

1307300970 .
r

.
eu P.R.N 

 
laminar flow

                    
(14) 
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turbulent flow             (15) 

 where D is the equivalent diameter of the flow channel and L is the tube length 



 pC
Pr        Prandtl number                  
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V. RESULTS AND DISCUSSIONS 
Simulations have been carried out for following data: 

- the analysis is made for the inlet temperature of the feed solution (Thi) in the range (40 to 80) °C computed at  

5 °C increments; 

- Steady state: feed solution inlet velocities (Ve) of 0.1 m.s-1 to 0.8 m.s-1 ;  

- cooling solution inlet temperatures (Tci) of 5 °C to 20 °C at 5 °C increments; 
- air/vapor gap widths (δg) of 1 mm to 5 mm at 1 mm increments; 

-membrane thermal conductivities (km) of (0.05 to 0.3) Wm-1.K-1 at 0.05 Wm-1.K-1 increments; 

- membrane porosities ( = 0.70 to  0.80); 

-membrane tortuosity ( = 1.7). 
 

 
Figure 7 - Plot of velocity along the membrane length 

 

 It is observed (Fig.7) the boundary layer grows with a faster rate near-by the entrance of the channels. 
This implies that the heat transfer coefficient, and thus the local permeate flux, are (as expected) higher near-by 

the hot channel entrance. 

 The velocity increases along the radius of the membrane with the input speed of the hot solutions (0.1 

m/s to 0.8 m/s). We observe that (Fig.8) it is higher in the wall of the membrane, which allows a relatively large 

water production. This effect can reduce the resistance time of the steam within the membrane. The velocity 
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affects the process by reducing the boundary layer thicknesses of the temperature and concentration of the hot 

solution and the temperature of the cold solution. 

 
Figure 8 - Plot of velocity through the radial axis 

 

The feed solution temperature has a major effect on the permeate flux. This increase is larger at higher 

temperatures because the vapor pressure increases exponentially with increasing temperature. 

Figure 9 shows the permeate flux (J) as a function of both the hot and the cold solutions inlet velocities. The 
improvement is because higher velocities reduce the z-direction temperature drop in the solutions, increasing the 

driving temperature difference, and that has a higher effect on the vapor pressure in the hot solution. 

 

 
Figure 9 - Effect of the average temperature of feed and permeate side solution of the commercial. PTFE 

membranes [Tci = 20 oC, uhi = 0.1 m.s-1 ,  = 0.7 to 0.9]. 
 

Figure 10 shows that the permeate flux from the interior of the membrane increases as a function of porosity. 

Depending on the value of dimensionless radius it decreases slightly, indicating that the appearance of the 

membrane permeable and selective. 
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Figure 10 - The effect of membrane radius on the permeate flux. 

 

 
Figure 11 - The effect of distance on the Nusselt number. 

 
 Figure 12 -  Hombeck solution in comparison to our model 
 

To validate our model, we compared it with the experimental work of Hombeck (Fig.12). The Nusselt number 

characterizes energy heat transfer between a solid surface and a fluid in motion. The Prandlt number compares 

the speed of the thermal and hydrodynamic phenomena in a fluid. A high Prandlt (Pr = 5) indicates that the 

temperature profile. 
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Figure 13 - Effect of polarization of temperature 

 

 
 Figure 14 - Efficiency of the AGMD model 

 

The performance of the proposed model is the order of 0.94 % for different porosities (0.7, 0.8 and 0.9) on this 

curve, it increases with the operating temperature of the system that is to say from 40 °C to 80 °C. 

 

VI. CONCLUSIONS 
 This paper describes Poiseuille flow model to simulate the permeate flux of water in cross flow 

filtration tubular membrane. The flow in the hot fluid region and in the porous medium is described by the 

Navier-Stokes equations and Darcy’s law. First the model was carefully validated by Hombeck experimental 
model. 

 The effectiveness and efficiency of the model have been assessed, however, understanding of the 

physical phenomena and the behavior of the model should require the pursuit and deepening of this work. 

But we think that Poiseuille flow should not be neglected in the process of desalination since it intervenes 

largely depending on the type of membrane used. 
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VII. LIST OF SYMBOLS 
Cs  mole fraction of NaCl 

dh   half-width of the flow channel, m 

g  acceleration of gravity, m.s-2 

Hm   membrane length, m 

J  length-averaged permeate flux at the hot 

side of the membrane, kg.m-2.s-1 
K  membrane Permeability, m-1.s 

Jv  local permeate flux at the hot side of 

membrane, in vapor phase, kg.m-2.s-1 

Km mass transfer coefficient, J.m-2.s-1.K-1 

M  molar mass, kg.mol-1 

m  mass, kg 

m  mass flow rate, kg.s-1 

Nu  Nusselt number 

P  pressure, Pa 

Pr  Prandlt number 

Pv  water vapor pressure, Pa 

Re  Reynolds number of the hot solution 
channel 

R  Universal gas constant, J.kmol-1.K 

rp membrane pore size, m 

r1  largest membrane pore , m 

T  temperature, oC 

Tci inlet temperature of cold solution, oC 

Thi inlet temperature of hot solution, oC 

T  Average temperature, oC 

V velocity, m.s-1 

Ve velocity of feed solution, m.s-1 

Vr the velocity in radius direction, m.s-1 

r  coordinate normal to the solution flow 

z coordinate along the solution flow 

 

Greek letters 

ΔP water vapor pressure difference, Pa 
δ Thickness or width, m 

ε  porosity of the membrane 

γl surface tension of water, N.m-1 

μ  dynamic viscosity, kg.m-1.s-1 

ρ density, kg.m-3 

  tortuosity 

Subscripts 

a Air 

atm Atmosphere 

Avg Average 

c cold solution 

f condensate film 

fp condensate film/cooling plate interface 
g vapor/air gap 

gf air gap/condensate film interface 

h hot solution 

hi inlet of the hot channel 

hm hot liquid/membrane interface 

i inlet of the channel or ith domain 

m membrane 

mc membrane cold side 

mg membrane/air gap interface
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