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Abstracts 
The use of brackish water in the Saloum Delta in Senegal can be made by combining the processes of 

desalination as a source of solar energy, usually thermal and photovoltaic processes for membrane distillation. 
But the demand for energy is growing; the use of solar energy can be a good solution, given the high solar 

potential in these areas. 

Different experiences around the world have shown that the process AGMD (Air Gap Membrane Distillation) is 

properly adapted to renewable energy. Our work has shown that the production of fresh water by a hybrid 

method of desalination is possible. Then we analyzed the results on the effect of the pore size of the membrane 

on the mechanisms of mass transfer to estimate the production of fresh water per day generated. We also 

showed the effect of hot water heated by a solar panel on the phenomena of polarization membrane solution. 

And the final result allowed us to estimate in a dynamic system and for a small model, a daily production of 

about 4 L / h. 

Keyword: Solar-Desalination-Membrane distillation - production flow-dynamic system-hybrid method–brackish 

water 

 

I. INTRODUCTION 
The method for membrane distillation is an 

emerging technique for hybrid desalination, for using 

the difference in water vapour pressure across the 

membrane and whose operating range is from 40 °C to 

90 °C. 

In the Saloum River Delta (area of 234 000 ha, of 

which 40 % of mangrove swamp), 30 % of free water 

available is salty and strong concentration. Salinity is 

increasing because the Saloum river delta estuary is 

"reverse", despite having numerous channels. Taking 

into account the growing need for fresh water and salt 
water availability in these islands, we thought that 

desalination could be a must. With very large solar 

field, a hybrid membrane system distiller could agree 

for these regions, all the more since their design does 

not present technical difficulties. And advantages are: 

low operating pressures and temperatures, 100 % 

removal of ions and colloids [1], strong discharges 

impurities resistant membranes, low consumption 

energy, ability to reuse the recovered energy, etc. 

preprocessing unnecessary. Membrane processes 

(AGMD, DCMD, VMD and ADMS) are often under 
or poorly used. [2] Many advanced earlier works have 

been carried out [3] and their experimental results 

were found to enhance these processes. Membrane 

techniques, depending on the size of the available 

energy, such as thermal or reverse osmosis, distillation 

or flash successive expansions arrive daily to produce 

large quantities of fresh water. The global production, 

for these processes, was estimated to about 

25106m3/d [4]. The Gulf countries are almost 
completely dependent on desalination, since 2002,    

93 % of drinking water came from desalination plants 

[4]. The problem of reducing the energy consumption 
of desalination processes is becoming obvious more 

and more. For this end, projects for research and 

development [1, 2,3,4,5 ...] were on the increase in 

order to improve the performance of existing 

techniques, in order to reduce their energy 

consumption and to propose new technologies. 

This work is focusing on a hybrid system whose 

purpose is to estimate, by simulation, the daily output 

of a model with solar collector and heat exchanger in a 

typical sunny day. 

 

II. PRESENTATION OF METHODS 

FOR DESALINATION 
Figure 1 illustrates the desalination 

techniques classified into three broad categories: 

membrane processes, processes acting on the chemical 

bonds and processes being performed by phase 

change. 
A method for separating salt water desalination in two 

parts: fresh water containing a low concentration of 

dissolved salts and concentrate brine. This process is 

energy-consuming. Various desalination techniques 

have been implemented over the years on the basis of 

the available energy [5]. 
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Figure 1 - Processes of desalination most used in the world
 

III. RENEWABLE ENERGY IN 

TECHNICAL AND DESALINATION 
Renewable energy can come in extra 

desalination plants in different ways. Figure 2 shows 

the possible combinations. A desalination plant is  

 

 

likely to be independent in an area devoid of power 

grid. These systems are often hybrid, combining two 

or more sources of renewable energy. To ensure a 

continuous or semi-continuous operation regardless of 

weather conditions, autonomous systems are usually 

equipped with a storage device [2]. 

Figure 2 – Possible technological combinations in hybrid systems [2] 

 

Table 1 provides an overview of 

recommended combinations according to input 

parameters, however, noticing that other combinations 

are also possible. 
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Table 1 - Combinations of desalination processes [2] 

 

The general trend is to combine wind power 

solar thermal and geothermal technologies, with some 

membrane processes or phase changes. Some 
technologies (flash (MSF), successive multiple effect  

 

 

distillation (MED) and vapour compression (VC)) 

require energy-intensive feeding [5]. In countries 

where energy production is low a use-rate of that type 
of energy and desalination processes is available in the 

literature (Fig. 3). 

Figure 3 - Renewable energy-driven desalination processes and energy sources [2] 

 

IV. DESCRIPTION OF HYBRID STILL 
Our study applies to the process of membrane 

desalination type AGMD (Air Gap Membrane 

Distillation) which fluid flow is performed against the 

current. A schematic diagram of the desalination 

technology is shown in Figure 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 [1]. The wall of the tube is 

hydrophobic allowing only radial diffusion of the 

vapour. Steam generated through the membrane and 

the air gap condenses on the inner wall of the second 

pipe to be collected. Figure 5 illustrates flow 

directions through membrane. 

  

 

 

 
 

 

 

 

 

 
Figure 4 - Principle of operation of the AGMD 
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Figure 5 - Disposition and condensing the vapour 

through membrane 

V. MODELING PROCESS AGMD 
Assumptions: 

-  incompressible viscous non-Newtonian fluid, 

- permanent and laminar regime, 
- axisymetric flow, 

- non-reactive membrane, 

- uniform condensing temperature, 

- isothermal flow. 

 

5.1. Description of the flow patterns 

Module freshwater producing uses the 

principle illustrated in Figure 6. It consists of two 

concentric tubes. The inner tube is a hydrophobic 

membrane wherein a circulating hot salt solution and 

the outer tube is a condensation wall. Inside the wall 
of the condensing fresh water oozes while at the 

outside streamed cold water for cooling the wall. 

Figure 6 - Areas interfaces and flows 

 

Legend- r1: inner radius of the membrane; m: 

thickness of the membrane; g: thickness of air layer; 

e: thickness of pure water; p: wall thickness of 

condensation. f: thickness of cold water runoff film . 

 

5.2. Balance equations in the membrane 

Boundary conditions 

At the entrance of the membrane z = 0: 

eTrT )0,,0(
                                                       

(1) 
At the outlet of the membrane z = Hm: 

0
,,











 trHz

T

m                                                    

(2) 

Along the axis of the membrane and for r = 0 and 0  

z  Hm:
 
 

The slip condition at the wall where the heat flux 

exchange with the outside for (and) (r = r1 and 0  z  
Hm):  

 
vch QQ

trzdr

dT
k 

,, 1                                 

(4) 

kh: thermal conductivity of the hot solution, Qc :heat 

flow unit due to conduction and Qv : heat flow unit 
due to the steam. 

 

5.2.1. Mass transfer through the membrane 

The distiller is presented in the form of a double-tube 

heat exchanger and hydrophobic permeable wall. The 

three types of mechanisms called KMPT (Knudsen 

diffusion Molecular diffusion Poiseuille flow 

Transition) by which species of a gas mixture may 
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lose momentum in the movement –  Knudsen flow, 

molecular diffusion of Fick or viscous diffusion.  

 

5.2.2. Knudsen-Flow  

This is a direct transfer of mass in the 

capillary wall, as a result of molecule-wall collisions. 
In the case of porous media, the vapour flow is given 

by: 










 


m

mghm

mu

v
pK

pp

TR

M
rJ



 8

3

2

 

(5) 

With: mT average temperature between the two sides 

of the membrane. 

The membrane permeability due to Knudsen diffusion 

is given by the following expression: 

mu

v

m

p
K,m

TR

Mr
K



 8

3

2


                     

(6) 

 

5.2.3. Molecular diffusion 

Transfer to other species is due to collisions 

between pairs of different molecules. 

For a binary mixture (air and steam), the relationship 

of the diffuse flux through the membrane is obtained 

by Stefan's law [1] as 

vmSm pKJ  .,                                                      
(7) 

where Jm is diffusion flux of vapour through the 

membrane. 

The permeability of the membrane due to molecular 

diffusion is defined by 

maum

v
a

v

m
TpR

MPD

K





                                    

(8) 

pvv

v
a/v

C.

k
D




. 

The average temperature of the membrane is given by 

the following equation: 

2

mgmh

m

TT
T




                                                 

(9) 

Moreover Qtaishat et al. [10] propose the term vapour 

/ air quantity as a function of temperature: 
072,25

/ 10.985,1 TPD av


                                  

(10) 

The difference in partial pressure of saturated vapour 

of both sides of the membrane may be calculated from 

the law of Antoine [3] using the following equation: 

45

3841
328,23ln




T
pv

                                  

(11) 

By replacing equation (10), equation (11) becomes 


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(12) 

 

5.2.4. Viscous diffusion or Poiseuille 

It is an indirect transfer to the capillary wall, 

this method starts with a transfer molecule-molecule 

collisions and terminating in a wall-molecule 

collision. The flow equation is: 

m

v

mu

vp

g
p

p

TR

Mr
J










2

8

1

                    

(13)

 
Or 

vpp pKJ 
                                                   

(14) 

 

5.2.5. Exchanges of heat flow in a hybrid 

desalination system 

The input saline solution (Fig. 7) is heated by 

a thermal system (heat exchanger hx) to an inlet 

temperature (Thx, s). The water comes out at a 
temperature (Thx, co) and enters a solar collector and 

sees its temperature to increase (Thi = Te). The other 

side of the membrane, to the cooled (Tci) allows water 

vapour to condense. This system is based heat 

exchange. 

Figure 7 - Exchange of heat flow in a hybrid system 

 

The total sensible heat flux (Qs) is transferred 

from the hot surface of the membrane to the surface of 

condensation by two parallel modes. One is by  

 

conduction (Qc) through the material of the membrane 

while the other mass transfer (Qv): 
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vcs QQQ 
                                                    

(16) 

Accompanying the heat transfer the steam flow and 

heat transfer by conduction through the membrane are: 

The flow of heat by conduction (Qc) is defined by: 

 
mghm

m

cm

m

mghm

C TT
k

R

TT
Q 





                       

(17) 

The latent heat flux (Qv) of the vapour through the 

membrane is defined by: 

vvv hJQ  .
                                                      

(18) 

where vh  : enthalpy of unit mass of steam (J/kg) 

The thermal conductivity of the membrane kcm is 

defined by the equation (19) as: 

  macm kkk   1
                                       

(19) 

where 

 km: thermal conductivity of the material forming the 

membrane; 

ka: thermal conductivity of air 

 

Thermal efficiency of the membrane is defined by the 

expression: 

s

v
t

Q

Q


                                                            

(20) 

Temperatures of membrane interfaces/space of air, 

air/water and water/wall cooling space are given 

respectively by the relations (21), (22) and (13) as: 

pf

s

m

hm

s

ms

mg T
R

R
T

R

RR
T 




                            

(21) 

pf

s

gm

hm

s

pd

gd T
R

RR
T

R

RR
T







                   

(22) 
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(23)

 
The temperature of the hot vapour side of the 
membrane is expressed by the equation (24): 

m

cm
h
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m

cm
vvhh

hm k
h

T
k

hJTh

T






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(24) 

The convection coefficient steady correlation is given 

by the Graetz-Leveque [3]. 
33,0
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(25) 

In dynamic mode, hh is given by equation (26) as: 
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26) 

The temperature at the boundary air/condensate is 
expressed by equation (27): 

  hmhhvv

g

g

mggf TThhJ
k

TT 


         (27) 

The temperature at the boundary condensate a/cold 

wall is expressed by equation (28): 

 hhm

f

h

gffp TT
h

h
TT 

                                  

(28) 

The temperature at the wall can be defined as: 

 hmh

xt

h

ambp TT
h

h
TT 

           

                     (29) 

 

VI. RESULTS AND DISCUSSION 
Figure 8 illustrates the evolution of the 

polarization coefficient of the temperature between the 

inlet and outlet of the tube, and for various porosities 

Figure 8 - Evolution of the polarization coefficient of the temperature for various porosities 
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This coefficient is found to decrease from the 

inlet to the outlet of the tube, also by increasing the 

porosity. Polarization temperature causes a significant 

loss of the driving force for transport (Thm – Tgf) 

compared to the imposed force (Tf –Tc). This force is 

also reduced by the pressure drop of water vapour 
supply side due to the presence of salt. A validation of 

the theoretical model was performed by comparing 

our results with the experimental results of Banat [13] 

on a membrane. 

The results reported by Baoan  Li [11] and Z. Ding  

[12] indicated  a value of the polarization coefficient 

equal about 1.0  was acceptable, which is a good 

agreement with our results. 
Moreover, our theoretical model can be validated by 

the results reported by Banat [13] (Fig.9) 

Figure 9 - Comparison of the model with the experimental values of Banat [13] 

 

We will determine which one among the two 

heats (by conduction or vapour transfers) that dominates 

over. For this we set the input data: km= 0.05 W.m-1K-1,, 

m = 4.10– 4 m, Tc = 20 °C. Figure 10 shows the effect of  

 

the temperature of the hot salt solution on the process of 

heat transfer through the membrane module while Figure 

11 exhibits the evolution of the power unit due to thermal 

conduction. 

Figure 10 - Evolution of the unit thermal power due to the flow of steam 
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Figure 11 - Evolution of the power unit caused by conduction  

 

For a variation of the temperature of 40 °C to 

80 °C, heat due to conduction augment about 8 % than 

that due to vapour transport. But taken as a whole, we 

observe that heat due to transportation is 69 times 

greater than that due to conduction. So in the process of 

transport across the membrane modules, the heat flux  

 

 

due to conduction is found to be relatively low. Under 

the same conditions as above, we consider here the 

production of water per hour.  

The efficiency of the membrane process has been 

assessed (Fig. 12). This figure exhibits the evolution of 

the efficiency of the process according to the hot salt 

water temperature for the system power. 

Figure 12 – Thermal efficiency as a function of the temperature of the hot solution. 

 

Figure 13 illustrates the influence of temperature on the production of fresh water (for Hm = 0.2 m and r1 = 2 mm 
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Figure 13 - Effect of temperature on distillate production for input data 

 
Figure 14 shows the temporary change in 

temperature for a hot typical day. Changes in daily 

temperature when using solar system describes a bell 

curve (Fig. 14), whose peak is observed at 14 h. The 

same is true for the flow of water vapour (Fig. 15) and 

 
brine (Fig. 16). This time corresponds to the sunshine 

hour, the reference sunny day, at which the sunlight 

rate is found to be highest in the study area. 

 

Figure 14 - Evolution of daytime temperature of the hot solution produced by solar 

 

Figure 15 - Evolution of the daily flow of water vapour through the membrane 
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Figure 16 - Evolution of the brine flow in the membrane 

 

Figure 16 illustrates in fact, the production of 

distilled water in the membrane depending on the 

temperature of the hot water solution, the maximum 

quantity being produced at 14 h when solar system 

was used.  

 

Figure 17 exhibits the daily fresh water changes with 

the temperature of the hot solution production for such 

a sunny day. 

 

Figure 17 - Changes in temperature and production during a typical sunny day. 

 

For a sunny day, the highest temperatures 

generated by the solar collector are observed between 

11 h 30 and 16 h 30 when using solar system. 

In Figure 18 we can observe the evolution of the 

production of fresh water according to the temperature   

 

of the hot solution for the input data. We can easily 

observe the fresh water production increases with 

increasing hot water temperature, which is not a 

surprise. 
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Figure 18 - Fresh water production depending on the temperature of the input data 

 

VII. CONCLUSION 
Modelling as the simulation allowed us to determine 

the flow phenomena in a hybrid membrane module. 

The characteristics of the process (AGMD) simulated 
dynamic system gave acceptable results on the flow of 

water vapour and thermal efficiency. The significant 

information that we can draw from this work, are  

listed as follows. 

• The input temperature of the saline solution appear 

to be a significant factor on the flow of the permeated 

vapour but it is found to have a lesser effect on the 

thermal efficiency of the process manner. 

• On the other hand, low cooling temperatures is 

shown to improve the flow of steam with decreasing 

the thermal efficiency of the process 

• The steam flow through the membrane increases 
rapidly with the temperature of the feed solution. 

• Finally, a study on heat transfer permits us to 

observe that the thermal energy mass transfer 

dominates over thermal conduction. And this is from 

the modelling of these discussions we determined the 

daily production and the system efficiency. 

 

LIST OF SYMBOLS  

Cs mole fraction of NaCl 

Cpv vapour mass thermal capacity at constant 

pressure, J.kg-1.K-1 
dh half-width of the flow channel, m 

Ds salt diffusion efficiency, m2.s-1 

g gravitational acceleration, m.s-2 

h specific enthalpy, J.kg-1 

H membrane length, m 

J length-averaged permeate flux at the hot side 

of the membrane, kg.m-2.s-1 

Jv local permeate flux at the hot side of 

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

k thermal conductivity, W.m-1.K-1 

 

K membrane permeability, m-1.s 

M molar mass, kg.mol-1 

m  mass flow rate, kg.s-1 

Nu Nusselt number 

P pressure, Pa 

Pr  Prandlt number 

Pv  water vapour pressure, Pa 

Q unit area rate of heat transfer, J.m-2.s-1 

Re  Reynolds number of the hot solution channel 

Ru  gas law constant, J.kmol-1.K-1 

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 vapour 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 
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fp condensate film/cooling plate interface 

g vapour/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  

p cooling plate 

pc cooling plate/cold channel interface 

s solution 

v vapour  
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