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Abstract 
The purpose of the present research is to carry out an experimental and theoretical investigation for salt 

water desalination using tubular direct contact membrane distillation. The effect of operating parameters on the 
unit performance was studied. These parameters include feed water inlet temperature, feed water flow rate, salt 
concentration and cooling water temperature. System thermal efficiency and gain output ratio (GOR) are also 
evaluated. The investigated range was, 70°C for inlet feed water temperature, from 15 to 20 L!min for feed water 
flow rate, from 0 to 40 g Naci/L water for feed water salt concentration, from 20 to 56 °C for the inlet cooling 
water temperature, and from 15 to 20 L/min for cooling water flow rate. 
Maximum productivity, daily efficiency, and Gain output ratio (GOR) of the system reach 40.587 kg/day, 

64.88%, and 0.624 respectively. Finally, a good agreement has been found between the present numerical results 
and experimental results. 

1. Introduction 
Membrane distillation (MD) is a hybrid 
process which joins a thermally driven 
distillation process with a membrane 
separation process. The pure water IS 

evaporated from saline water by thermal 
energy and transported through the pores 
of hydrophobic membrane. The driving 
force 1s the vapor pressure difference 
created by temperah.Jre difference across 
the membrane. Then pure water vapor 
condensate at the downstream side of the 
membrane. 

The most common configuration of 
membrane distillation (MD) IS direct 
contact membrane distillation (DCMD) in 
which heated feed and cold permeate 
streams are m direct contact with the 
porous hydrophobic membrane. 
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The difference in the temperah.Ire and salt 
concentration between feed and permeate 
streams creates the vapor pressure driving 
force for "DCMD''. In addition, the 
temperah.Jre difference plays an important 
role, where simultaneous heat and mass 
transfer occur in both the feed, penneate 
through the porous membrane. 

In direct contact membrane 
distillation, the operation is simple and it 
requires the least equipment. So, DCMD is 
the most appropriate configuration for 
desalination. Therefore DCMD unit 1s 
designed, built and used also. 

Desalination is the removal of excess 
salt and minerals from water and it is used 
to provide pure water from seawater or 
brackish water. 

Desalination of seawater by 
"DCMD" was investigated by Hote et al 
[1]. The salt concentration has a little 
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effect on the permeate flux up to 5% 
by weight salt, however increasing the feed 
flow rate in laminar region and 
temperarure difference Between feed side 
and permeate side have an important effect 
on the permeate flux. In the present work, 
the direct contact membrane distillation 
process is applied to srudy the desalinating 
performance of aqueous solution of NaCI, 
brackish water and seawater. Flux 
characteristics affected by the process 
parameters are investigated. Heat and mass 
transfer are also analyzed in details. 

2. Theoretical Study 
2.1 Heat Transfer 

Membrane distillation 1s a 
complicated physical process in which 
both beat and mass transfer are involved. 
For heat transfer, heat is first transferred 
from the heated feed salt solution across 
the thermal boundary layer to the 
membrane surface in the form of heat 
convection. Then the heat passes through 
the membrane in the form of vapor latent 
heat and heat conduction. Finally, the heat 
is removed from the cold - side membrane 
surface through the boundary layer by 
convection. The boundary layers next to 
the membrane may contribute substantially 
to the overall heat transfer resistance. The 
heat flux for each step mentioned above 
can be expressed as follows: 
Heat transfer by convection in the feed 
boundary layer: 

(1) 

Where h1 is convective heat transfer 

coefficient in feed side, T1 is bulk feed 

water temperarure and Ttm is membrane 
surface temperan1re at feed side. 

t 
l't'rmc~ut· Sid I!' 

hcd Sid• 

* .r 
Fig.l 

Fig. I The heat transfer process of DCMD 
Heat transfer through the membrane by 
conduction and by movement of vapor 
across the membrane (latent heat of 
vaporization): 

Qm = Q conduction + Qvaporization 

Qm = hm(Tfm- Tpm) + ].!!:.Hv (2) 

Wh h km h . h .c ere m = 8 , m IS eat trans1er 
m 

coefficient of the membrane, L\Hv is the 
latent heat of vaporization, 8m=8 is the 
thickness of the membrane, J is the 
molecular flux of water through the 
membrane and k 111 is the thermal 
conductivity of the membrane: 

km = E. kg + (1- c). ksm (3) 
Where kgand ksm are the thennal 
conductivity of air/water vapor and solid 
membrane material respectively. E is the 
porosity of the membrane: 

Avoid volume 
£ = ---------

Total volume ofmemrane 
(4) 

For the permeate side, the convection heat 
transfer takes place in the permeate 
boundary layer: 

(5) 

Where hp is heat transfer coefficient of 

permeate water, Tpmis membrane surface 
temperature at permeate side and TP is bulk 

permeate water temperarure. 
At steady state, the overall heat transfer 
flux through the membrane is counted and 
g1ven: 

Q = Qf = Qm = Qp 
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h1(r1 - T1m) = ~= (Trm - Tpm) + 
].11Hv = hp(Tpm- Tp) (6) 

From Eqns. (1) - (6) we obtain the 
temperature adjacent the membrane for a 
given flux, in term of the bulk feed and 
permeate temperatures and the tree heat 
transfer coefficient: 

Heat transfer coefficient (h) can be 
calculated from this equation: 

h = NU*K (9) 
D 

Where K is thennal conductivity of water, 
D IS hydraulic diameter of tubular 
membrane and Nu is Nusselt number of 
water which can be calculated from the 
following equations: 
For Turbulent flow (Dittus- Boelter 
equation): 

Nu = 0.023 * Re 0
·
83 * Pr0

·
33 (10) 

For Laminar flow: 

Where Re is Reynolds number of water, Pr 
is Prandtl number of water and L is the 
length of membrane. 

2.2 Mass Transfer: 
Mass transport across the membrane 

m DCMD IS generally described by 
various mass transfer models based on the 
dusty gas model [2], such as the Knudsen 
model, the Poiseuille model, the Knudsen
Poiseuille transition models, and the 
molecular diffusion model. The selection 
of the most appropriate model depends on 
the properties of vapor and membrane, i.e. 

the mean free path and mean pore size. 
However, m most cases, the models 
suggest that the mass flux may be written 
as a linear function of the vapor pressure 
difference across the membrane [3], given 
by: 

] = C * (Pml - Pm2) (12) 

Where J is the mass flux, C the membrane 
distillation coefficient, and Pml and Pm2 the 
partial pressure of water vapor at the 
membrane surfaces on the feed and 
permeate sides, respectively. 
Equation (12), expressed previously, gives 
the mass flux (J) through the membrane as 
a funct ion of the membrane mass transfer 
coefficient (C) and of the vapor pressure 
difference. 
The membrane mass transfer coefficient 
(C) could be determined experimentally 
(semi-empirical model) [4] or theoretically 
(Knudsen model, molecular diffusion 
model and Hegan-Poiseuille viscous flow 
model) [5]. The vapor pressure can be 
calculated using Antoine's equation [6]: 

A 
Pv = exp[B- -( -)] D+T 

(13) 

Where Pv is the vapor pressure in Pascal, T 
is the temperature in Kelvin, and A,B and 
D are experimental constants, (For water, 
A=3841, B=23.238 and D=-45). 
Any decrease in the vapor pressure due to 
the salt concentration IS calculated by 
Raoult's law, [6]: 

(14) 

Where p is the vapor pressure of pure 
water, p is the vapor pressure of the water 
with salt, and Xms is the mole fraction of 
the salt at the membrane surface. 
Since concentration polarization occurs, 
the mole fraction of the salt at the 
membrane surface is not the same as in the 
bulk. The salt concentration at the surface 
of the membrane could then be calculated 
using the film model [7], 

J 
Cms =Cbs· exp(-) 

p.Ks 
(15) 
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Where Cms and Cbs are the salt 
concentration at the surface of the 
membrane and in the bulk respectively, p 
is the density of the bulk and Ks is the salt 
mass coefficient. 
Ks could be evaluated by employing the 
Dittus-Boelter correlation by analog 
between heat transfer and mass transfer 
[8]: 
For heat transfer: 

Nu = 0.023 * Re 0·83 * Pr0·33 = h .dh (16) 
k 

For mass transfer: 

Sh = 0.023 * Re0.8 3 * Sc0.33 = Ks.dh (17) 
Dwa 

Where Sh is Shrood number, Sc is 
Schmidt number and dh is the hydraulic 
diameter. 
Schmidt number can be calculated from 
this equation: 

Sc = _v_ = _ll_ 
Dwa p.Dwa 

(18) 

Where v is kinematic viscosity of water 
vapor, 11 is dynamic viscosity of water 
vapor, p is density of water density and 
Dwa is diffusion coefficient of water vapor 
in stagnant air (m2/s) estimated in eqn. 
( 18). 
Then, Ks can be calculated from the 
following equation: 

Ks = 0.023 * Re0.83 * Sc0.33. Dwa. (19) 
dh 

Tp.oul 

2.3 Performance Parameters 
The two most commonly 

encountered performance metrics for solar 
desalination systems are the gained output 
ratio (GOR) of the desalination module 
and thermal efficiency of the system. 
GOR is theoretical energy required to 
produce the distillate divided by the actual 
thermal energy consumed in the 
evaporator. Mathematically, the GOR of 
the membrane module can be written as 
[9], 

(20) 

Where rhd is the distillate flow rate, rhr is 
the hot stream flow rate, and hv is the 
latent heat of vaporization. 
Efficiency of the system is the ratio 
between total latent heat in distilled water 
produced and the total input power to 
system. Mathematically, the '1. of the 
system can be written as: 

md.hv 
11. = --------"----'-------

Wreed pu mp+Wcooling water pump+QEJectric Heater 

(21) 

2.4 Method of Solving the 
Mathematical Model 

For the calculation, a MA TLAP 
program is written to solve the 
mathematical model. The model is divided 
into n segments and the water flux is 
computed iteratively for each segment Fig. 
2. The exit cooling water temperature is 
first set at twenty degree Celsius and an 
iteration is then performed to calculate the 
permeate flux through the first segment. 

Tf.in i-r=_
1 
_____________ l-_, T(.nut 

Fig. 2 Division of membrane module ton segments 
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The temperatures of the feed and of the 
cooling water are then calculated for the 
next segment by assuming that the total 
heat is transferred from the previous 
segment. At the last segment, the 
calculated cooling water temperature is 
compared with the actual one. If the 
difference is greater than the maximum 
acceptable difference, the calculation is 
repeated from the first segment with an 
updated cooling water temperature. The 
segment permeate fluxes are then added to 
give the total permeate flux through the 
membrane. 

1. P~nDuir "'H~r O.ou u.nk. 
2. Coolin: 1n.tu ta~ 
J. Orfi.rc. mettr · 

· 4.!humocoapl~ 

5. CoOling water pump 
.. 6. Oo.tlei fnd tnttr pipe 
7. l.D.J~ rooli~w:uer pipe 
8. Tobubr Dirt.e-C Contact l.hmbrane 
Modul•, · 

3. Experimental Procedure 
and Apparatus 

Two membrane modules 
manufactured by Enka-Microdynn [ l 0] 
were used. One was a hollow fiber "HF" 
unit for a theoretical model and the other a 
tubular membrane "TM" unit for both 
theoretical and experimental setup. The 
characteristics of the two units are 
summarized in Table 3.1. The 
experimental apparatus was almost the 
same for both membrane modules, Fig. 3. 
The only difference was the addition of a 
more powerful pump and of a bigger flow 
meter on the penneate side for the hollow 
fiber unit. 

9. lll'mbraot b:ne 
10. Outlet cooling'ITatn pipe 

,}l.lnlet (ud lr.\ltr pipe 

12. Feed tnttr pip«: 

13. Feed water tank 
14. :\bDoal ~:al~e 
15. 'Yatu solar huter 
16.Supply pomp 
l i. Suppl~· l'f'llt.r unk. 

Fig. 3 Schematic of (DCMD) apparatus 

The apparatus consists of two passes, feed 
water pass and cooling water pass. Feed 
water is heated in a vacuum tube water 
solar heater and salt is added to feed water 
in feed water tank before it pumped into 
tubular membrane by feed water pump. 
The apparatus is supplied with permeate 
over flow tank so that measurement of the 
permeation flux was easier and more 
accurate. This also enabled more 
convenient cleaning and prevention of 
micro-organism growth. For both passes, 
water flow rate was measured by orifice 

meters and controlled by a control valves. 
Temperature was measured by k-type 
thermocouples with temperature range of-
200 to 1250 °C and special limits of error 
(above 0 °C) of 1.1 °C or 0.4%. 

The experiments were carried out in 
the turbulent flow region for both feed and 
permeate sides. Feed water and cooling 
water flow rates in the range of 15 to 20 
L/min. The feed water temperature was 
controlled at 70 °C by electric heater fixed 
in feed water tank, while cooling water 
temperature varied between 20 - 50 °C. 
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Feed solutions were pure water, aqueous 
NaCI solutions (10 gm NaCI I L water, 20 
gm NaCI I L water, 30 gm NaCI I L water) 
and seawater (40 gm NaCl I L water). 
For each case studied, permeate flow rate 
was measured every hour by orifice meter 

and total permeate water was collected and 
measured using permeate over flow tank 

Tubular membrane 
module "TM" 

Hollow fiber 
membrane module 

"HFM" 
Model type MD 090 TP 2N ANSI MD 080 CS 2N 
Membrane area 
Number of membranes 41 450 
Nominal module diameter 9cm 8cm 
Module length 1.5m lm 
Membrane inner diameter 5.5 mm 1.8 mm 
Membrane outer diameter 8.5 mm 2.6 mm 
Membrane thickness 1.5 mm 0.4 mm 
Membrane porosity 75% 75% 

0.2 J.tm 
Average pore size 
(determined by manufacturer) 

0.2 j.lffi 

Membrane material Polypropylene Polypropylene 
Outer shell material Polypropylene Stainless Steel 
Potting material Polyurethane Polyurethane 

Table (1) Membrane unit characteristics 

4. Result and discussion: 
4.1 Effect of Feed Water Salt 
Concentration:-

Permeate flux decreases with an 
increase of salt concentration. This 
phenomenon can be attributed to the 
reduction of the driving force due to 
decrease of the vapor pressure of the feed 
solution and exponential increase of 
viscosity of feed water solution with 
increasing concentration. The contribution 
of concentration polarization effects is also 
known, however, this is very small 
compared with temperature polarization 
effect. As it is well known, MD can deal 
with feed solution with high concentrations 
without suffering the large drop in the 
permeability observed in other pressure
driven membrane processes. 

As shown in Fig. 4, calculated 
permeate water flow rate of Tubular 
Membrane decreases by 7.33% due to 
changing salt concentration of water from 

pure water to 3g NaCl/L water solution, 
while productivity of pure water decreases 
by only 2. 7% according to increasing of 
salt concentration from 3 to 50g Naci/L 
water. 

Qc= Q<"w = 20 lJmin 

Tr =4~°C 

T<"w==2~"C 

Fig. 4 Effect of salt concentration on TM 
performance 
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However, for Hollow Fiber Membrane as 
shown in Fig. 5 at the same conditions, 
pure water calculated productivity 
decreases by 20.48% due to increasing salt 
concentration from 0 to 3g NaCl/L water, 
while productivity of pure water decreases 
by only 3.6% due to increasing of salt 
concentration from 3 to 50 g NaCl/L water. 

Fig. 5 Effect of salt concentration on HFM 
perfonnance 

For both Tubular and Hollow Fiber 
membranes, outlet permeate temperature is 
proportion to productivity of pure water 
and decreases a little with increasing of 
water salt concentration. 

4.2 Effect of Feed Water 
Temperature 

Various investigations have been 
carried out on the effect of feed water on 
penneate flux in MD. As shown in Fig. 6, 
it is clear that there is an exponential 
increase of permeate flow rate with the 
increase of feed temperature. As the 
driving force for membrane distillation is 
the difference in vapor pressure across the 
membrane, the increase of feed 
temperature increases the vapor pressure of 
feed solution, thus results in an increase in 
the transmembrane vapor pressure 
difference. 

Although that increasing of feed 
temperature increases the driving force and 
so increases pure water productivity, feed 

temperature is limited at 70°C to avoid 
scale formation. 

u~~~~~~-L~~~~~~~~ 
a ~ ~ w u q ~ ~ ~ ~ 

T,("C) 

Fig. 6 Effect of feed water temperature on TM 
Productivity 

4.3 Effect of Feed Water Flow rate 
In MD, the increase of flow of the 

feed increases the pem1eate flow rate, the 
shearing force generated at high flow rate 
reduces the hydrodynamic boundary layer 
thickness and thus reduce polarization 
effect. Therefore, the temperature and 
concentration at the liquid-vapor interface 
becomes closer to corresponding values at 
the bulk of feed solution. Onsekizoglu et 
al. (20 1 0) [ 11] studied the effects of 
various operating parameters on permeate 
flux and soluble solid content of apple 
juice during concentration through osmotic 
distillation (OD) and membrane distillation 
(MD) processes. They observed that the 
effect of feed flow rate on transmembrane 
flux was less than half of the influence of 
temperature difference across the 
membrane. 

The effect of flow rate on MD flux 
becomes more noticeable at higher 
temperatures especially associated with 
higher temperature drop across the 
membrane [ 12]. Consequently, higher 
productivity can be achieved by operating 
under a turbulent flow regime. On the 
other hand, the liquid entry pressure of 
feed solution (LEP) must be taken into 
account in order to avoid membrane pore 
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wetting when optimizing feed flow 
rate [13, 14]. 

As shown in Figs. (7,8), for feed 
water flow rate between 15 and 20 L/min, 
the pure water permeate flow rate increases 
sharply.Thus because, in this region, feed 
water converts from laminar to tubular 
flow. So, in experimental work feed water 
flow rate is set after this region. 

/ 

/ 
Qt""'A. >="· lH Llmln 

]r " ~s•c 

Tc"'· -= 15 11C 

Fig. 7 Effect of feed water flow rate on Tubular 
Membrane 
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!. ](• r Qr= Ocw = 211 Limin I 27 ~ 
"- Tr = 45 °C ~ 
~ 1& ! ~ _ T1-w= 25 °C c. 
E 10 ! y,.r,. a: 

d!:. x = 40 g NaCJ!L woto;r ~ .. . 
, ~ 

' 
.----~---"- 0 

~ ~ L - - - - - - - -
• ,_i ____::~:....c-~-.._-:_: -__.·__._,____, _ __,___.__,____,!_-':_.....J 25 s 

1C: ;!) JU :!,!, ltl ~~ •HJ .t!l ~ 

Q1 (LJ.tuln) 

Fig. 8 Effect of feed water now rate on Tubular and 
Hollow Fiber Membranes performance 

4.4 Effect of Cooling Water 
Temperature 

The mcrease of cooling water 
temperature results in lower MD 
productivity due to the decrease of the 
transmembrane vapor pressure difference 
as soon as the feed temperature is kept 
constant. It is noticed that the temperature 
of cold water in the permeate side has 
smaller effect on the pem1eate water 
productivity than that of the feed solution 
for the same temperature difference. This 
is because the vapor pressure increases 
exponentially with feed water. 

As shown in Figs. 9,a,b,c,d and e, 
experimental work is performed at (Treed= 
70°C , feed water flowrate and cooling 
water flowrate both are set one time at 15 
Llmin and 20 L/min for other time. For 
Qreed=Qcooling water= 15L/min, temperature 
of cooling water increases from 20°C to 
56°C. However, for Qreed=Qcooling water= 
20 Llmin, temperature of cooling water 
increases from 20°C to 50°C during 12hrs 
per day (from 7Am to 7Pm)) and salt 
concentration changes as shown in figures 
bellow from distilled water to x=40g 
NaCl/L water. 
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Fig 9 Effect of cooling Water Temperature on 1M Productivity 
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As shown in Figs. 8 (a,b,c,d and e), 
when salt concentration increases, pure 
water productivity decreases (for Qr = Qcw 
=ISL/min the pure water productivity 
decreases per day "12hrs" from 36.2148 
kg/day to 31.8684 kg/day when salt 
concentration increases from Og NaCI!L 
water to 40g NaCI!L water) and (for Qr = 

Qcw= 20L/min the pure water productivity 
decreases per day "12hrs" from 
40.587kg/day to 37.0818kg/day when salt 
concentration increases from Og NaCI/L 
water to 40g NaCIJL water). 

5. Conclusion 
The semi-empirical model used was 

the best at predicting the permeate flux. Its 
predictions are in very good agreement 
with the experimental values for both the 
hollow fiber and tubular units where the 
error is about 3-4%. Results showed that 
the amount of permeate water productivity 
increases strongly with the feed water flow 
rate and its inlet temperature and slightly 
decreases with its salt concentration. With 
the tubular module, increasing salt 
concentration from distilled water to 4 
wt.% NaCl salt solution results m 
decreasing the permeate productivity by 
8.2%. Also cooling water flow rate 
influences water extraction, however 
productivity decreases with increasing of 
cooling water temperature. Maximum 
productivity, daily efficiency, and Gain 
output ratio (GOR) reach 40.587 kg/day, 
64.88%, and 0.624 respectively. Finally, a 
good agreement has been found between 
the present numerical results and 
experimental results. 
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Nomenclature 
Cp specific heat, J/kg.K 
D tube diameter, m 
C Membrane distillation coefficient, 

kg/s.m2.Pa 
h Average heat transfer coefficient, 

W/m2.K 
J Permeate flux per unit area of 

membrane, kg/sec.m2 
k thermal conductivity of fluid, 

W/m.K 
L length of membrane, m 
M Molecular mass (kg.mol-1) 
m Mass flow rate, kg/s 
Nu Average Nusselt number, 

dimensionless 
p Pressure, pa 
Pr Prandtl number, Dimensionless 
Q Heat transfer rate, W 
Re Reynolds number, dimensionless 
t time, s 
T temperature, K 

Greek Letters 
p Density of glass wool layer 

11.. efficiency (eta) 

E Porosity of the membrane 

8 Thickness of the membrane, m 

1-l Fluid dynamic viscosity, kg/m.s 

Subscripts 
F feed water 
c.w cooling water 
fm membrane surface at feed side 
pm membrane surface at permeate side 
M membrane surface 
b buk 
t inlet 
Out outlet 

Abbreviations 
MD 
DCMD 

TM 
HFM 

Membrane Distillation 
Direct Contact Membrane 
Distillation 
Tubular Membrane Module 
Hollow Fiber Membrane Module 
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