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Membrane distillation is a membrane process in which two liquid phases at different 
temperatures are separated by a microporous hydrophobic membrane, The membrane 
plays the role of physical support for the vapor-liquid interface. Pure water transport 
through PTFE and P W F f l a t  membranes was studied, as well as the dependence of the 
phenomena on average temperature and recirculation rate at membrane sides. The in- 
fluence of these operating conditions on mass transfer is also discussed, taking into 
account mass and heat transfer within the membrane and adjoining liquid phases. The 
concept of temperature polarization introduced into the transport equations shows its 
importance in experimental results. 

Introduction 
Membrane distillation is a temperature-driven process in 

which two liquids or solutions at different temperatures are 
separated by a microporous membrane. The liquids or solu- 
tions must not wet the membrane, so that only vapor (and 
not liquid) is present in the pores. In this way the imposed 
transmembrane temperature gradient induces a vapor-pres- 
sure gradient across the hydrophobic microporous mem- 
brane. Vapor molecules will migrate through the membrane 
from the high-vapor-pressure side where they evaporate to 
the low-vapor-pressure side where they condense. To avoid 
getting wet, the maximum pore size must be small ( < 1 pm), 
and the surface tension of the liquid high. Hydrophobic mi- 
croporous membranes such as those made from polypro- 
pylene (PP), polytetrafluoroethylene (PTFE), and polyvinyli- 
denefluoride (PVDF) meet these requirements. 

The membrane distillation process has been studied much 
in the last ten years, and its potential application in desalina- 
tion (Drioli and Wu, 1985; Anderson et al., 1985; Ohta et al., 
1990; Enoch et al., 19941, juice concentration (Sheng et al., 
1991), separation of alcohol-water mixtures (Nakao et al., 
1987; Hoffmann et al., 19871, wastewater treatment (Calabro 
et al., 1991) as well as in other applications (Calabro et al., 
1990) has been proven. 

The main advantages of using membrane distillation when 
compared with conventional distillation processes are: lower 
operating temperatures, mist elimination, and the possibility 
of overcoming corrosion problems by using plastic equipment 
(Gostoli and Sarti, 1989). The attractiveness of this process 
comes from the fact that it can use available energy sources 

such as solar energy or waste energy in industrial processes. 
However, this process is still suffering from high membrane 
costs and the danger of membrane wetting, as reported by 
Banat and Simandl (1994). 

Heat transfer plays an important role in the mass transfer 
through these membranes: the vapor flux varies with the tem- 
perature difference between the membrane walls, and this 
difference depends to a large extent on the heat-transfer 
characteristics of the membrane module. In fact, the need to 
supply heat to the evaporation surface of the membrane 
means that the temperature gradients must be in the liquid 
phase adjacent to the membrane. The same occurs in the 
condensation surface side. In this way, the effective tempera- 
ture difference between the two sides of the membrane is 
lower than the temperature difference between the bulk so- 
lutions. 

This loss of driving force brought about by thermal gradi- 
ents in the fluids bounding the membrane is known as tem- 
perature polarization. This concept was introduced by Vink 
and Chisthi (1976) after studying another transport phe- 
nomenon (thermal osmosis) through membranes, which is also 
based on the existence of a temperature gradient between 
the two sides. The importance of this polarization phe- 
nomenon in thermal osmosis has been analyzed by Bellucci 
(1981), but is frequently left aside when analyzing the distilla- 
tion process using membranes. 

In the present work we have studied the water distillation 
process using three different membranes for different operat- 
ing conditions. Mass- and heat-transfer theories have been 
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applied to membrane and adjoining fluids in order to show 
the importance of the temperature polarization. 

Experimental 
Membrane characterization 

One PVDF and two PTFE membranes have been studied. 
The PTFE membranes are marketed by Gelman Instruments 
Co. as TF-200 and TF-450 with a nominal pore size of 0.2 
and 0.45 p m  and a porosity of 0.80. These membranes have a 
limited mechanical strength, and in practice they must be 
supported by different nets. In this way, they are composite 
membranes formed by an actual porous PTFE layer with a 
thickness of 60 p m  on a polypropylene screen support which 
has a pore diameter greater than 500 pm. The PVDF mem- 
brane is marketed by Millipore as Durapore HVHP, with a 
0.45-pm nominal pore size, 0.70 porosity, and 125-pm thick- 
ness. 

The liquid employed in the experiments was pure doubly 
distilled deionized water. 

To obtain a better knowledge of the membrane structure, 
scanning electron micrographs of the surfaces of the mem- 
branes have been carried out and all the membranes exhibit 
pores of various sizes. To quantify these pore sizes, measure- 
ments of Hg porometry and measurements of gas-liquid dis- 
placement porometry have been carried out. 

The mercury intrusion is carried out using a mercury 
porosimeter Quanta-Chrome 33000. A weighed amount of 
membrane is intruded into the porosimeter chamber, and 
evacuated to a pressure of 10 p m  of Hg for 10 h. After this, 
mercury is put into the chamber and the pressure is then 
increased to fill the pores of the membrane with mercury. 
The pore radius is calculated using the Washburn equation, 

2 y cos 6 r = -  
P, 

where p ,  is the pressure at which pores of radius r are in- 
truded; y is the surface tension (Pa.m) and 6 is the contact 
angle (rad). The values of 6 = 126.3' and y = 0.474 Pa.m have 
been used. 

By monitoring the volume change of mercury and the cor- 
responding pressure, the pore-size distribution of the mem- 
brane can be calculated by a computer program (Lowell and 
Shields, 1987). Figure 1 shows the results obtained for the 
Millipore membrane, dV/d In p ,  indicating how the intro- 
duced Hg volume changes when the pressure varies. 

Some inconveniences that we detected when using the Hg 
porosimeter technique are described below: 

(a) Difficulties in separating the holder of the membrane 
in the case of Gelman membranes makes the sampling 
amount of the analyzed membrane small and therefore the 
results obtained by this technique and for these membranes 
have not been considered valid. 

(b) High pressures used in the mercury intrusion measure- 
ment can cause membrane compaction as well as the forma- 
tion of microfractures with a consequent alteration of pore 
shape and size. 

(c) Mercury cannot differentiate between available pores 
and nonavailable pores for flow, since it intrudes from all 
directions. This is because mercury not only intrudes through 

Figure 1. Pore-size distributions of Millipore membrane 
from mercury porosimetry. 

pores that are connected from one side of a membrane to the 
other, but also through pores that are blocked. However, 
when dealing with filtration, characterization of the available 
pores is thought to be very important. 

These inconveniences are avoided by using the liquid dis- 
placement method. This method does not need any special 
skills; it is quick and easy and the test results are clearly de- 
fined. . 

A Coulter Porometer I1 Manufactured by Coulter Elec- 
tronics Ltd. has been used. This apparatus uses a liquid dis- 
placement technique. The sample is first thoroughly wetted 
with a liquid (Coulter Porofilm) of low surface tension ( y  = 
16X1OP3 Pa.m), low vapor pressure (3 mm Hg at 298 K), 
and low reactivity, which is assumed to fill all the pores given 
that it has a zero contact angle with virtually all materials. 
The wetted sample is subjected to increasing pressure ap- 
plied by a compressed clean and dry air source at 313 K. As 
the pressure of air increases, it will reach a point where it can 
overcome the surface tension of the liquid in the largest pores 
and will push the liquid out. According to the Washburn 
equation, further increasing the pressure allows for the air to 
flow through smaller pores. 

When different pores of diverse sizes are opened, the vol- 
ume flow of air increases accordingly until all the pores are 
emptied. By monitoring the applied pressure and the flow of 
gas through the sample when liquid is being expelled, a wet 
run is obtained. If the sample is then tested dry (without liq- 
uid in its pores), a dry run follows. Thus, the volume flow for 
the wet run and for the dried one vs. the applied pressure 
allows us to evaluate several statistical parameters 
(Venkataraman et al., 1988), among them the differential pore 
number frequency distribution. The results obtained for the 
different membranes are given in Figures 2-4 and indicate 
that these membranes have a narrow pore-size distribution. 
On the other hand, the comparison of Figures 1 and 4 indi- 
cate that the Hg porosimetry gives good results in the case of 
the Millipore membrane. 

AIChE Journal July 1996 Vol. 42, No. 7 1845 



4 

0 

2 

I 
LII_y 

.i 
" " " ' " w' ' 

1 

pore diameter (P) 

Figure 2. Pore-size distribution of TF 200 membrane 
from the Coulter porometer. 
n, indicates the relative number of pores with porous ra- 
dium r .  

Experimental Setup 
The membrane cell is a tangential filtration cell manufac- 

tured by Millipore Corporation as Minitan-S (Figure 5). In 
this membrane cell a flat sheet membrane separates the dis- 
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Figure 3. Pore-size distribution of TF 450 membrane 
from the Coulter porometer. 
n, indicates the relative number of pores with porous ra- 
dium r .  
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Figure 4. Pore-size distribution of Millipore membrane 
from the Coulter porometer. 
n, indicates the relative number of pores with porous ra- 
dium r .  

Figure 5. Membrane holder. 
Entrance (1) and exit (2) of cold water; entrance (3) and exit 
(4) of hot water; silicone separators ( 5 )  and (7); and mem- 
brane (6). 
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Figure 6. Experimental device. 
Membrane cell (1); thermocouple (2); pressure transducer, (3); pump (4); flowmeter (5 ) ;  hot tank (6); cold tank (7); and distillate water (8). 

tilland and distillate liquid phases. Both hot (distilland) and 
cold (distillate) liquid phases are formed by nine prismatic 
channels (provided by each silicon sheet) of approximately 
0.45X7.0X55.0 mm giving an effective membrane area of 
34.65 X m2. The cold and hold liquids are preheated in 
each corresponding thermostatic bath and are then pumped 
across the membrane in countercurrent directions (Figure 6). 

Flow rate, temperatures, and pressures are monitored as 
appropriate. The temperatures of the water were measured 
at the entrance (Tbl.in, Tb2.in) and exit (Tbl.out, Tb2.0ut) of the 
membrane cell (Figure 7). Average values of the temperature 
Tbl, Tb2, Tb (K) and of the temperature difference AT, (K) 
between the bulk phases at both sides of the membrane were 
calculated as 

Tbl-in + Tbl-out 

2 Tbl = 

Tb2-in + Tb2-out 

2 Tb2 = 

Tbl + Tb2 

2 
Tb = 

As mentioned in the Introduction, due to the existence of 
temperature gradients in the liquid phases adjacent to the 

P 0 
cold water outlet cold water inlet 

lb l - in  Tbl-md 

Figure 7. Fundamental process of membrane cell. 

AIChE Journal July 1996 

membrane, this ATb is higher than the actual temperature 
difference between both sides of the membrane. The follow- 
ing equation indicates their difference: 

ATm = T,, - Tm2 

where T,, (K) and Tm2 are the average temperatures of the 
hot and cold membrane sides, respectively. 

The distillate flux is measured by timing and weighing the 
water which overflows out of the capillary attached to the top 
of the cold reservoir. 

In the present work a series of experiments have been per- 
formed. In each experiment a temperature difference was 
maintained between the thermostatic baths, and the corre- 
sponding mass flux through the membrane was measured for 
different flow rates on both sides of the membrane. Different 
experiments were carried out for different temperatures with 
each membrane. 

Theory 
In membrane distillation, coupling between heat and mass 

transfer arises. The transmembrane temperature difference 
may not only result in heat transfer, but can also lead to mass 
transfer. In this case a concentration gradient is set up as a 
result of the nonuniformity of the temperature T ,  and the 
water flux is given according to the theory of Non-Equi- 
librium Thermodynamics (Katchalsky and Curran, 1967) as 

X 

where E is the membrane porosity, x the tortuosity factor, D 
is the diffusion coefficient of water vapor at the average tem- 
perature in the membrane (m2.s- '1, c is the water vapor con- 
centration (kg.m-3) (while for low pressures it may change 
for the expression pM/RT), and L is the coupling coefficient 
(kg.m-l.s-'). Therefore, the total flow of water vapor is made 
up of two terms: the diffusion flow proportional to the con- 
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centration gradient and a thermal diffusion flow dependent 
on the transmembrane temperature gradient. However as in- 
dicated by Katchalsky and Curran (1967) and measured by 
Banat and Simandl(19941, the thermd diffusion coefficient is 
found to be smaller by a factor of 10' to lo3 than the ordi- 
nary diffusion coefficient for gases which causes the thermal 
diffusion contribution toward the mass flux through the 
membrane to be minimal. In this way and for sufficiently small 
transmembrane temperature differences, the following linear 
relation between flux and vapor pressure difference can be 
obtained 

This relation is commonly accepted in studies of mem- 
brane distillation (Schneider et al., 1988; Schofield et al., 1987; 
Mengual et al., 1993) showing that the vapor pressure differ- 
ence through the membrane ( p 1  - p 2 )  determines the J flow 
rate. In Eq. 2, C is a variable in general, depending on pore 
geometry, gas pressure, temperature, and gaseous species. 
The determination of C under any given condition requires 
an understanding of the various permeation mechanisms. 

In our case especially, and in order to be able to explain 
the transport through the membrane, the following diffusion 
mechanisms must be taken into account: 

(a) Due to the existence of noncondensable gases (air) in 
the pores of the membrane which act as a stagnant film, the 
molecular diffusion model must be applied, and so (Bird et 
al., 1960) 

1 DE M 
D -  Yl,, x6 RT 

J ----(p1-p2) (3) 

where D is the water vapor diffusion coefficient, M the wa- 
ter molecular weight (kg.mol-'), S the membrane thickness 
(m), Y,, the logarithm of the mole fraction of air (log mean), 
and R the gas constant (J.mol-l.K-l). 

(b) However as the pore sizes and the mean free molecular 
paths in the membrane distillation process are of the same 
order of magnitude, the Knudsen diffusion must be taken into 
account. Knudsen diffusion is a gas transport mechanism 
whereby gas molecules under a pressure gradient pass through 
a porous structure by a series of molecule/wall collisions. For 
gas permeation through a microporous membrane, the Knud- 
sen diffusion equation may be written as (Present, 1958) 

(4) 

The two models mentioned suggest Eq. 2 for the mass 
transfer, where C can be considered a combined transmem- 
brane mass-transfer coefficient (kg.mP2.s- '.Pa- '), account- 
ing for the mass-transfer resistances of both molecular and 
Knudsen diffusions. Inspection of both models suggests that 
C will be slightly temperature-dependent, decreasing < 3% 
with a 10°C increase in mean temperature. 

As vapor pressures within the membrane are not directly 
measurable, it is convenient to express Eq. 2 in terms of tem- 
peratures 

Equation 5 is a good approximation for values of T,, - Tm2 
< 10°C. In addition, dp/dT can be evaluated from the Clau- 
sius-Clapeyron equation at the T, average membrane tem- 
perature. Since, as opposed to the temperatures Tbl and Tb2, 
the temperatures Tml and Tm2 are difficult to measure, Tbl 

and Tb2 are, as a rule, inserted in the above equation. In 
order to do this, we must use the heat-transfer coefficients 
(h', h2)  (W.m-2-K-1) in the liquid films near the membrane, 
the latent heat transfer (A) accompanying the vapor flux (J. 
kg-'), and the heat transfer by conduction (k , )  (W.m-'.K-') 
across the membrane. In this way, for the stationary trans- 
membrane thermal flux across the membrane system we can 
write 

Equations 5 and 6 show that the process is characterized 
by a simultaneous mass and heat transfer in the membrane 
and in the external liquid phases. In fact, as indicated by Eq. 
5 ,  the driving force for a transmembrane mass transfer is re- 
lated to the temperature difference between the evaporation 
and condensation surfaces T,, - Tm2, which in turn, as indi- 
cated by Eq. 6, depends on the heat-transfer rate in the liq- 
uid phases. Thus, the overall process rate appears to be con- 
trolled by two simultaneous processes: a heat transfer in the 
liquid phases and a mass transfer across the membrane. We 
will discuss the relative role played by both actions by intro- 
ducing the polarization coefficient 7 

As an example, in the case of a very fast heat transfer in 
the liquid phases, the T,, temperature approaches the bulk 
temperature Tbl, and T,, to Tb2, resulting that T -+ 1; in this 
case the process rate is completely controlled by the trans- 
membrane mass-transfer resistance. 

On the other hand, for a low heat-transfer value and a 
large C value, the T,, approaches to Tm2 and r --f 0; in this 
case the process rate is completely controlled by the heat- 
transfer resistance in the liquid phases. 

In order to calculate T, we can deduce from Eqs. 5 and 6 

where 

d~ krn H=CA-+-  
dT 6 

and 
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with h = lAl/hl + l/hJ being the overall film heat-transfer 
coefficient in the liquid boundary layers of the membrane. 

On the other hand, from Eqs. 5 and 7 

km 1+- 1 
Xl, 

(10) 

u1 

which allows us to calculate for C and h,  and therefore for T. 

Results and Discussion 
As previously mentioned, experiments were carried out for 

fixed temperatures in the membrane module. In all the ex- 
periments ATb = 1o"C, while the average temperatures Tbl 
varied from 20 to 50°C at steps of about 7"C, and Tb2 from 
10" to 40°C, also at steps of about 7°C. 

In each experiment the liquid recirculation rate u (m3.s- ') 
was the same (except for small fluctuations, always under 5%) 
on both sides of the membrane. This rate varied in the differ- 
ent experiments from 5.0 * 0.2 cmys (which is a shear rate of 
about 17.6 cm/s over the membrane) to 15.0k0.6 cmys 
(about 52.9 cm/s over the membrane). The transmembrane 
pressure gradient was minimum for all the experiments while 
the absolute pressure in the membrane varied from lo5 Pa 
for the lower recirculation rate and up to 1.3 X lo5 Pa for the 
higher recirculation rate. 

The flux results shown in Figures 8-10 show how the distil- 

.~ __ 

125 r-- 
X 

25 ' I I I 

285 295 305 315 325 

T(K) 
Figure 8. Water flux through TF 200 membrane vs. aver- 

age temperature. 
Recirculation rates: A ,  7 cm'.s-'; +, 9 cm3.s-'; , 11 cm3. 
s-'; 0, 13 cm3.sC1; x, 15 cm3.s-'. 

4 

140 
h v1 

5 120 
m 
0, 
x 

-lg= 100 

8 0  

60 

40 

I I I 

I 

285 295 305 315 3 2 5  

T(K) 
Figure 9. Water flux through TF 450 membrane vs. aver- 

age temperature. 
Recirculation rates: +, 5 cm3.s-'; A ,  7 cm3.s-'; +, 9 cm3. 
s-'; R, 11 cm3.s-'; 0, 13 cm3.s-'; x, 15 cm3.s-'. 

late flux increases monotonically with the recirculation rate. 
This increase corresponds to a decrease of the heat resist- 
ance in the liquid boundary layers of the membrane. Also, 
the distillate flux increases when the absolute temperature 
level in the membrane increases, corresponding to an in- 
crease of dp/dT with temperature. 

On the other hand, as these results show, an important 
role is played by the membrane thickness; indeed two com- 

285 295 305  315 325 

T(K) 
Figure 10. Water flux through Millipore membrane vs. 

average temperature. 
Recirculation rates: A ,  7 cm3.sC1; +, 9 cm3.sC1. > m ,  11 
cm3.s-l; 0, 13 cm3.sK1; x, 15 cm3.sC1. 
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Figure 1 1 .  ATJJA vs. l / A ( d P / d T )  corresponding to the 
flux results. 
TF 200 (+), TF 450 (+), and Milli ore ( A )  membranes 
when the recirculation rate was 7 cm'.s-'. 

peting effects are present: an increase in the thickness leads 
to a greater diffusion resistance, while the effective tempera- 
ture difference ATm is also increased. Taking into account 
Eq. 5,  we conclude that the first effect overcomes the second 
as we see that the mass flux for the Millipore membrane is 
less than that of the TF450 membrane. Therefore the perme- 
ate flux decreases when the membrane thickness increases. 

Plots of Eq. 10 for the experimental water flux correspond- 
ing to the same recirculation rate and different average tem- 
peratures have been carried out in order to evaluate h and 
C, resulting in plots having a correlation coefficient > 0.99. 
In this equation, dp/dT is evaluated for the T, (K) average 
temperature. In order to minimize errors in all the experi- 
ments the overall temperature difference is only 10°C. In the 
same way, for the different experiments, the Tbl - i n  - Tbl-,,"t 
and Tbz.out - Tbz.in differences were little (between 0.2 and 
l.S'C, depending on the different recirculation rates). Repre- 
sentative plots of Eq. 10 are shown in Figure 11. 

The h values obtained from the intercept of plots of Eq. 10 
are shown in Figure 12 as a function of the recirculation rate; 
the data are well fitted by the power law relationship, h = Au" 
with R correlation coefficients. and a values of 

TF200: a = 0.54 R = 0.95 
TF450: a = 0.54 R = 0.98 
Millipore: a = 0.43 R = 0.98 

These a values are in good keeping with the value of 0.5 
obtained by different authors (Holman, 1989; Porter, 1972) 
for a laminar regime on a flat. 

The differences in the absolute values of h for the differ- 
ent membranes are attributed to the differences that can be 
found in the height of the water circulation channels on both 
sides of the membrane, which has only approximately been 
estimated at 0.45 mm. 

1 l o  v (crn3/s) 
Figure 12. Overall film heat-transfer coefficient (W. m-' 

. K-l) vs. recirculation rate (cm3.s-l). 
TF 200 (+), TF 450 (+), and Millipore ( A )  membranes. 

In order to evaluate the C coefficients from the slope of 
plots of Eq. 10, the thermal conductivity of the porous mem- 
branes k ,  was calculated as 

k ,  = ekg + (1 - ~ ) k ,  

where k ,  and k ,  are the thermal conductivities of the gas 
phase (0.027 W.m-'.K-') and of the solid phase (0.22 W- 
m-'.K-' for the PTFE and 0.126 W.m-'.K-' for the PVDF) 
(Perry, 1963; Speraty, 1989). In this way, the following values 
of C are obtained 

C (TF 200) = (14 .5&0.8 )~  kg.m-*.s-'.Pa-' 

C (TF 450) = (21.5f 1.0) x lo-' kg.m-'.s- '.Pa-' 

C (Millipore) = (9.1+0.5)X lo-' kg.m-*.s-'.Pa-' 

These results are independent of the recirculation rate in the 
system. The TF 200 and TF 450 membranes are two mem- 
branes with similar structural characteristics; so, given that 
the obtained values of C are in the same relation as the aver- 
age diameters of the pore obtained for them (0.3 and 0.45 
pm, respectively), the transport mechanism of the water va- 
por in these membranes would be predominantly of a Knud- 
sen type. For the Millipore 450 membrane, which only has a 
slightly superior pore size (although having a double thick- 
ness compared to TF membranes), it may also be expected 
that this type of transport mechanism would be a predomi- 
nant one. Therefore, although it is possible that the air within 
the pores could be removed by diffusion in the bulk liquid 
phases, this would not affect the results obtained. 

Finally, the experimental C and h values allow us to quan- 
tify the r temperature polarization coefficient. Figures 13-15 
show the results obtained for the three membranes, calcu- 
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Figure 13. Temperature polarization coefficient vs. re- 
circulation rate of the TF 200 membrane. 
Average temperatures: A,  15°C; +,20"C; *, 25°C; 0,30"C; 
W ,  35°C; 0 ,  40°C; A ,  45°C. 

lated according to Eqs. 8 and 9. These results have provided 
us with useful information to draw the following important 
conclusions. 

Conclusions 
(1) A TF 450 membrane has a high polarization tempera- 

ture coefficient (T < 0.5) for the temperatures and recircula- 
tion rates studied. For this membrane, the mass flux is heat- 
transfer controlled. On the other hand, the Millipore mem- 
brane has a low polarization temperature coefficient (T  > 0.5) 
indicating that the mass flux is predominantly controlled by 
the mass-transfer resistance through the membrane. An in- 
termediate behavior is present in the TF  200 membrane (T - 
0.5). 
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Figure 14. Temperature polarization coefficient vs. re- 
circulation rate of the TF 450 membrane. 
Symbols as for Figure 13. 
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Figure 15. Temperature polarization coefficient vs. re- 
circulation rate of the Millipore membrane. 
Symbols as for Figure 13. 

(2) For all the membranes, the larger mass fluxes obtained 
as the temperature increases, involve more important heat 
fluxes through the liquid phases, so that the resistance of- 
fered by a heat transfer in the liquid phases increases with 
respect to the resistance to a transmembrane mass transport. 
In fact, Figures 13-15 show how T decreases with tempera- 
ture. 

(3) We wish to point out, as shown in Figures 8-10, that 
the mass flux is affected more by the recirculation rate in a 
TF-450 membrane than in a Millipore membrane in relation 
to the fact that in the first case the flux is heat-transfer con- 
trolled in a larger measurement than for the Millipore mem- 
brane. In other words, the changes in the feed fluid dynamics 
affect the process rate, essentially through the changes in- 
duced in the temperature polarization. 

(4) Finally, it is necessary to conclude that any attempt to 
explain any membrane distillation results must take into ac- 
count the significant influence of temperature polarization. 
This is clear when the results obtained from the TF 450 
membrane are compared with those of the Millipore mem- 
branes. The first has a double C membrane coefficient when 
compared to the second, but the mass flux in the first is only 
slightly superior to that of the second. In the first the polar- 
ization temperature is more important than in the second. 

Notation 
Vc =concentration gradient, kg.tW4 
H =membrane heat-transfer coefficient, W.m-*.K-' 
.I =mass flux, kgm-2.s-' 

k, =thermal conductivity of the air, W.m-'.K-' 
k ,  =thermal conductivity of the solid phase of the membrane, 

p =pressure of water vapor, Pa 
p ,  =pressure at which pores of radius r are intruded of Hg, N.m-' 

r =membrane pore radius, m 
V =volume of intruded Hg 

W.m-l.K-1 

Subscripts 
D =molecular diffusion model 
K = Knudsen diffusion model 
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