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ABSTRACT

Membrane distillation is a thermally driven mass transfer in which

a porous hydrophobic membrane separates two liquid phases and a

temperature difference is maintained as the driving force. In this

study, the technique of direct contact membrane distillation

(DCMD) process, where the liquid phases are in direct contact

with both sides of the membrane, has been investigated for the

case of pure water production. Parametric sensitivity analysis and

temperature polarization factor are used to study the sensitivity of

the mass flux to the different parameters associated with DCMD

for water production, and the effect of these parameters on the

thermal efficiency of the DCMD process has been investigated.
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The results obtained show that the mass flux of pure water

production is highly sensitive to the feed bulk temperature, and at

low flow rates of hot and cold fluids, to the heat transfer

coefficients. Results also show that increasing membrane

thickness decreases the mass flux of pure water and decreases

temperature polarization effect. In addition, results show that

temperature polarization effect becomes significant as feed bulk

temperature increases.

Key Words: Membrane distillation; Sensitivity; Direct contact;

Flux

INTRODUCTION

Membrane distillation (MD) is a relatively new separation process which

depends on using porous hydrophobic membranes to immobilize a liquid–vapor

interface at the pore entrance. In direct contact membrane distillation (DCMD),

the oldest type of the MD processes, the membrane is in contact with liquid phase

on evaporation and condensation sides of the membrane, which are kept at

different temperatures while a gaseous phase, usually air, is entrapped within the

membrane pores, as shown in Fig. 1. Due to the temperature difference across the

membrane sides, a diffusion process through the membrane occurs.

Several theoretical and experimental studies have been published on

DCMD process. Findley[1] was the first researcher who suggested the concept of

MD process. He suggested that if a suitable hydrophobic membrane material,

which stands high temperatures and with long life can be obtained, a new

economical process for evaporation can be achieved.

Figure 1. Principle of DCMD.
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Gostoli and Sarti[2] studied experimentally and theoretically the DCMD

system for aqueous solutions containing ethanol. They analyzed the relevant

process parameters on the separation factor. They suggested the use of air gap

membrane distillation (AGMD) instead of DCMD in order to prevent the possible

membrane wetting by ethanol which may occur on the permeate side.

Cheng[3] and Cheng and Wiersma[4] suggested the use of a composite

membrane in which a hydrophilic layer is coated on the top of a hydrophobic

microporous membrane. The purpose of this design was to prevent membrane

wetting that could be caused by crystal growth of salt through membrane pores.

Sarti et al.[5] studied theoretically and experimentally, the MD process for

water desalination process. It was found that the comparison between model

predictions and experimental data was quite satisfactory when the heat transfer

coefficient is known with high accuracy in the hot stream.

Sarti and Gostoli,[6] Sarti et al.,[7] and Gostoli and Sarti[8] used the DCMD as

well as AGMD configurations for the production of pure water from salt solutions

using polytetrafluoroethylene (PTFE) membranes. Their main consideration was

to examine the relationship between the temperature difference between the hot

and cold side and the permeate flux. Although relevant mathematical models were

presented, no accurate quantitative description was achieved. They attributed this

to the possible effects of the process heat transfer coefficient.

Fane et al.[9] studied theoretically the transport process in MD process. The

theoretical study was used to analyze pilot plant data and optimize the design of

larger scale systems. It was found that under some conditions, MD is competitive

with reverse osmosis for production of distilled or potable water for industrial or

arid-zone use.

Banat et al.[10 – 12] investigated the use of MD in breaking the azeotropic

point of aqueous mixtures. They showed that MD can shift the azeotropic point of

some aqueous mixtures. Banat et al.[13] studied theoretically the simultaneous

removal of acetone and ethanol from aqueous solutions using MD by applying

the Fickian and Stefan-Maxwell approaches. Abu Al-Rub et al.[14] investigated

theoretically the removal of dilute acetone from aqueous streams using MD by

applying the Fickian and Stefan-Maxwell relations.

Bandini et al.[15] were the first group who studied the effect of different

variables on the efficiency of DCMD. They used the dimensionless sensitivity

approach to study the sensitivity of the total flux in DCMD to heat and mass

transfer coefficients, the only two parameters studied. Banat et al.[16] extended

this approach to analyze the sensitivity of the total flux to all parameters involved

in vacuum membrane distillation.

In this study, the sensitivity of the total flux to all parameters associated

in DCMD will be investigated using the dimensionless sensitivity approach.

In addition, other two approaches, namely, temperature polarization factor

(TPF) and thermal efficiency will be studied in detail. The analysis will be
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applied to the case of pure water production, which simulates the desalination

application.

THEORY

Model Description for Mass and Heat Transfer Across Gas
Membrane

Mass Transfer

Let us consider two streams kept at different temperatures and separated by

a gas membrane as shown in Fig. 1. At steady state, the molar flux of water vapor

(N ) diffusing through a stagnant air film is given by[17]

N ¼ 2
cD

1 2 y

dy

dz
ð1Þ

where y is the mole fraction of water and c is the molar density. Equation (1) is

based on the assumption that the molecular diffusion is the prevailing mechanism

of mass transport.

According to the ideal gas law

c ¼
P

RTav

ð2Þ

where Tav is the average temperature between condensation and evaporation

surfaces.

Equation (1) can be integrated at steady state conditions with the following

boundary conditions:

z ¼ 0 y ¼ y1 ð3Þ

z ¼ b y ¼ y2 ð4Þ

then the molar flux will be

N ¼
DP

bRTav

ðP*
1 2 P*

2 Þ

P*
C;lm

ð5Þ

where b is the membrane thickness, P*, the partial pressure of water vapor, and P*
C;lm

is the log mean partial pressure difference of the stagnant compound defined as:

P*
C;lm ¼

P*
c2 2 P*

c1

ln
P*

c2

P*
c1

ð6Þ
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To account for the membrane porosity (1 ) and tortuosity (t ), the effective

molar flux will be

Neff ¼
1

t
N ð7Þ

Therefore:

Neff ¼
1

t

DP

bRTav

ðP*
1 2 P*

2 Þ

P*
C;lm

ð8Þ

A typical value for membrane tortuosity (t ) equals 2[5] which was used in

all the calculations.

Theoretical study of Eq. (8) requires a knowledge of the interfacial

temperatures Tm1 and Tm2 as shown in Fig. 1, thus heat balance across the membrane

is required.

Heat Transfer

At steady state, the heat transfer rate from the feed bulk to the membrane

surface at which evaporation starts is equal to the heat transfer rate through the

membrane and this equals the heat transfer rate from the other side of the

membrane to the coolant fluid (see Fig. 1). Heat transfer through the membrane

involves heat transfer through the membrane matrix and pores plus the heat of

evaporation at the feed side of the membrane.

The heat transfer from the bulk feed to the membrane surface is given by:

q ¼ hhðTb 2 Tm1Þ ð9Þ

where Tb is the feed bulk temperature, Tm1, the interfacial temperature at the hot

side of the membrane, and hh is the hot side heat transfer coefficient. Heat transfer

through the membrane is given by:

q ¼
Km

b
ðTm1 2 Tm2Þ þ lN þ NCpgðTm1 2 Tm2Þ ð10Þ

where Km, the thermal conductivity of the composite material of air and material

of the membrane, is given by the following equation:

Km ¼ ksð1 2 1Þ þ kair1 ð11Þ

Tm2 is the interfacial temperature at the cold side of the membrane and Cpg is the

specific heat of the water vapor. The first term of Eq. (10) represents the heat

conduction across the membrane and the term Nl represents the latent heat of

evaporation (diffusion heat). The third term which represents the sensible heat is

negligible in comparison with the other two terms.
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The heat transfer from the cold side of the membrane to the coolant fluid is

given by:

q ¼ hcðTm2 2 TcÞ ð12Þ

where Tc is the coolant temperature and hc is the cold side heat transfer coefficient.

Equations (9), (10), and (12) can be solved for the interfacial temperatures to give:

Tm1 ¼ b 1 þ
Km

hcb

� �
Tb þ

Km

hhb
Tc 2

Nl

hh

� �
ð13Þ

Tm2 ¼ b 1 þ
Km

hhb

� �
Tc þ

Km

hcb
Tb þ

Nl

hc

� �
ð14Þ

Figure 2. Effect of feed bulk temperature on mass flux and TPF.

ABU AL-RUB, BANAT, AND BENI-MELHIM3250

©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



where:

b ;
1

1 þ Km

bhh
þ Km

bhc

� � ð15Þ

The dependence of diffusivity on temperature and concentration was taken into

consideration using the equation:

cD ¼ 6:3 £ 1025
ffiffiffiffi
T

p
ð16Þ

which is based on experimental diffusion in water vapor–air mixtures at

temperatures around 408C.

Figure 3. Response of (Neff, Tb) to feed bulk temperature.
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Parametric Sensitivity Study

Parametric sensitivity analysis (PSA) plays an important role in determining

the sensitivity of different parameters in any mathematical model. In any

mathematical model, there are input parameters that affect the response of the output

variables. A parameter is considered sensitive if a small change in its value produces

a large change in the output variable. A sensitive parameter may be considered as a

“valuable”; which maximizes a favorable output response, or a “noise” parameter;

which minimizes a favorable output response or maximizes unfavorable output

response. Knowing these parameters is essential in evaluating the economics of any

process or operation. In the case of MD processes, it is very important to maximize

the mass flux of some components in the feed. Thus, PSA can be used as a tool to

investigate the effect of the different parameters associated in these processes on the

mass flux.

In order to study the effect of the different parameters on the mass flux of

pure water system in DCMD, the following two approaches will be discussed:

1. Temperature polarization factor

2. Dimensionless sensitivity analysis method

Figure 4. Effect of coolant temperature on mass flux and TPF.

ABU AL-RUB, BANAT, AND BENI-MELHIM3252

©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Temperature Polarization Factor (u )

The temperature polarization phenomenon occurs as a result of temperature

gradient across the membrane (see Fig. 1). This temperature gradient is due to the

heat flux through the liquid layer, which is needed to provide the required heat for

evaporation at the membrane interface. The temperature variation across the

membrane can be related with each other by the TPF which is defined as:

u ;
DTeff

DTbulk

¼
Tm1 2 Tm2

Tb 2 Tc

ð17Þ

The numerical values of u lie within the range [0–1]. As u! 0:0; Tm1 !

Tm2 and thus the driving force across the membrane is negligible while as u! 1;

Figure 5. Response of (Neff, Tc) to coolant temperature.
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the difference between the membrane interfacial temperatures ðTm1 2 Tm2Þ starts

to approach the difference of the bulk temperatures, and thus the polarization

effect is not significant.

Dimensionless Sensitivity Analysis Method

A dimensionless sensitivity factor, also called as normalized sensitivity

factor, is defined as[18]

SðR;PiÞ ;
›ln R

›ln Pi

¼
Pi›R

R›Pi

¼ sðR;PiÞ
Pi

R
ð18Þ

where Pi is any parameter that may affect R. In the case of pure water, R

represents the mass flux (N ) and Pi may be any one of the input parameters

affecting N, e.g. {Tb, Tc, hh, hc, b, 1}. As the studied parameters are not

dimensionally homogeneous, normalized sensitivity factors provide a systematic

and much convenient way to compare the effects of these parameters.

Figure 6. Effect of hot side heat transfer coefficient on mass flux.
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RESULTS AND DISCUSSION

In the following discussion, the symbol N in the S(N, Pi) refers to the

effective mass flux (Neff) as it is indicated in the figures. Notice that because the

input parameters Pi’s are related to the mass flux (N ) by implicit relationship, the

mass flux is calculated first and saved for each parameter. Then the saved data are

used as an input to calculate the first derivatives numerically using central

difference formulas.

Effect of the Feed Bulk Temperature

Figure 2 shows the effect of the variation of the feed bulk temperature

on the mass flux with membrane thickness as a parameter. The polarization

effect is also shown on the same figure. This figure shows that the mass flux

increases exponentially by increasing the feed bulk temperature. This is due

to the typical relationship between vapor pressure and temperature which is

Figure 7. Effect of hot side heat transfer coefficient on TPF.
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presented by the Antoine’s equation. On the other hand, the mass flux

decreases by increasing the membrane thickness; this is due to the increase in

the mass transfer resistance.

In contrast to that, the polarization factor decreases by increasing the feed

bulk temperature and increases by increasing the membrane thickness. An

increase in feed temperature will increase the difference between Tb and Tc and

also the difference between Tm1 and Tm2. The increase in the difference ðTm1 2

Tm2Þ will be small in comparison with the increase in difference ðTb 2 TcÞ; thus

the net result is a decrease in TPF as can be shown by using Eq. (17). On the other

hand, under given conditions, increasing the membrane thickness increases the

resistance to heat transfer, thus increases the driving force for heat transfer for the

same amount of heat to be transferred. Thus, increasing membrane thickness

results in an increase in the difference between Tm1 and Tm2 and thus the

polarization factor increases.

Figure 8. Response of (Neff, hh) to hot side heat transfer coefficient.
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The normalized sensitivity of the mass flux to Tb, S(N, Tb), is shown in Fig. 3. It

is noticed that the sensitivity factor S(N, Tb) is always greater than one, which means

that the percentage change in the transmembrane flux, due to a given change in the

feed bulk temperature only, is always greater than the percentage which is

considered for Tb. The sensitivity shows a sharp maximum at lower temperatures of

Tb. This is due to the fact that at lower bulk temperatures (i.e., when Tb ! Tc), the

driving force between Tb and Tc is at the minimum and any small change in Tb will

highly affect the mass flux. On the other hand, and due to the exponent dependency

of water vapor pressure on temperature, the sensitivity of the vapor pressure, and

thus the mass flux is expected to be higher at higher temperatures. The results

obtained in Fig. 3 suggest that the contribution of the sensitivity of driving force to

temperature at lower temperatures is dominant over the sensitivity of the vapor

pressure to feed temperature. Thus the net result is a decrease in S(N, Tb) with the

increase in Tb at lower temperatures. As the temperature increases, the contribution

of the vapor pressure effect in the overall sensitivity of flux to Tb increases in the

overall sensitivity of flux to Tb. Thus at higher temperature ðTb . 608CÞ the

sensitivity is expected to be constant with increasing Tb.

Figure 9. Effect of cold side heat transfer coefficient on mass flux.
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Finally it is observed from the figure that the sensitivity of the mass flux to

the feed bulk temperature is not affected by varying the membrane thickness and

only small effect is observed at higher temperatures.

Effect of the Coolant Temperature

In Fig. 4 the mass flux of pure water system as well as the polarization effect

are plotted vs. the coolant temperature with the membrane thickness as a

parameter. The results obtained show that the mass flux decreases by increasing

the coolant temperature. This is due to the decrease in the driving force between

the bulk temperatures which affects the actual driving force across the membrane,

i.e., Tm1, and Tm2. The increase in the membrane thickness will decrease the mass

flux by increasing the resistance to flow through the membrane. Figure 4 shows

that the polarization factor decreases with increasing Tc. Increasing Tc results in a

decrease in the difference between Tb and Tc, thus, this difference will result in an

Figure 10. Effect of cold side heat transfer coefficient on TPF.
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increase in the polarization factor as can be seen from the definition of the

polarization factor. However, increasing Tc, also results in a decrease in the driving

force across the membrane, i.e., ðTm1 2 Tm2Þ which will result in a decrease in the

polarization factor. This decrease in the polarization factor is faster than the

increase in the polarization factor due to the decrease in the difference between Tb

and Tc; resulting in an overall decrease in the polarization factor as Tc increases.

This behavior is identical to the one obtained by TPF vs. Tb in Fig. 2. Thus, one can

conclude that no real and direct conclusion can be obtained about the sensitivity

parameters by using the polarization factor approach.

The sensitivity of the mass flux to the coolant temperature is shown in Fig.

5. This figure shows that the mass flux has less sensitivity at lower temperature

values of Tc, and the sensitivity increases when Tc ! Tb: This conclusion is in

agreement with the one obtained in Fig. 3, i.e., when Tb ! Tc; the system tends to

be highly sensitive.

Moreover, the negative values of S(N, Tc) are in agreement with the fact

that the increase in Tc causes a decrease in the mass flux. And again, S(N, Tc) is

unaffected by the membrane thickness.

Figure 11. Response of (Neff, hc) to cold side heat transfer coefficient.
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Effect of the Hot Side Heat Transfer Coefficient

The effect of the hot side heat transfer coefficient on mass flux is shown in

Fig. 6, and on the polarization effect is shown in Fig. 7. Figure 6 shows that the

mass flux sharply increases at lower values of heat transfer coefficient in the hot

side while the flux tends to be constant at very large values of hh, the same trend is

obtained for the polarization effect as shown in Fig. 7. As the heat transfer

coefficient in the hot side increases, the surface temperature on the hot surface of

the membrane side approaches the feed stream bulk temperature (i.e., Tm1 ! Tb),

then, the value of ðTm1 2 Tm2Þ will slightly increase, since the denominator

ðTb 2 TcÞ is constant, the polarization effect increases. The effect of the

membrane thickness on the TPF is also shown in the same figure, apparently as

the membrane thickness increases, and by increasing hh, the polarization factor

approaches one.

Figure 8 shows the normalized sensitivity of the mass flux to hot side heat

transfer coefficient, i.e., S(N, hh). The numerical values of the sensitivity factor

are found to be within the range [0, 1]. The sensitivity of mass flux to the hot side

heat transfer coefficient decreases with increasing hh. The sensitivity of the mass

flux to the hot side heat transfer coefficient is high at lower values of hh, and it

Figure 12. Effect of membrane porosity on mass flux and TPF.
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tends to approach zero when the heat transfer coefficient has higher values. This

is in agreement with the fact that the flux is almost constant when h !1:

Effect of the Cold Side Heat Transfer Coefficient

The effect of the cold side heat transfer coefficient on mass flux is shown in

Fig. 9 with the membrane thickness as a parameter. This figure shows that the

effect of cold side heat transfer on the mass flux is significant only at lower values

of hc. As it is shown from the figure, the effect is almost negligible when the

membrane thickness increases. The polarization effect has the same trend as the

mass flux, as shown in Fig. 10.

The normalized sensitivity of the mass flux to the cold side heat transfer

coefficient is shown in Fig. 11. This figure shows that S(N, hc) decreases with

increasing hc, a behavior similar to that of S(N, hh). At higher values of hc,

SðN; hcÞ! 0:0; thus, the mass flux is not sensitive to hc, and increasing hc will

provide no advantage to the process. This is due to the fact that at high values of

hc, the mass flux, as shown in Fig. 9 is not affected by hc, thus SðN; hcÞ! 0:0:

Figure 13. Response of (Neff, 1 ) to membrane porosity.
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Finally, under same conditions, SðN; hhÞ . SðN; hcÞ and S(N, hc)

approaches zero more rapidly than S(N, hh). This is obviously shown in Figs. 8

and 11. This means that the flux is more sensitive to hot side heat transfer

coefficient than the cold under the same operating conditions.

Effect of Porosity

The variation of mass flux with porosity is shown in Fig. 12. The figure

shows that the mass flux linearly increases with the porosity as expected from Eq.

(8). On the other hand, the polarization factor, shown in the same figure,

decreases by increasing the porosity. This is because as 1! 0:0 there is no mass

flux and Tm1 ! Tb and Tm2 ! Tc thus u! 1:
The normalized sensitivity of mass flux to the membrane porosity, S(N, 1 ),

is shown in Fig. 13. The numerical values of S(N, 1 ) are close to one, this is

supported in Fig. 12 in which the variation of polarization factor with porosity is

Figure 14. Effect of membrane thickness on mass flux and TPF.
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shown. As it is shown in the figure the polarization factor is close to one for the

whole range of porosity, thus, ðTm1 2 Tm2Þ! ðTb 2 TcÞ; this means that the

temperature polarization increases slightly with increasing the membrane

porosity.

When 1! 0:0; u! 1; the case at which the sensitivity factor S(N, 1 )

approaches unity as can be calculated from Eq. (8). And as the membrane

thickness increases, the polarization factor approaches one, the case at which

ðDTeff ! DTbulkÞ or ðTm1 ! TbÞ and ðTm2 ! TcÞ: This conclusion is supported by

increasing the membrane thickness as shown in Fig. 13.

Effect of Membrane Thickness

The influence of the membrane thickness, discussed earlier, can be

shown by considering the membrane thickness as the variation parameter. The

Figure 15. Response of (Neff, b ) to membrane thickness.
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effect of the membrane thickness on mass flux and TPF is shown in Fig. 14.

The mass flux is inversely proportional to the membrane thickness according

to Eq. (8). Increasing the membrane thickness increases the diffusion path and

this will increase the mass transfer resistance and thus decreases the flux. The

polarization factor increases by increasing the membrane thickness. For large

values of the membrane thickness, the thermal resistance of the gas

membrane dominates and ðDTeff ! DTbulkÞ; i.e., ðTm1 2 Tm2Þ! ðTb 2 TcÞ and

so u! 1:
Figure 15 shows the normalized sensitivity factor of mass flux to the

membrane thickness. Apparently, the sensitivity factor has negative values which

supports the fact that increasing the membrane thickness reduces the mass flux.

This figure shows that the normalized sensitivity factor S(N, b ) increases (in

negative) with increasing the thickness of the membrane. As shown, S(N, b )

approaches unity for thicker membrane which means a negligible mass flux as it

is shown in Fig. 14.

Figure 16. Effect of feed bulk temperature on thermal efficiency.
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Thermal Efficiency of Membrane Distillation Process

The results obtained make it possible to estimate the sensitivity of mass flux

to various input parameters. In practical applications of MD process, one of the

most important and crucial issues is the MD efficiency, which determines cell

design and, eventually, the operating parameters. This can be achieved simply by

introducing the thermal efficiency of MD process, which is defined as the ratio of

the heat used in evaporation to the total heat input to the module. The thermal

efficiency of the DCMD can be defined by the following equation:

h ;
Nl

Km

b
ðTm1 2 Tm2Þ þ Nl

ð19Þ

Next, the effect of the relevant parameters on the thermal efficiency of

DCMC will be discussed in detail.

In Fig. 16, the thermal efficiency of the process is shown as a function of

the feed bulk temperature Tb. It is found that the thermal efficiency increases by

Figure 17. Effect of coolant temperature on thermal efficiency.
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increasing the bulk temperature. The increase in the thermal efficiency of the

process reflects the fact that the energy losses become less compared to the

energy needed for evaporation at high feed bulk temperature.

Figure 16 shows that an increase in membrane thickness by 100% has

no effect on the thermal efficiency. This is because increasing the membrane

thickness leads to a decrease in both the heat of conduction through the

membrane and the heat associated by evaporation in a counter balance

manner.

The effect of coolant temperature on the thermal efficiency is shown in

Fig. 17. The thermal efficiency increases by increasing the coolant temperature,

this is due to the decrease in the heat losses by increasing Tc. Figure 17 shows that

the effect of membrane thickness on the thermal efficiency is negligible due to the

similar argument discussed previously.

The thermal efficiency as a function of hot side heat transfer coefficient is

shown in Fig. 18. The thermal efficiency of the process has the same trend of

mass flux and polarization factor as shown previously. Figure 18 shows that at

lower values of hh, the thermal efficiency is greater for the thicker membrane.

This is because increasing hh increases Tm1 and therefore both the heat loss by

conduction and heat transferred by evaporation are increased. However, because

Figure 18. Effect of hot side heat transfer coefficient on thermal efficiency.
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N is exponentially dependent on Tm1, any small change in Tm1 will be reflected

more on Nl than the conduction term. On the other hand, at high values of hh, the

flux tends to be constant and N will be independent of hh, the case at which the

heat lost by conduction will overcome on the heat of diffusion and thus the net

result is a decrease in the thermal efficiency for thicker membranes at high values

of hh.

The effect of the cold side heat transfer coefficient on the thermal efficiency

of the process is shown in Fig. 19. The results show that the thermal efficiency

decreases by increasing the cold side heat transfer coefficient. This is obvious

from the definition of the thermal efficiency and the effect of hc on N and

ðTm1 2 Tm2Þ:
The thermal efficiency of the process is shown as a function of the

membrane porosity in Fig. 20. The thermal efficiency increases sharply at lower

values of porosity but it tends to be constant as u! 1: No effect is observed on

the thermal efficiency by increasing the membrane thickness by 100%, the reason

for that is the same as it was discussed for Tb and Tc.

Figure 21 shows that the effect of membrane thickness on thermal

efficiency is almost negligible. This is due to the reason discussed earlier.

Figure 19. Effect of cold side heat transfer coefficient on thermal efficiency.
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CONCLUSIONS

The sensitivity of the total mass flux in DCMD has been analyzed

theoretically using different approaches for pure water system, the case

similar to desalination. The analysis showed that temperature polarization

may be reduced significantly by increasing the film heat transfer coefficients,

hh and hc, which practically can be accomplished by increasing the velocities

of the liquid streams. Temperature polarization can also be reduced by

increasing the membrane thickness and decreasing the membrane porosity,

however, a negligible small flux will be obtained in this case. On the other

hand, the results showed that while the thermal efficiency increases with

increasing hh, it decreases with increasing hc. Thus, to maximize the water

production with commercially available membranes, attention should be

directed towards a good module design to provide a high liquid film heat

transfer coefficient in the hot side.

The analysis showed that the mass flux is highly sensitive to the bulk

temperatures in comparison with other parameters. The sensitivity of the bulk

temperatures becomes higher and higher as the bulk temperatures approach

Figure 20. Effect of membrane porosity on thermal efficiency.
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each other; when the bulk temperatures approach each other, a negligible

small permeate flux is obtained and, correspondingly, an extremely high

sensitivity is obtained, formally represented by a diverging value of the

sensitivity factors.

NOMENCLATURE

b membrane thickness (m)

c molar concentration (mol/m3)

CP heat capacity (J/kg K)

D diffusion coefficient (m2/sec)

h heat transfer coefficient (W/m2 K)

N mass flux (kg/m2 sec)

P total pressure (N/m2)

q heat flux (W/m2)

Figure 21. Effect of membrane thickness on thermal efficiency.
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R universal gas constant (J/mol K)

S normalized sensitivity parameter

T temperature (K)

y mole fraction in the vapor phase

z distance (m)

h thermal efficiency

u temperature polarization factor

l latent heat of vaporization (J/kg)

1 porosity

t tortuosity
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