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The sweeping gas membrane distillation process was analyzed in a plate and frame
membrane module, and a method clarifying the contribution of each boundary layer
separately was de®eloped. The temperature polarization coefficients of the fluid phases
as well as the o®erall one ha®e been defined, and their effects on the permeate flux were
studied. Also studied is the influence of experimentally rele®ant parameters, such as the
inlet temperatures or circulation ®elocities of the fluids. Results from two porous and
hydrophobic membranes in different experimental conditions were interpreted on the
basis of a combined Knudsenrmolecular diffusion flow model. The theory agreed well
with the experiment.

Introduction
Ž .The process called membrane distillation MD , which has

been known since the late 1960s, refers to the thermally driven
transport of water vapor through a porous hydrophobic parti-

Ž .tion Lawson and Lloyd, 1997 . In the former contributions, a
membrane was placed between two aqueous solutions, giving
rise to the experimental configuration termed direct-contact

Ž .membrane distillation DCMD . The transport is due to the
hydrophobicity of the membrane material, as the liquid water
cannot enter the pores unless a hydrostatic pressure, exceed-

Ž .ing the so-called ‘‘liquid entry pressure of water LEP ’’ isw
Ž .applied Sarti et al., 1985; Pena et al., 1993 . In the absence˜

of such a pressure difference, a liquid�vapor interface is
formed on either side of the membrane pores. If a tempera-
ture difference is maintained through the membrane, a wa-
ter-vapor pressure difference appears. Consequently, water
molecules evaporate at the hot interface, cross the mem-
brane in the vapor phase, and condense in the cold side, giv-
ing rise to a net transmembrane water flux.

The MD process can be carried out with other experimen-
tal configurations depending on the method by which the wa-

Žter vapor is recovered from the pores Lawson and Lloyd,
. Ž .1997 : air-gap membrane distillation AGMD , sweeping gas

Ž .membrane distillation SGMD , and vacuum membrane dis-
Ž .tillation VMD . In AGMD, there is a stagnant air gap plus a

cold metallic plate on which the transported vapor is con-
densed in place of the cold liquid chamber. In SGMD, the
water vapor is swept by a collecting gas and then condensed
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out of the membrane module. Finally, in a VMD configura-
tion, the water vapor is removed with the help of a vacuum
system and then collected in cold traps. Each one of these
possibilities has its advantages and inconveniences and has
been used in different cases. An examination of the literature
shows that the DCMD has been the most frequently consid-

Žered configuration Drioli and Wu, 1985; Franken et al., 1987;
Chmielewski et al., 1995; Gryta and Tomaszewska, 1998;

.Vazquez-Gonzalez and Martınez, 1994 . In contrast, very lit-´ ´ ´
Žtle work has been done in the field of SGMD Basini et al.,

.1987; Khayet et al., 2000a,b . This is probably due to the fact
that the transported water must be collected in an external
condenser, and this implies an extra step. Nevertheless, if one
considers that the SGMD configuration combines a relatively
low conductive heat loss with a reduced mass-transfer resist-
ance, the perspectives for the future sound interesting.

The simultaneous heat and mass transfer taking place
through the membrane create thermal gradients in the fluid
phases adjoining the membrane surface. In this way, the ef-
fective driving force is lower than expected. This phe-

Ž . Žnomenon is called ‘‘temperature polarization TP ’’ Scho-
.field et al., 1987 . Different theoretical approaches, which

correspond to the different experimental configurations, have
been proposed to evaluate the importance of the TP effects
ŽLawson and Lloyd, 1997; Khayet et al., 2000a,b; Schofield et

.al., 1987; Ortiz de Zarate et al., 1990; Godino et al., 1996 . In´
most of the MD references reported in Lawson and Lloyd
Ž .1997 , particularly in the DCMD and AGMD modes, the TP
effects are supposed to be similar on both sides of the mem-
brane in spite of the fact that the adjoining fluids have differ-
ent physicochemical properties.
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Ž .In previous articles Khayet et al., 2000a,b , the SGMD
configuration has been studied with the help of a theoretical
approach that is based on the TP effects and on the mecha-
nisms of heat and mass transfer. Based on this model, in the
present article we propose a method that permits considera-
tion of the TP effects, taking into account the asymmetric

Ž .properties of the fluids a hot liquid and a cold sweeping gas .
As far as we know, this is the first time that such a study has
been carried out in the field of MD. Some experiments have
been developed in a plate and frame membrane module, with
pure water as the hot liquid feed and water-saturated air as
the cold sweeping gas. The experiments mainly study the role
of relevant parameters, such as the inlet and outlet tempera-
tures and the circulation velocities of both fluids. Two com-
mercial membranes were used. The experimental results are
discussed on the basis of the theoretical model and the
agreement can be considered good.

Experimental Studies
Materials

Experimental tests were conducted with two commercial
porous hydrophobic flat-sheet membranes: the TF-200 and
TF-450, both supplied by Gelman Science Inc. These mem-

Ž .branes are made of polytetrafluoroethylene PTFE , sup-
ported by a polypropylene net. Their principal characteris-
tics, as specified by the manufacturer, are as follows:

� TF-200: pore diameter 0.2 �m; thickness 178 �m; frac-
tional void volume 80%; liquid entry pressure of water 281.7
kPa.

� TF-450: pore diameter 0.45 �m; thickness 178 �m; frac-
tional void volume 80%; liquid entry pressure of water 137.8
kPa.

Ž .Pure water deionized and distilled and air were em-
ployed.

Apparatus
The experimental device used can be seen in Figure 1. The

central part consists of a plate and frame Filtron Minisette
membrane module, supplied by Gelman Science Inc. and
modified according to our requirements. Basically, it consists
of two flat chambers made with silicone separators placed
between two acrylic manifolds. The membrane was fixed be-
tween the chambers, having an effective area of about 56�
10y4 m2. The hot liquid water and the cold air were flowed
tangentially at both sides of the membrane, in a countercur-
rent mode, to improve the driving force. The remainder of
the experimental device consisted of a graduated glass con-
tainer to store the liquid feed and to measure the temporal
evolution of the feed level.

The temperatures of the liquid feed and of the sweeping
air were measured continuously at the inlet and at the outlet
of the membrane module. These temperatures were mea-
sured in steady state with Pt100 probes connected to a digital
multimeter AMR 3280-6, with an accuracy of �0.1�C. In or-
der to avoid the membrane wetting, the pressure gradient
through the membrane was controlled with two manometers
Ž .Wika; �0.05 bar placed at the inlets of the module.

The liquid feed was circulated by a peristaltic pump Mas-
terflex 7549-40, and its flow was measured with a Tecfluid

Figure 1. Experimental device.

6001 flowmeter, with a precision of �2%. For experimental
reasons, the temperature of the liquid was controlled with
the help of a heat exchanger connected to a thermostat lo-
cated between the pump and the membrane module. The
sweeping gas flow was maintained with a Fiac 1001 compres-
sor. A humidifier might be incorporated to induce the water
saturation of the air. The air flow was measured with a
Gilmont 51552 flowmeter, with a precision of �3%. A cool-
ing thermostat Techne RB-12A was used to control the tem-
perature of the air and to induce the condensation of the
distilled water by means of two heat exchangers located at
the entrance and exit of the cold-air side of the membrane
module. A graduated cylinder was used to collect directly the
distilled water from the outlet port of the condenser. In or-
der to reduce the energy losses to the surroundings, the
membrane module, the container, and the pipes were ther-
mally isolated.

Experiments
The setup just described permits liquid water and sweep-

ing air to be circulated separately at each side of the mem-
brane module. The MD flux was measured under different
conditions of the circulation velocity and inlet temperature of
both fluids. It is worth pointing out that the circulation veloc-
ity of the fluids must be varied with due precautions, in order
to avoid membrane wetting. This implies that two conditions

Ž .must be fulfilled: 1 the pressure difference between the flu-
Ž .ids must be lower than the LEP , and 2 the air pressurew
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must be lower than the liquid pressure. With this in mind,
the circulation velocity of the sweeping air was varied be-
tween 0.4 and 2.0 mrs, and its inlet temperature was varied
between 10 and 30�C. Similarly, in the case of the liquid feed
the ranges were between 0.07 and 0.21 mrs for the circula-
tion velocity, and between 40 and 70�C, for the inlet tempera-
ture. In order to assure the absence of membrane wetting,
the electrical conductivity of the distillate at the end of each
set of experiments was measured with a sodium chloride
aqueous solution of 1 M as the feed and a 712-� Metrohm
conductivimeter.

The flux of distilled water was calculated in every case by
measuring the volume every 10 min for 3 h, and adjusting the

� 4experimental pairs of data volume�time to a straight line by
a least-square method. The correlation coefficient was always
better than 0.99, which means that the procedure is ade-
quate. This procedure was carried out in both hot and cold

Ž .chambers, and the agreement was good �2% . In order to
assure that the water fluxes measured in both chambers were
equal, the distillate was condensed at the same temperature
at which the saturated sweeping air entered the module.

Theoretical Approach
The system to be studied consists of a porous hydrophobic

membrane, which is held between two chambers. Hot pure
water is circulated through one of the chambers and cold
sweeping air is circulated through the other. This situation
corresponds to the embodiment known as SGMD. The hot
water and the cold sweeping gas counterflow tangentially to
the membrane surfaces in a plate and frame membrane mod-
ule. The temperature difference gives rise to a water-vapor
pressure difference and, consequently, to a transmembrane

Ž .water flux N .
The MD flux, N, is affected by the presence of boundary

Žlayers at both sides of the membrane by the existence of TP
.effects . These effects will be discussed more fully later. As a

consequence, N can be written as a function of the trans-
membrane water-vapor pressure difference, � P�, or of the®
value corresponding to the bulk phases, � P®

NsB� P sB�
� P� 1Ž .® ®

where B and B� are the overall and net MD coefficients,
respectively. These coefficients depend on membrane charac-

Ž .teristics membrane thickness, tortuosity, etc. , as well as on
Ždifferent experimental parameters temperature, pressure,

.etc. .
Ž .According to Lawson and Lloyd 1997 , Khayet et al.

Ž . Ž .2000b , and Schofield et al. 1990 , the MD flux can be ex-
plained in the framework of different transport models: the
Knudsen model, the Poiseuille model, the molecular diffu-
sion model andror the combinations among them. Determi-
nation of the best model depends on the relative magnitudes
of the pore size and of the mean free path of the water

Ž .molecules inside the pores. In Khayet et al. 2000b this prob-
lem was analyzed in SGMD processes, and it was concluded
that the vapor transport takes place via a combined Knud-
senrmolecular diffusion mechanism. In this case, the net MD

coefficient may be written as

y1M 1 P 1a�B s q 2Ž .ž /RT D D �K M

where P is the pressure of the air entrapped in the pores,a
and the remaining coefficients are given by

1r22� r 8 RT
D s 3Ž .K ž /3� 	 M

�
D s PD 4Ž .M �

where r is the pore size, � is the fractional void volume, � is
the membrane thickness, � is the pore tortuosity, R is the gas
constant, M is the molecular mass of water, D is the water
diffusion coefficient, T is the absolute temperature, and P is
the total pressure.

According to Eq. 1, the MD flux is proportional to the
transmembrane water-vapor pressure difference: � P� s®
Ž � . Ž �.P T yP T . The water-vapor pressure at the water side® w ® a

Ž � .of the membrane, P T , can be written as follows® w
Ž .ASHRAE, 1993

P T � sŽ .® w

C1 � � 2 � 3 �exp qC qC T qC T qC T qC ln T 5Ž .� 2 3 w 4 w 5 w 6 wž /Tw

Žwhere C to C are constants whose values being P ex-1 6 ®
� .pressed in kPa and T in K are the following: C sw 1

y5.8002206�103; C sy5.516256; C sy4.8640239�10y2;2 3
C s 4.1764768� 10y5; C sy1.4452093� 10y8; C s4 5 6
6.5459673.

The water-vapor pressure corresponding to the air side of
Ž �.the membrane P T can be written as a function of the total® a

pressure, P, and the humidity ratio, 
. This last magnitude is
defined for a given moist air sample as the quotient between
the mass flow rate of water vapor, m , and the mass flow˙ wa

Ž .rate of dry air, m ASHRAE, 1993˙ a


 P
�P T s 6Ž .Ž .® a 
q0.622

The problem is that the humidity ratio varies along the
module length. Nevertheless, this value may be related with
the air flow rate, m , and with the value of the humidity at˙ a

Ž .the module inlet, 
 , which is known ASHRAE, 1993in


s
 qNArm 7Ž .˙in a

where A is the membrane surface.
Equations 1 and 5�7 permit us to write a second-degree
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Figure 2. Temperature profile, heat fluxes, and heat-
transfer resistances in SGMD.

equation for the transmembrane water flux, N

N 2quNq ss0 8Ž .

where the coefficients u and s are given by

ṁa � �us 
 q0.622 qB Py P T 9w x Ž .Ž . Ž .in ® wA

ṁa� �ssB P
 yP T 
 q0.622 10w x Ž .Ž .Ž .in ® w inA

It is well known that the heat-transfer mechanism in a MD
process is usually depicted by means of a set of resistances
Ž . ŽLawson and Lloyd, 1997; Schofield et al., 1987 see Figure
.2 . According to this idea, the heat fluxes through each of the

resistances in Figure 2 are

Qs� � T yT ; Q s� � T yT � ; Q s� � T �yTŽ . Ž . Ž .w a w w w w a a a a

11Ž .

Q s� � T � yT � ; Q s� � T � yT � sN � � H 12Ž .Ž . Ž .m m w a ® ® w a ®

In these equations, Q is the overall heat flux; Q is the heatw
flux through the water chamber; Q is the heat flux througha
the air chamber; Q is the heat flux conducted through them
membrane matrix; Q is the heat flux accompanying the MD®
flux; �, � , � , � , and � are their associated heat transferw a m ®
coefficients, respectively; and � H is the heat of vaporization®
of water. It is worth noting that, in steady state, the heat
fluxes Q, Q , and Q are equal.w a

Ž .According to Lawson and Lloyd 1997 , Khayet et al.
Ž . Ž .2000a , and Schofield et al. 1987 , the overall heat-transfer
coefficient for the process is

y11 1 1
�s q q 13Ž .� �� � q N � � H r T yT �Ž . Ž .w m ® w a a

The conductive heat-transfer coefficient across the mem-
Ž .brane membrane matrix plus vapor entrapped in the pores

is

� s� � � q 1y� � � 14Ž . Ž .m m g ms

where � represents the conductive contribution of the airm g
entrapped in the pores, and � is the contribution of thems
solid matrix.

In relation to the TP effects, it is well known that the tem-
Ž .peratures in the bulk phases T and T are different fromw a

Ž �the values corresponding on the membrane surfaces T andw
�.T . This phenomenon is usually quantified by means of thea

so-called ‘‘temperature polarization coefficient,’’ 
 , which is
defined as

T � yT �
�T �

w a

s s 15Ž .

T yT �Tw a

Ž .In Khayet et al. 2000a , it was shown that this coefficient
might be expressed as

� � �

s1y y s1y 16Ž .

� � �w a f

where � is the overall convective heat-transfer coefficientf
valid for both fluids

y11 1
� s q 17Ž .f ž /� �w a

Equations 15�17 may be rearranged as


s
 q
 y1 18Ž .w a

where the temperature polarization coefficients correspond-
ing to the water and air phases are defined by

� T � yTw a

 s1y s 19Ž .w � T yTw w a

� T yT �
w a


 s1y s 20Ž .a � T yTa w a

Figure 2 and Eqs. 11�13 suggest that the SGMD process is
controlled by two simultaneous mechanisms: a mass transfer
through the membrane, and a heat transfer through the com-
posite system formed by the membrane plus the adjoining
layers. Both mechanisms are interrelated. In principle four
limit possibilities may occur:

1. If the heat transfer through the fluid phases is very large,
the temperatures at the membrane surfaces approach the
ones corresponding in the bulk phases. This means that the

Žtemperature polarization coefficient 
 approaches unity see
.Eq. 15 . In this case, the temperature polarization effects are

negligible and the mass-transfer resistance of the membrane
controls the MD process.
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2. If the heat transfer through the fluid phases is very small
and the net MD coefficient is large, the difference between
the temperatures at the membrane surfaces and the ones cor-
responding to the bulk phases is high, and the transmem-
brane temperature difference is low. This means that the

Žtemperature polarization coefficient 
 approaches zero see
.Eq. 15 . In this case, the temperature polarization effects are

very important and the heat-transfer resistances of the
boundary layers control the MD process.

3. If the heat transfer through the sweeping air phase is
very large, the temperature at the air-side membrane surface
and the one corresponding to the bulk phase are very similar.
This means that the air-temperature polarization coefficient

Ž .
 approaches unity see Eq. 20 . In this case, Eq. 18 showsa
that the temperature polarization effects in the liquid phase
are important, and the MD process is controlled by the
heat-transfer resistance of the liquid layer and the mass-
transfer resistance of the membrane.

4. If the heat transfer through the liquid phase is very large,
the temperature at the water-side membrane surface and the
one corresponding to the bulk phase are very similar. This
means that the water temperature polarization coefficient 
w

Ž .approaches unity see Eq. 19 . In this case, the temperature
polarization effects in the air phase are important. There-
fore, the heat-transfer resistance of the air layer and the
mass-transfer resistance of the membrane control the MD
process.

In steady state, and assuming that the heat loss toward the
exterior is negligible, the global heat flux, Q, can be calcu-
lated from the point of view of the global heat flux through
the sweeping air, according to

m � h yhŽ .˙ a aout ain
Q s 21Ž .a A

where h and h are the specific air enthalpies at theaout ain
module outlet and inlet, respectively. These parameters can

Žbe related to the humidity ratio as ASHRAE, 1993;
.McAdams, 1964

h sc � T q
 � � H � s c q
 � c � T q
 � � H �Ž .a ha a ® a w ® a ®

22Ž .

where c is the specific heat of the humid air, c is theha a
specific heat of the dry air, c is the specific heat of thew®
water vapor, and � H � is the heat of vaporization of water at®
temperature 0�C. The problem is that the humidity ratio at
the cell outlet is not known. Nevertheless, this value can be
related to the value at the cell inlet, which is known, and the
overall MD flux, N , by using Eq. 7.o®

From Eqs. 7, 21, and 22 the following expression for the
global heat flux through the air chamber is reached

Q sa

m c q
 �c � T yT qN �A� � H � qc �TŽ . Ž . Ž .˙ a a in w® aout ain o ® ® w ® aout

A

23Ž .

A value for the global heat-transfer coefficient, �, may be
gotten by means of Eq. 11. It should be noted that we have
used the log mean value �T for the temperature differenceln
�TsT yT . This last log mean value is defined as usual inw a

Žsingle-pass counterflow heat exchangers Kreith and Bohn,
.1997

�T y�T0 l
�T s 24Ž .ln ln �T r�TŽ .0 l

where �T and �T are the temperature difference between0 l
liquid water and air bulk phases at the module inlet and out-
let, respectively.

In addition, Eqs. 11�13 allow the transmembrane tempera-
ture difference for the whole system to be written as

Q yN � � Ha ov ®�
�T s 25Ž .

�m

This equation can be transformed with the help of Eqs. 14,
15, 23 and 24 to get a global value for the temperature polar-
ization coefficient

Ts

m � c q
 �c � T yT qN �A� � H �qc �TŽ . Ž . Ž .˙ a a in w® aout ain ov ® w ® aout

A�� ��Tm ln

26Ž .

Due to the heat and mass transfer, which occur by evapo-
ration and conduction across the membrane, temperature
gradients are built up along the x and y coordinate in both

Ž .chambers see the coordinate system shown in Figure 1 .
In order to determine the local temperature polarization,

only a brief description of the theoretical model that devel-
ops the temperature profile in both fluids along the mem-
brane module will be presented in this article. More details

Ž .can be found in Khayet et al. 2000a .
As is well known, the temperature profile for both fluids is

governed by the corresponding mass- and energy-balance
equations. To get useful expressions for the dependence of
the temperatures on the x and y coordinates, the following
hypotheses are assumed:
Ž .1 The system works in steady state.
Ž .2 There is heat conduction along the y coordinate only.
Ž .3 There is heat convection along the x coordinate.
Ž .4 There are temperature gradients along the x and y co-

ordinates, but not along z the coordinate.
In the hot chamber, the water flow rate, m , decreases˙ w

along the cell length due to the transmembrane evaporation.
This implies a decrease of m with the x coordinate. Conse-˙ w
quently, the following relationship applies

dm syN � dAsyN � b � dx 27Ž .˙ w

where b is the z dimension of the membrane module.
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The energy balance in the hot chamber can be written as
Ž .Incropera and Dewitt, 1985; Bird et al., 1960

dT x , y d2T x , yŽ . Ž .w w
� � c � ® � sk � 28Ž .w w w w 2dx dy

with the following experimental boundary conditions for the
Ž .water temperature, T x, y :w

Ž .1. The water temperature at the module inlet is T 0,0 sw
T .win

Ž .2. The water temperature at the module outlet is T l,0 sw
T .wout

Ž .3. The energy per unit surface and time that passes
through the membrane from the hot water to the cold air is

dTw
Qsyk � 29Ž .w dy ys d

In these equations, � is the water density, c is the specificw w
heat of water, k is its thermal conductivity, and d is thew
y-dimension of the liquid chamber.

In the cold sweeping air chamber, the transmembrane wa-
Ž .ter flux N incorporates to the air and increases the humid-
Ž .ity ratio 
 . In this case, the water vapor carried by the

sweeping air varies along the x coordinate, according to

dm sm � d
syN � dAsyN � b � dx 30Ž .˙ ˙wa a

The minus sign in Eq. 30 means that the humidity ratio in-
creases when the x coordinate decreases.

The energy lost by the hot water is gained for the air. This
process gives rise to an increase in the air enthalpy, ha

m dh˙ a a
� sy� � T yT 31Ž .Ž .w ab dx

with the following boundary conditions
For xs0

�TsT yT s�T 32Ž .win aout 0

For xs l

�TsT yT s�T 33Ž .wout ain l

It is worth noting that in Eq. 31 the enthalpy of the moist
air can be obtained from Eq. 22.

The resolution of the cited equations can be seen in detail
Ž .in Khayet et al. 2000a . There, it was shown that the temper-

ature profiles were as follows:

xrlT T yTwout wout win
T x sT fT q x 34Ž . Ž .w win winž /T lwin

1 Qtg �dŽ .�T x sT x y 35Ž . Ž . Ž .w w cos �d k �Ž . w

T yTwout win
T x sT x y �T yŽ . Ž .a w lž /l�

T yTwout winw x�exp � ly x y 36Ž . Ž .
l�

dP
�yB � H®dT� �T x sT x y T x yT x 37w xŽ . Ž . Ž . Ž . Ž .a w w a�m

In Eqs. 35 and 36, the new unknown parameters are given by

� c ®w w w2� s ln T rT 38Ž .Ž .win woutlkw

�� � H b®
�s �y� 1y y� 39Ž .m½ 5ž /� � H m c˙f ® a h a

Consequently, Eq. 8 has been solved numerically and theo-
Ž .retical values of the local MD flux N x have been obtained.

From these local fluxes, the global fluxes for the complete
membrane module are obtained according to

1 l
N s N x dx 40Ž . Ž .Hov l 0

Otherwise, from Eqs. 34�37, a new coefficient termed ‘‘local
Ž .temperature polarization coefficient, 
 x ’’ has been defined.

From this local coefficient, the global one corresponding to
the whole membrane module can be calculated using a pro-
cedure analogous to the one expressed in Eq. 40

1 1 T � x yT � xŽ . Ž .l l w a
Ts 
 x dxs dx 41Ž . Ž .H Hl l T x yT xŽ . Ž .0 0 w a

In this way, the global temperature polarization coefficient,
�, can be calculated from the local temperature polarization
values by means of Eq. 41, or alternately, from Eq. 26. Obvi-
ously, if the theory developed in this section is correct, the
values obtained by the two methods must be similar. This
fact will be discussed in the next section.

From Eqs. 19 and 20, local temperature polarization coef-
ficients for the water, 
 , and air, 
 , phases have been de-w a
fined separately. A global water temperature polarization co-
efficient, � , as well as a global air temperature polarizationw
coefficient, � , can be calculated in an analogous way, as ina
Eq. 41.

Results and Discussion
The main aim of this work is to analyze the temperature

polarization effects in both fluid phases separately. The
SGMD setup described in the experimental part permits liq-
uid water and sweeping air to be circulated at each side of
the membrane module. The circulation velocity and the inlet
temperature of both fluids can be controlled independently.

In all the experiments, a temperature gradient is built along
Ž .the membrane module Khayet et al., 2000a,b . This affects

the local driving force and, consequently, the MD flux. With
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Figure 3. MD flux, N , and calculated global tempera-ov
( )ture polarization coefficients TPCs vs.

sweeping air velocity.
w Ž . Ž . Ž . Ž .xMembrane TF-200 N � ; � � ; � � ; � � andov a w
w Ž . Ž . Ž . Ž .xmembrane TF-450 N ` ; � ^ ; � � ; � � , withov a w

® s0.15 mrs, T s 20�C, and T s 50�C; the solid linesw ain win
represent the fit according to the combined Knudsenrmolec-

Ž .ular diffusion model Eq. 2 .

this in mind, in all the studied cases, the global values for the
whole MD system corresponding to each parameter, MD flux,
or temperature polarization coefficients have been calcu-
lated, and the results corresponding to some particular cases
are shown in Figs. 3�6. It must be pointed out that the error
bars corresponding to each point have not been shown, be-
cause they are approximately equal to the size of the dotted

Ž .points F4% .
In what follows, the effects of the different operating pa-

rameters will be discussed separately.
The effect of the air circulation velocity on the MD flux for

both membranes is shown in Figure 3. The data shows the
same general trend in both membranes. The MD flux is

Ž .greater within 14% to 30% in the case of the membrane
TF-450 than in that of the membrane TF-200. Similarly, the
theoretical values of the net MD coefficient, calculated from

Ž .Eq. 2, are greater within 25% to 31% in the case of the
membrane TF-450 than in the membrane TF-200. This fact is
associated with the different pore radii.

The solid lines depicted in this figure show the theoretical
curves corresponding to the overall MD flux obtained from
the combined Knudsenrmolecular diffusion model. It is worth
mentioning that the main uncertainty in MD processes is the
tortuosity factor of the membrane pores. The influence of
this parameter for these membranes was discussed in a previ-

Ž .ous paper Khayet et al., 2000b . There, a value of 1.1 was
estimated to be adequate. The figure shows that the agree-
ment between the theoretical predictions and the experimen-
tal data over the air velocity range investigated can be consid-

Žered good it is at least 13% for the membrane TF-200 and
.5% for the membrane TF-450 .

A visual inspection of the experimental data in Figure 3
permits us to state that the MD flux increases with the air
circulation velocity due to changes in the Reynolds numbers.
As a matter of fact, these numbers, calculated for the air

Ž .chamber according to Lawson and Lloyd 1997 , range from
741 to 3,644 for membrane TF-200 and from 1,482 to 3,634
for membrane TF-450. The TPCs corresponding to the water
and air phases, as well as the overall one, were quantified

according to the proposed analysis mentioned in the theory
section. Figure 3 shows the obtained values for TF-200 and
TF-450, respectively. Note that the presented TPCs are the
global values along the membrane module, and they have
been evaluated from Eq. 41 by means of the local TPCs. In
order to check the consistency of the proposed theoretical
model, the global temperature coefficient of the whole sys-
tem, �, was calculated with the help of the two methods pro-
posed previously, Eqs. 26 and 41. In this particular case, the
discrepancy between both values of � was 4% in the most
unfavorable case.

The same trends were observed in Figure 3, which means
that the TP effects are similar for both membranes. This fact
is not unexpected if one takes into account that the TP ef-
fects depend mainly on the dynamical properties of the fluids
adjoining the membrane, rather than on the membrane char-
acteristics. The overall TPC, �, and the air TPC, � , botha
increase with the air circulation velocity. On the other hand,
the water TPC, � , hardly varies at all. Note that the globalw
TPC, �, is lower than 0.5. This means that more than 50% of
the externally applied thermal driving force is dissipated in
the unstirred layers. Nevertheless, the value of � is veryw
close to unity, which means that the effect of the water tem-
perature polarization is very low. However, the value of the
air TPC, � , is lower than 0.5 and is very close to the corre-a
sponding global TPC, �. This result can be clarified by study-
ing the overall heat-transfer coefficient, which includes the
heat-transfer coefficients in the water and the air sides. As
an example, in the particular case of the operating conditions
described in Figure 3, when the air circulation velocity was
increased from 0.8 to 2 mrs, the overall heat-transfer coeffi-
cient increased from 311 to 425 Wrm2 � K for membrane TF-
200 and from 336 to 513 Wrm2 � K for membrane TF-450. It
is worth noting that the heat-transfer coefficient in the water
side is more than 10 times higher than the heat-transfer coef-
ficient in the air side. This result may be interpreted by say-
ing that the overall heat-transfer coefficient is dominated by

Ž .the sweeping air contribution see Eqs. 13 and 17 . There-
fore, the air TPC is the dominant parameter in the SGMD
process. In order to be sure, more tests have been carried out
at different water inlet temperatures for both membranes.
The same conclusion is always obtained.

As a consequence, in SGMD experiments, an increase in
the air circulation velocity is accompanied by a decrease in
the TP effects and, consequently, by an increase in the MD
flux.

On the other hand, it is worth noticing that the tempera-
ture drop observed between the inlet and outlet of the mem-
brane module in both fluid phases changes with the air circu-
lation velocity, being very high in the case of the air phase.
The decrease in the water temperature along the membrane
module ranges between 0.2% and 0.6%, for both membranes,
whereas the increase of the air temperature is higher than

Ž .76%. This fact was discussed in detail in Khayet et al. 2000a .
Figure 4 shows the MD flux as a function of the water

circulation velocity for both membranes. The solid lines cor-
respond to the theoretical curves obtained according to the
combined Knudsenrmolecular diffusion model. A visual in-
spection permits us to say that the agreement between theory
and the experiments seems good. On the other hand, the solid
lines seem to be practically horizontal. In order to be more
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[ ( ) ( )]Figure 4. MD flux, N , TF-200 � and TF-450 ` andov
calculated global temperature polarization co-

( )efficients TPCs , for membrane TF-200. �
( ) ( ) ( )� ; � � ; � � vs. the water circulationa w
velocity.
® s1.5 mrs, T s 20�C, and T s 65�C; solid lines repre-a ain win
sent the fit according to the combined Knudsenrmolecular

Ž .diffusion model Eq. 2 .

rigorous, the probability of a zero slope has been calculated
by means of data analysis. The pairs of experimental data

� 4points N ;® have been adjusted to a horizontal line byov w
using a least-square procedure. The calculated probability of
a zero slope is always greater than 91% for both membranes.
This result reasonably permits us to state that the MD flux is
practically independent of the water circulation velocity in
the range of experimental conditions under investigation.

This practical independence of the MD flux on the water
circulation velocity is, at first sight, rather surprising. An ex-

Žamination of the literature devoted to MD see, for example,
.Lawson and Lloyd, 1997 predicts that both magnitudes are

related. An increase in the water-circulation velocity should
lead to an increase in the MD flux that asymptotically ap-
proaches a value when the turbulent flow regime is reached.
This fact is due to the increase of the Reynolds number, which
is proportional to the fluid circulation velocity, leading to an
increase in the heat-transfer coefficient in the boundary layer
near the membrane surface, thus, producing a reduction in
the TP effect.

ŽAs is well known Incropera and Dewitt, 1985; Bird et al.,
.1960 , the value of the Reynolds number defines the regime

of the flux. In the present case, the calculated Reynolds num-
ber in the water chamber varies between 3512 and 8814 for
both membranes. This means that, in the range considered,
the flow regime corresponds to a laminar�turbulent to turbu-
lent transition. It is worth mentioning that, due to the experi-
mental conditions, it was not possible to increase the water
circulation velocity through the membrane module. In fact, if
the water-circulation velocity is increased, the liquid feed
pressure would be increased, and the risk of membrane wet-
ting would become higher. Therefore, we conclude that the
MD flux has reached a limiting value over the water-circula-
tion velocities studied.

Moreover, the trends observed in Figure 4 can be better
understood by studying the TP effect. As in the case of the
experiments with varying air velocity, the global TPCs corre-
sponding to the water and air phases, � and � , as well asw a
the overall one, �, were calculated. The values obtained for

the membrane TF-200 are presented in Figure 4. It is worth
noting that the membrane TF-450 shows a similar trend.

Figure 4 shows that neither the MD flux nor the TPCs are
affected significantly by the water-circulation velocity. The
same behavior has been observed for other water inlet tem-
peratures and other air-circulation velocities.

Note that the overall TPC for both membranes is still
smaller than 0.5 in the entire velocity range. This means that
the mass transport is predominantly controlled by heat trans-
fer through the boundary layers adjacent to the membrane
surfaces. Otherwise, the water TPCs are near 1 over the en-
tire investigated water-circulation velocity range, and the air
TPCs differ only by 13% from the overall TPCs. This means
that most of the TP is located in the air phase, and, thus, the
mass flux in the SGMD process is almost completely con-
trolled by the heat transfer through the air boundary layer.

From the point of view of the continuity of the heat flow, it
was checked that the heat transferred from the water to air
phases is not influenced appreciably by the water-circulation

Ž .velocity. In this particular case see Figure 4 , the overall
heat-transfer coefficient is about 420 Wrm2 K for membrane
TF-200, and 499 Wrm2 K for membrane TF-450. It should be
pointed out that the larger MD flux obtained with the TF-450
membrane involves a larger heat flux. In this case, the heat-
transport flux is dominated by the resistance generated in the
air boundary layer, especially at a low air circulation velocity.
In other words, under the operating conditions presented in
Figure 4, the contribution of the air TP effect is about 93%,
for both membranes. It must be noticed that if it were as-
sumed that the SGMD process had been carried out by ig-
noring the TP effect on the water side, the predicted MD
fluxes would have been 19% higher than those calculated
taking the water TP effect into account.

Figure 5 shows the negative influence of the air-inlet tem-
perature on the MD flux for both membranes. As in the pre-
vious figures, the solid lines correspond to the theoretical
curves obtained for a combined Knudsenrmolecular diffusion
transport. Once again, it can be observed that the theoretical
curves fit the experimental data closely. Similar figures might
be drawn under the various experimental conditions studied
throughout this article.

The observed decrease in the measured fluxes with the
air-inlet temperature can be easily explained if one takes into
account that an increase in the sweeping air temperature
produces a decrease in the transmembrane temperature dif-
ference and, consequently, in the vapor-pressure gradient,
which is the driving force for the MD process.

In all cases, the decrease in the MD flux with the air-inlet
temperature is linear with a correlation coefficient greater
than 0.98. The slopes of the straight lines in Figure 5 are
about 40%, for the TF-200 membrane, and 39%, for the TF-
450 membrane when the air-inlet temperature varies from
10�C to 30�C. This means that the effect of the air-inlet tem-
perature on the MD flux is not negligible. This result is not

Ž .in agreement with the one reported in Basini et al. 1987 .
According to the previous discussion, it seems that the heat

transfer through the air boundary layer controls the mass
transport in the range of circulation velocities studied. In or-
der to confirm this conclusion, the global TPCs will be evalu-
ated as function of the air-inlet temperature. The results cor-
responding to the TF-450 membrane, can be seen in Figure
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[ ( ) ( )]Figure 5. MD flux, N , TF-200 � and TF-450 ` andov
calculated global temperature polarization co-

( ) ( )efficients TPCs for membrane TF-450 � � ;
( ) ( )� � ; � � vs. the water circulation ve-a w

locity.
® s1.5 mrs, T s 20�C, and T s 65�C; solid lines repre-a ain win
sent the fit according to the combined Knudsenrmolecular

Ž .diffusion model Eq. 2 .

5. The same trend was observed with the TF-200 membrane
and other experimental conditions.

As shown, changes in the air temperature did not affect
the water TPC that is maintained near unity. However, an
increase in the air-inlet temperature was accompanied by a
slight decrease in the air TPC and a corresponding reduction

Ž .in the overall TPC �17% . We should point out that, in
other MD experiments the polarization effects become more

Žimportant as the cooling temperature increases Lawson and
.Lloyd, 1997; Khayet et al., 2000a .

The decrease in the MD flux observed as the air-inlet tem-
perature increases is related to a decrease in the heat flux
through the fluid phases and in the temperature gradient in
the boundary layers. Besides, lower global TPCs were

Ž .achieved ��0.4 even if the air-inlet temperature was var-
ied in 20�C, say, from 10 to 30�C. Therefore, the MD trans-
port is controlled by heat transfer, especially through the air
boundary layer, as the heat-transfer coefficient through the
liquid phase is very large in comparison with the heat-trans-
fer coefficient in the air phase.

Moreover, if one considers that the TP is a measure of the
relative effect of the heat transfer, it was confirmed that
changes in the air inlet temperature have very little effect on
the heat-transfer coefficients. In fact, the increase of the air
inlet temperature from 10�C to 30�C implies a variation in
the overall heat-transfer coefficient of at most 4% for both
membranes. This may be due to the fact that in these series
of experiments the water and air circulation velocities were
maintained constant, and consequently the fluid-flow regimes
are not altered. As shown in Figures 3 and 5, the MD fluxes
are affected more by the air circulation velocity than by the
air temperature. This fact corroborates that the flux is con-
trolled by heat-transfer resistance.

As a summary, an increase in the air-inlet temperature
causes an increase in the overall TP effects and a decrease in
the MD flux.

Figure 6 shows the influence of the water-inlet tempera-
ture on the MD flux for both membranes. As earlier, the
solid lines refer to the combined Knudsenrmolecular diffu-

[ ( ) ( )]Figure 6. MD flux, N , TF-200 � and TF-450 ` andov
calculated global temperature polarization co-

( ) ( )efficients TPCs for membrane TF-200 � � ;
( ) ( )� � ; � � vs. the water circulation ve-a w

locity.
® s1.5 mrs, T s 20�C, and T s 65�C; solid lines repre-a ain win
sent the fit according to the combined Knudsenrmolecular

Ž .diffusion model Eq. 2 .

sion model. The agreement between the model predictions
and the experimental data is good.

As it is well known, in the MD process the feed tempera-
ture is the operating variable that affects more significantly
the permeate flux. This is due to the exponential dependence

Žof the water-vapor pressure on temperature Lawson and
.Lloyd, 1997 .

Equation 5 predicts an exponential increase in the vapor
pressure with the temperature. This implies a similar depend-
ence between the MD flux and the water-inlet temperature
Ž .see Figure 6 . Note that, due to the additional effect of the
TP previously cited, the MD flux does not increase with the
water temperature as fast as the vapor pressure curve. This
result agrees with those reported previously by means of

ŽVMD, DCMD, and AGMD Lawson and Lloyd, 1997; Gryta
and Tomaszewska, 1998; Vazquez-Gonzalez and Martınez,´ ´ ´

.1994; Schofield et al., 1987; Ortiz de Zarate et al., 1990 .´
To confirm this fact, the global TPCs have been calculated

as indicated in the previous section. Representative results
for the TF-200 membrane, are shown in Figure 6 where one
can see that the coefficient � remains constant with thew
water-inlet temperature, while the coefficients � and � de-a
crease from 0.4 to 0.2. Similar trends have been observed for
the TF-450 membrane. The contribution of the water TP ef-
fect is about 5%, for both membranes in the entire water-
temperature range investigated. These results permit us to
state that the TP is an important factor affecting the mass
flux, and that the air boundary layer exerts the greatest effect
in the SGMD process. In other words, the heat-transfer coef-
ficient in the liquid phase is very large, and the fourth limit
possibility proposed in the Theory section takes place.

It is worth noticing that two opposite contributions are tak-
ing place simultaneously. An increase in the water inlet tem-
perature implies an increase in the TP effect, but also an
increase in the MD flux. As heat is removed from the feed to
vaporize the permeate, the temperature in the liquid�mem-
brane interface decreases and the air temperature increases.
This implies a decrease in the driving temperature differ-
ence, leading to a decrease in the water-vapor pressure gradi-
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ent and a corresponding reduction in the MD flux. Neverthe-
less, the increase in the water-inlet temperature by steps of
5�C in each experimental run, overcomes the influence of the
TP.

In addition, note that in this set of experiments, both circu-
lation velocities are maintained constant and the effect of the
air temperature is small. In this case, a temperature change
at high water temperature implies a larger change in partial
vapor pressure than the same change at low water tempera-
ture. For example, a temperature drop of 0.1�C at a tempera-
ture of about 30�C results in a variation in the vapor pressure
of approximately 24.4 Pa, whereas at 70�C, the vapor pres-
sure changes by 135 Pa.

To conclude, the heat transfer through the cell that con-
tributes to the observed behavior shown in Figure 6 must be
emphasized. In this particular case, over the water tempera-

Ž .ture interval studied 40�70�C , the overall heat-transfer co-
efficient increases about 21.8% and 22.9% for the TF-200
and TF-450 membranes, respectively. On the other hand, the
trends in the heat-transfer coefficients in the water and air
sides are not so clear at the high water-inlet temperature.
This is probably due to the heat loss to the surroundings.
Nevertheless, one might expect a slight decrease in these co-
efficients with temperature from the well-known empirical
heat-transfer correlations usually used in the MD literature
for laminar or turbulent flow regimes.

Conclusions
A new theoretical approach has been developed to analyze

the TP effects in the case of the SGMD processes. The ef-
fects of the relevant operating parameters on the permeate
flux and on the TPCs have been studied. The most important
conclusions are:

� All the experimental results have been satisfactorily in-
terpreted on the basis of the combined Knudsenrmolecular
diffusion model.

� The global TPC of the whole system was calculated with
the help of two methods. The agreement was good.

� An increase in the air-circulation velocity gives rise to a
decrease in the TP effects, and consequently, to an increase
in the MD flux.

� In the range of experimental conditions investigated, the
MD flux and the TPCs are not affected significantly by the
water-circulation velocity.

� An increase in the air temperature was accompanied by
an increase in the overall TP effects and a decrease in the
MD flux.

� The MD flux increases exponentially with the water-inlet
temperature in spite of the increase in the TP effect.

� The TP is an important factor affecting the mass flux in
the SGMD process. In the range studied, the global TPC is
lower than 0.5, which means that more than 50% of the ex-
ternal driving force is dissipated in the boundary layers ad-
joining the membrane surfaces.

� Under the experimental conditions studied in this work,
the value of the water TPC remains very close to unity. This

means that the main TP is located in the air phase, and the
mass flux in the SGMD process is mostly controlled by the
heat transfer through the air boundary layer.
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