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Transport analysis of air-gap membrane distillation
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Abstract

The air gap membrane distillation process has been modeled as a two-dimensional conjugate problem in which a simultaneous numerical
solution of the momentum, energy and diffusion equations of the feed and cold solutions have been carried out. The results were validated
in comparison with available experimental results. The modeling and sensitivity analyses provide useful basic detailed information about the
nature of the process, and are helpful for process improvement and optimization. Some of the principal conclusions are: (1) the air/vapor gap
has the major role in reducing the parasitic heat loss in the process, (2) the gap width has an important effect: decreasing it five-fold increases
the permeate flux 2.6-fold, but the thermal efficiency improves only slightly because the conductive heat loss increases too, (3) increasing
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he inlet temperature of the hot solution has a major effect on the permeate flux and also increase the thermal efficiency, while dec
oolant temperature has a lesser effect on the flux increase, and even slightly reduces the efficiency, (4) the feedwater salt conc
very small effect on the permeate flux and thermal efficiency, (5) the inlet velocities of the hot and cold solutions have a relativ

ffect, (6) reducing the thermal conductivity of the membrane material improves the process thermal efficiency somewhat, and th
ux more strongly.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Membrane distillation (MD) for water desalination is a
embrane technique for separating water vapor from a liq-
id saline aqueous solution by transport through the pores
f hydrophobic membranes, where the driving force is the
apor pressure difference created by temperature difference
cross the membrane (cf.[1]). A variety of methods may be
mployed in MD, such as (i) direct contact membrane distilla-

ion (DCMD) in which the membrane is in direct contact with
iquid phases in both sides (cf.[2–4]). (ii) Air gap membrane
istillation (AGMD) in which an air layer is interposed be-

ween the membrane and the condensation surface (cf.[5,6]);
iii) vacuum membrane distillation (VMD) in which a vac-
um is applied to increase or establish the vapor pressure dif-

erence between the membrane sides and the condensation
akes place in an external condenser (cf.[7,8]). (iv) Sweep-

∗ Corresponding author. Tel.: +1 215 898 4803; fax: +1 215 573 6334.
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ing gas membrane distillation (SGMD) in which a stripp
gas is used on the cold side to sweep the permeate away
condensation in a separate device (cf.[9–13]).

MD has many significant advantages, such as high
tem compactness, possibility to operate at low tempera
(∼30–90◦C) which makes it amenable for use with low te
perature heat sources, including waste or solar heat,
when compared with say reverse osmosis or electrodia
the simplicity of the membrane which allows it to be manu
tured from a wide choice of chemically and thermally re
tant materials, and much larger pores than of reverse os
membranes (and typically larger than in ultra-filtration m
branes,[1]) that aren’t nearly as sensitive to fouling. It was
as yet adapted for commercial use in water desalinatio
part because of some negative views about the econom
the process[14], which were, however, formed long ago,
a far-from-optimal membrane and model, and which s
also to contain calculation errors which overestimate
cost significantly. Another uncertainty is a lack of long-te
operation data with natural saline waters to ascertain th
376-7388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2005.01.038
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bility of the hydrophobicity of the membranes. The advan-
tages of MD, and continuing improvements in membranes
driven by alternative markets for such products (such as the
Goretex® membrane used widely in the clothing and shoe
industry), make it worthwhile to explore this process in more
detail. A recent state of the art review of MD and assessment
of the process potential can be found in[15].

The most common approach to modeling MD, as found in
the literature, is by assuming the process as one-dimensional
and applying empirical heat and mass transfer coefficients.
In this approach, (cf.[16–18]) a semi-empirical model is
developed, in which the permeate flux is expressed in term
of the bulk temperatures of the hot and the cold fluids, and
the thermal and concentration effects are expressed in terms
of simplified temperature and concentration “polarization”
terms, determined, alongside with the heat and mass transfer
coefficients, empirically.

Two past studies were performed with first attempts to
introduce two-dimensional analysis to AGMD, at least par-
tially, but they were not of general nature. One is an attempt
[19] to assess by a numerical model the effects of the natu-
ral convection in the air/vapor gap on the permeate flux. A
two-dimensional model of laminar natural convection was
developed and solved for the gap, but not in the hot feed
and coolant channels. The model is thus not conjugate, and
was not validated. They found that the heat transfer across
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locity of the hot (uhi) and cold (uci) solutions in the range
0.1–0.3 m/s, the air gap width,δg, in the range 1–5 mm, and
the thermal conductivity of the membrane,km, in the range
0.05–0.3 Wm−1 K−1.

2. Model development

The distillation process takes place in the domains shown
in Fig. 1a, that are the hot solution (h), membrane (m),
air/vapor gap (g), condensate film (f), cooling plate (p), and
the cold fluid (c). For further clarification,Fig. 1b shows
the thermal resistances in the considered model. We model
the process by solving the 2-dimensional (this is based on
the practical assumption that the third dimension, the chan-
nel width, is relatively large) momentum, energy and species
equations in the feed and cold solutions regions. By a cou-
pling technique of the boundary conditions at the hot mem-
brane surface and cooling plate cold surface, the effect of the
membrane, air/vapor gap, condensate film, and cooling plate
are considered. The maximum Reynolds number is 1390 and
the flow is laminar. The model equations in each of the do-
mains ofFig. 1are developed below.

2.1. The hot solution region

hy-
d etric
a wn.
T e hot

F The
b
δ s-
t

he gap is primarily conductive and one-dimensional for
hicknesses < 5 mm anyway, and one canconclude that natu
al convection can be ignored since practical gap thickne
re smaller. A two-dimensional numerical analysis, but
f the saline feedwater channel, was conducted in[20] to
valuate the supersaturation distribution of BaSO4 in regard
o its possible membrane scaling effects. An iterative num
al scheme (rather than a conjugate one as done in our p
s well as several significantly simplifying assumptions, w
mployed, and the model was not validated.

This paper presents a transport analysis based on
imensional conjugate model in which, the temperature
oncentration of the hot and cold solutions not only nor
o the membrane (y-direction in this paper) but also alo
he membrane (x-direction) are part of the solution so th
ts sensitivity to the major design parameters could be b
valuated. In that, the permeate flux is computed locally a
he hot side of membrane (i.e. function ofx), and the length
veraged permeate flux is the resulting integration of the
uxes along the membrane.

In addition to the full description of the flow, temperat
nd concentration fields in the hot and cold solutions
ffects of the membrane, air gap, condensate film, and co
late are computed and shown.

An analysis of the sensitivity of the production rate to
ajor operating parameters was conducted. These pa

ers include the inlet temperature of the hot solution,Thi, in
he range 40–80◦C, the inlet temperature of the cold so
ion,Tci, in the range 5–45◦C, the concentration of the fe
olution,wsi, in the range 20,000–50,000 ppm, the inlet
,

-

The hot saline solution flows between two parallel
rophobic microporous membranes. The flow is symm
long the flow direction, and so only half of the cell is sho
he transport of the momentum, energy, and species of th

ig. 1. (a) The AGMD model with domain and interface labels.
ase-case model dimensions aredh = 2 mm, lm = 0.2 m, δm = (4) 10−4 m,

g = (4) 10−3 m, dp = (1.5) 10−3 m, dp = (2) 10−3 m. (b) The thermal resi
ances in the model.
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solution are described by the continuity, momentum, energy
and species conservation equations, which are normalized by
using the dimensionless variables

x̄h = xh

dh
, ȳh = yh

dh

ūh = uh

uhi
, v̄h = vh

uhi
,

P̄h = Ph

ρSu
2
hi

,

T̄h = Th − Tci

Thi − Tci
, w̄s = ws

wsi

(1)

wheredh is the distance between the membrane surface and
the center of the hot solution channel,uhi anduci are the inlet
velocity of the hot and cold solutions,Thi andTci are the inlet
temperature of the hot and cold solutions, andwsi is the mass
fraction of salt (here NaCl) in water at the entrance of the
channel.

The dimensionless equations are thus

∂ūh

∂x̄h
+ ∂v̄h

∂ȳh
= 0 (2)

ūh
∂ūh

∂x̄h
+ v̄h

∂ūh

∂ȳh
= −∂P̄h

∂x̄h
+ 1

Reh

(
∂2ūh

∂x̄2
h

+ ∂2ūh

∂ȳ2
h

)
(3)
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is much bigger than the molecular mean free path of water
vapor. The molecular diffusion model has been successfully
applied to MD by various researchers (cf.[21–24]).

Stefan’s law can be employed to model the permeate flux
diffusion in the membrane at any locationx along the mem-
brane,

Jv(x) = K�Pv (8)

The vapor pressures (Pv) were calculated using the Antoine
equation

ln Pv = A1 − A2

Th,m − A3
(9)

whereA1 = 16.2620,A2 = 3799.89, andA3 =−226.35,Pv in
Pa,Th,m is in ◦C. The validity of this equation was checked
by comparison to the steam tables, and was found to be ac-
curate to better than 0.4% within the 40–80◦C temperature
range studied in this paper andK is the permeability of the
membrane, defined (when air is present) as (cf.[18])

K = εDv/aMvPT

χδmPa,avgRuTavg,m
(10)

whereε (porosity), andχ (tortuosity), are membrane geom-
etry parameters,Dv/a is the diffusion coefficient of the vapor
t air
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∂v̄h

∂x̄h
+ v̄h

∂v̄h

∂ȳh
= −∂P̄h

∂ȳh
+ 1

Reh

(
∂2v̄h

∂x̄2
h

+ ∂2v̄h

∂ȳ2
h

)
(4)

ūh
∂T̄h

∂x̄h
+ v̄h

∂T̄h

∂ȳh

)
= 1

RehPrh

(
∂2T̄h

∂x̄2
h

+ ∂2T̄h

∂ȳ2
h

)
(5)

ūh
∂w̄s

∂x̄h
+ v̄h

∂w̄s

∂ȳh

)
= 1

RehSc

(
∂2w̄s

∂x̄2
h

+ ∂2w̄s

∂ȳ2
h

)
(6)

here the Reynolds, Prandtl and Schmidt numbers of th
olution are, respectively,

eh = ρSuhidh

µS
, Prh = µscpS

ks
, Sch = νS

DS
(7)

.2. The membrane domain

The temperature difference between the hot and cold
f the membrane is the driving force for evaporation of
ater at the hot side, the flow of the produced vapor thro

he membrane pores, and its flow through the air/vapo
o condense and form condensate (f) at the cooling pla
here its temperature is lower than the water vapor satur

emperature. In this analysis it is assumed that the diffu
f noncondensables gases from the feed solution acro
embrane can be neglected, as it is very small compared

he water vapor flux.
The transport of the vapor through the membrane ca

odeled by the molecular diffusion mechanism when
ore size of the membrane is in the micrometer range, w
hrough the air,Pa,avgis the average partial pressure of the
alculated by using Eqs.(9) and (11),PT the total (air + vapor
ressure, and

avg,m = Thm + Tmg

2
(11)

he effect of the presence of the salt in the solution on
apor pressure at the hot surface of the membrane sid
een accounted for by using the empirical correlation fo
oiling point elevation in[25]. Raoult’s Law can be used f

he same purpose and its’ mathematical expression is
impler, but it is correct only for very dilute solutions. Wh
sing Raoult’s Law, the vapor pressure at the hot side o
embrane (Phm) is expressed as

hm = (1 − cs,hm)Pv(Thm) (12)

he error incurred when it is used in place of the empir
orrelation was calculated and is shown in Section5.2.

The total sensible heat flux is transferred from the
urface of the membrane to the condensation surface b
ifferent parallel routes. One is by heat conduction acros
embrane material and the air gap (QC) while the other is b

he mass transfer of the vapor (Qv)

s = Qv +QC (13)

sing the analogy between heat and electricity, this hea
an also be expressed as

s = Thm − Tmg

RmT
(14)
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where (RmT) is the total heat transfer resistance in the mem-
brane that can be expressed as

RmT = RmRv

(Rm + Rv)
(15)

where the heat transfer resistance of the solid part of the
membrane is

Rm = δm

kem
(16)

and the heat transfer resistance of the vapor flow through the
membrane pores is

Rv = 1

JvCp
(17)

The sensible heat transferred by vapor flow in the membrane
is negligibly smaller than that by heat conduction (Rv �Rm).
For example, for a typical permeate flux of 3× 10−3 kg/m2s,
and a typical membrane thickness of 2× 10−4 m, a simple
calculation using Eqs.(16) and (17)shows that the ratio of
the resistance due to conduction of the membrane material
to that due to the vapor flow, (Rm/Rv) = 0.003. The thermal
resistance of the membrane, Eq.(15), can thus be expressed
as

RmT = Rm = δm (18)
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and thus heat transfer only by conduction across the gap was
assumed in our study.

The thermal resistances of the air/vapor gap (Rg) can be
expressed as

Rg = RvRa

Rv + Ra
(21)

whereRa andRv represent the resistance to the conductive
heat transfer, and the resistance to the convective heat transfer,
respectively, and where

Ra = δg − δf

ka
(22)

2.4. The condensate film

As the water vapor condenses on the cooling plate, it forms
a condensate, and without special treatment, the condensation
would be filmwise. This condensate film forms a heat transfer
resistance that can be expressed as

Rf = δf

kf
(23)

with the assumption, verified below, that the heat convected
with the gravitational flow of the condensate film is negligible
as compared with the conduction across it.

l-
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Q
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Q
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here

em = εka + (1 − ε)km (19)

herekm, andka are the thermal conductivity of the me
rane material, and the air, respectively.

.3. The air/vapor gap domain

The vapor flow from the cold side of the membrane
erface mg inFig. 1) to the condensation surface (fg) throu
he air gap (g) is affected by natural convection in the air
his natural convection takes place because of the tem

ure difference, (Tmg−Tgp), between these two surfaces, a
ts direction and intensity depend on the orientation of th
ap relative to the gravity vector. The relative importanc

he natural convection is proportional to the Rayleigh num
Ra) (cf. [26]).

a ≡ gβ�Tgδ
3
g

νaαa
(20)

here�Tg is the temperature difference between the air
ot and cold side,g is the gravitational acceleration,β is the

hermal expansion coefficient,δg is the width of the air gap
ndνa andαa are the kinematics viscosity and thermal di
ivity of the air, respectively. It is of interest to know whet
he natural convection is significant enough to be consid
n AGMD analysis. For�Tg = 40◦C, and�g = 3 mm (typica
o AGMD), Ra= 85.0. ForRa< 1000, natural convection
egligible relative to heat conduction across the gap (cf.[27])
The condensate film thickness (δf ) can be calculated as fo
ows. The amount of condensate added betweenx andx + dx
s (cf. [28])

ṁf = ρf (ρf − ρv)gδ2f dδf
µf

(24)

hich can also be expressed as

ṁf = Jv(x)dx (25)

ombining Eqs.(24) and (25), integrating the resulting e
ression, and solving for the condensate thickness atx
osition, the condensate film thickness as a function ofx is

f(x) =
(

3µf
∫ x

0 Jv(x)dx

gρf (ρf − ρv)

)1/3

(26)

o estimate whether one can assume one dimensiony-
irection) heat transfer in the film, we examine the rati

he conductive heat flux across (y) the film to that carried b
he film gravitational flow (in thex-direction). The conductiv
eat flux across the film can be calculated using

c,f = kf
Tgf − Tfp

δf
(27)

n steady state the entire vapor fluxJ is condensed and
rained gravitationally as condensate, and thus the hea
ied with the film flow is

cov,f = Jhf = ρfufδfhf (28)
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whereuf is the average velocity of the film drainage. The
ratio of these quantities, Eqs.(27) and (28), is

QC,f

Qcov,f
= kf (Tgf − Tfp)

Jhfδf
= kf (Tgf − Tfp)

ρfhfufδ
2
f

(29)

This shows that the ratio of the conductive to the convec-
tive heat transfer is function of the second power of the
thickness of condensate film, and thus convective heat trans-
fer can be neglected if the condensate film is small. Cal-
culating the properties at 25◦C and using a typical value
of J= 3× 10−3 kg/m2s and x= 0.2 m, Eq. (26) produces
δf = 8.6× 10−5 m. Using Eq.(29), the ratio of conductive to
drainage heat flows is 302, and thus the drainage heat flow
can be neglected, justifying assumption of one-dimensional
heat transfer.

2.5. The cooling plate

Both the heat conducted through the air/vapor gap and the
heat released by vapor condensation are then transferred by
heat conduction through the cooling plate and further con-
vected to the cooling fluid. The thermal resistance of the
cooling plate can be expressed as

R
δp

w l
c

c ferred
t gap.
T the
h

Q

w ux
t the
c

Q

w

R

w .
( .
(

h

T

Similarly, the temperaturesTgf andTfp can be expressed as

Tgf = Rf + Rp

Rs
Thm + Rm + Rg

Rs
Tpc (35)

Tfp = Rp

Rs
Thm + Rs − Rp

Rs
Tpc (36)

At any locationx, the conductive heat flux is

QC = kme
Thm − Tmc

�m
(37)

and the latent heat flux is

QL = Jvhfg (38)

So the total heat flux is

QT = QL +QC (39)

2.6. The cold solution region

The continuity, momentum, and energy equations in the
cooling solution are normalized by using the dimensionless
variables

xc yc

a

u

u

(

w ution
a

R

T ded
i cold
c

p =
kp

(30)

hereδp is the cooling plate thickness, andkp its therma
onductivity.

The temperature at the cold side of the membrane,Tmg,
an be calculated by balancing the sensible heat trans
hrough the membrane and that through the air/vapor
oward this end, the sensible heat flux transferred from
ot to the cold side of the membrane

s = Thm − Tmg

Rm
(31)

hereRm is calculated by Eq.(16), and the sensible heat fl
ransferred from the cold side of the membrane (mg) to
ooling plate cold side (pc) can be also expressed by

s(x) = Tmg − Tpc

Rs − Rm
(32)

hereRs

s = Rm + Rg + Rf + Rp (33)

hereRm is calculated by Eq.(16), Rg is calculated by Eq
21),Rf is calculated by Eq.(23), andRp is calculated by Eq
30).

Combining Eqs.(31) and (32)and solving forTmg, we
ave

mg = Rs − Rm

Rs
Thm + Rm

Rs
Tpc (34)
x̄c =
dh
, ȳc =

dh

ūc = uc

uci
, v̄c = vc

uci
,

P̄c = Pc

ρSu
2
ci

,

T̄c = Tc − Tci

Thi − Tci

(40)

nd the equations are

∂ūc

∂x̄c
+ ∂v̄c

∂ȳc
= 0 (41)

c̄
∂ūc

∂x̄c
+ v̄c

∂ūc

∂ȳc
= −∂P̄c

∂x̄c
+ 1

Rec

(
∂2ūc

∂x̄2
c

+ ∂2ūc

∂ȳ2
c

)
(42)

c̄
∂v̄c

∂x̄c
+ v̄c

∂v̄c

∂ȳc
= −∂P̄c

∂ȳc
+ 1

Rec

(
∂2v̄c

∂x̄2
c

+ ∂2v̄c

∂ȳ2
c

)
(43)

ūc
∂T̄c

∂x̄c
+ v̄c

∂T̄c

∂ȳc

)
= 1

RecPrc

(
∂2T̄c

∂x̄2
c

+ ∂2T̄c

∂ȳ2
c

)
(44)

here the Reynolds and Prandtl numbers of the cold sol
re defined, respectively, as,

ec = ρSucidc

µS
, Prc = µscpS

ks
(45)

he equation of species for the cold solution is not inclu
n the model because there is no mass transport in the
hannel.
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2.7. The model boundary conditions

In dimensionless form, by using the variables in Eq.(1)
the boundary conditions become:

Inlet interfaces (hi, ci)

ūh = 1, v̄h = 0, T̄h = 1, w̄s = 1 (46)

ūc = 1, v̄c = 0, T̄c = 0 (47)

Center of the channel interfaces (hc,cc)

∂ūh

∂ȳh
= 0; v̄h = 0;

∂T̄h

∂ȳh
= 0;

∂w̄s

∂ȳh
= 0 (48)

∂ūc

∂ȳc
= 0; v̄c = 0;

∂T̄c

∂ȳc
= 0;

∂w̄s

∂ȳc
= 0 (49)

Outlet of channels interfaces (hoe,coe)

P̄h = 0 (50)

P̄c = 0 (51)

Outlet of the channel Interfaces (ho,co)
The convective term is much larger than the conductive

term in the energy equation and the diffusive term in the
diffusion equation1 at the hot solution channel exit,

(u ρ Cp ū T̄ + k �T̄ ) · �n ≈ u ρ Cp ū T̄ · �n (52)

(

(

w ce.

u

v

−

C

u

v

−

ndi-
t
1
m
( on-
v
s

3. Process parameters

The parameters to be evaluated in this work include the
averaged permeate flux, the conductive heat transfer, the total
heat transfer, the process thermal efficiency.

The averaged permeate flux is obtained by integrating Eq.
(8)over the length of the membrane and dividing by the mem-
brane length (lm)

J = 1

lm

∫ lm

0
Jv(x)dx (62)

by integrating Eq.(37), thex-averaged conduction heat flux
is

Q̃C = 1

lm

∫ lm

0
QC(x)dx (63)

by integrating Eq.(38), thex-averaged latent heat flux is

Q̃L = 1

lm

∫ lm

0
QL(x)dx (64)

and by integrating Eq.(39), the total heat transfer is

Q̃T = 1

lm

∫ lm

0
QT(x)dx (65)

The process thermal efficiency can be defined as

η

w n of
t

4
v

er
p ine
u f
e ndary
c x
b r
v s
f
c
F -
t t of
e with
m med
(
t f pa-
r d and
v ibed.

l
and

c to be
hi S S h h S h hi S S h h

uhiūhw̄s +DS�w̄s) · �n ≈ uhiūhw̄s · �n (53)

uciρSCpSūcT̄c + kS�T̄c) · �n ≈ uhiρSCpSūcT̄c · �n (54)

heren is the unit vector normal to the boundary interfa
Membrane hot surface interface (hm)

h̄ = 0 (55)

h̄ = Jv

uhiρs
(56)

kS
dT̄h

dȳh
= dh(QC + Jvhfg)

Thi − Tci
(57)

DS

dh

∂w̄s

∂ȳh
= Jv

ws,iρS
(58)

ooling plate cold side interface (pc),

c̄ = 0 (59)

c̄ = 0 (60)

kS
dT̄c

dȳc
= dh(kem∇Tm + Jvhfg)

Thi − Tci
(61)

1 To verify these assumptions, it was calculated for typical co
ions that for the hot solution the convective termρSCpSucT= 3.95×
05 W m−2 ◦C−1, and the conductive term (kS)dT/dx= 3.38× 10−4 W
−2 ◦C, and for the cold solutionρSCpSuhT= 2.15× 104 W m−2 ◦C−1, and
kS)dT/dx= 5.64× 10−4 W m−2 ◦C−1. For the equation of species, the c
ective and diffusive terms are 0.1335 and 1.02× 10−9 W m−2 ◦C−1, re-
pectively.
t = Q̃L

Q̃T
(66)

here the numerator is the heat used for the productio
he distillate.

. Method of solution, grid independence, and
alidation

Eqs.(2)–(6) and (41)–(44)constitute nine second-ord
artial differential equations in two dimensions, with n
nknowns (¯uh, v̄h, P̄h, T̄h, w̄s, ūc, v̄c, P̄c, T̄c ). This set o
quations was solved together with the needed 36 bou
onditions described by Eqs.(46)–(61). These include si
oundary conditions for ¯uh, six boundary conditions fo
h̄, six boundary conditions for ¯uc, six boundary condition
or v̄c, four boundary conditions for̄Th, four boundary
onditions forT̄c, and four boundary conditions for̄ws. The
emlab finite element program[29] was used for the solu

ion. It is noteworthy that the model described by this se
quations is valid for most solutions, where Stefan’s law
olecular diffusion through the membrane can be assu

the conditions for this are described in Section2.2), once
he specific properties of the solutions and the range o
ameters are taken into account. It was, however, solve
alidated here only for aqueous NaCl solutions as descr

The base-case model main dimensions aredh = 2 mm,
m= 0.2 m,δm = 4× 10−4 m, δg = 2 mm.

While the solution properties change with temperature
oncentration, they were assumed in our computations
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constant, at the mid range of each run, with the following jus-
tification (1) the temperature variations are relatively small,
with the thermal conductivity variation over that range being
only 1%, of specific heat 0.1%, and of density 0.6%. The
variation of thee viscosity is about 10%, but it was still as-
sumed that the influence of this variation on the sought results
is negligible because experimental work[21] has shown that
the effect of 30 wt.% sucrose is less than that caused by 25%
wt.% NaCl under the same conditions, which implies that
the effect of the viscosity on the flux is less than that of the
concentration of salt, which has been shown to have a very
small effect on the flux anyway, (2) the physical properties are
affected little by the concentration of NaCl: for a three-fold
increase in the concentration, from 20,000 to 60,000 ppm, the
thermal conductivity and specific heat are almost unaffected;
density increased by 2.2%, and viscosity by 4.5%. The diffu-
sion coefficient of vapor through air [Dv/a, Eq.(10)] varies by
at most 4.5% within that studied range of temperatures and
pressures[30]. Considering the general modeling error, we
believe therefore that the additional effort of computing tem-
perature and concentration dependent properties would have
made the computation longer and more difficult yet yielded
little improvement.

The physical properties of the aqueous NaCl solutions
used in this study were calculated from temperature and con-
centration dependent correlations: enthalpy (heat capacity)
[ y
[
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Fig. 2. The effect of the temperature on the permeate flux as in this study, in
comparison with Banat’s AGMD experiments[6]. Tci = 20◦C, uhi = 0.1 m/s
(Reh = 464), dh = 2 mm, lm = 0.2 m, δm = 6× 10−4 m, δg = 3.5 mm,
uci = 0.1 m/s,ε= 0.75.

1 mm increments, membrane thermal conductivities (km)
of 0.05–0.3 Wm−1 K−1 at 0.05 Wm−1 K−1 increments, and
membrane porosities (εm) of 0.74, 0.78, and 0.84.

The velocity distributions in the hot solution along ¯xh in
the hot channel and of the cold solution along ¯xc in the cold
channel are shown inFig. 3 at x̄h and x̄c = 10, 20, 40, and
80. Both flows show the boundary layers growth along the re-
spective channels, with the boundary layer thickness increas-
ing by approximately two-fold from ¯x = 10 to 80. Similarly,
the temperature and concentration distributions along the hot
channel and the temperature distributions in the cold channel
are shown inFig. 4. The boundary layer grows at a faster rate
near the entrance of the channels (noting the growth between

F
(
w
k
δ

31], viscosity[32], density[33], and thermal conductivit
34].

A grid-dependence analysis of the method of solution
erformed. The number of elements is chosen to be 13
ecause further refinement of the mesh to 29,926 elem
roduced just a 0.03% difference inJ.

To ensure that the numerical solution is not affected
ersely by the specification of the inlet conditions to the
nd cold liquid flow channels, the sensitivity of the solutio

he location where the inlet boundary conditions were s
fied was investigated. Comparing the velocity distributi
or specifying the inlet at a distance ofAh/2 (the aspect ra
io, Ah = 100) upstream of the channels’ inlets (Fig. 1), and
or specifying them at the inlet itself (x= 0), has shown n
iscernible differences.

The computed results were validated by comparison
anat’s[6] AGMD experimental ones, and were found to

n very good agreement, within about 5%, as shown inFig. 2.

. Results and discussion

The analysis is made for the inlet temperature of
eed solution (Thi) in the range 40–80◦C computed a
◦C increments, hot solution inlet sodium chloride c
entrations of 20,000–50,000 ppm at 5000 increments,
nd cold solutions inlet velocities (uhi, uci) of 0.1–0.3 m/s
Reh = 1393–464,Rec = 583–193), at 0.04 m/s incremen
ooling solution inlet temperatures (Tci) of 5–45◦C at
◦C increments, air/vapor gap widths (δg) of 1–5 mm a
ig. 3. Velocity distributions in the hot and cold channels at (a) ¯xh = 10,
b) x̄h = 20, (c)x̄h = 40, (d)x̄h = 80.uhi = 0.2 m/s (Reh = 928),Thi = 70◦C,

si = 0.025,Tci = 20◦C dh = 0.002 m,lm = 0.2 m,δm = 4× 10−4 m, χ= 1.5,

m = 0.2 Wm−1 K−1, ε= 0.78, δg = 2× 10−3 m, kp = 60 Wm−1 K−1,

p = 1.5× 10−3 m, uci = 0.2 m/s (Rec = 386),dc = 0.002 m.
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Fig. 4. Temperature and concentration distributions in the hot and
cold channels at different location of the hot and cold channels.
uhi = 0.2 m/s (Reh = 928),Thi = 70◦C,wsi = 0.025,Tci = 20◦C dh = 0.002 m,
lm = 0.2 m, δm = 4× 10−4 m, χ= 1.5, km = 0.2 Wm−1 K−1, ε= 0.78,
δg = 2× 10−3 m, kp = 60 Wm−1 K−1, δp = 1.5× 10−3 m, uci = 0.2 m/s
(Rec = 386),dc = 0.002 m.

x̄h = 10 and 40, in comparison with that between ¯xh = 40
and 80 in the hot channel, and between ¯xc = 10 and 40 as
opposed to that between ¯xc = 40 and 80 in the cold chan-
nel). This implies that the heat transfer coefficient, and thus
the local permeate flux, are (as expected) higher near the hot
channel entrance.

Fig. 5shows the temperature profile across the AGMD cell
at the entrance of the hot (¯xh = 0) and cold (¯xc = 0) channels
and atx̄h = x̄c = 50. The temperature changes are indicative
of the heat transfer processes, including the boundary layer
behavior in the hot and cold channels. The temperature drop
is highest in the air gap domain as it constitutes the biggest
thermal resistance. A quantitative analysis and the sensitivity
of the process parameters are presented below.

5.1. The effect of inlet temperature of the hot and cold
solutions

Fig. 6 shows the effect of the hot and cold solution inlet
temperatures on the permeate flux. The permeate flux is af-
fected greatly by the hot solution inlet temperature, and to
smaller extent by the inlet temperature of the cold solution.

Fig. 5. The temperature profile across the AGMD unit. The letters indicate
the different domains, seeFig. 1. Thi = 70◦C. Tci = 20◦C, uhi = 0.1 m/s
(Reh = 464), wsi = 0.025, dh = 0.002 m, lm = 0.2 m, δm = 4× 10−4 m,
χ= 1.5, km = 0.2 Wm−1 K−1, ε= 0.78, δg = 2 mm, kp = 60 Wm−1 K−1,
δp = 1.5× 10−3 m, uci = 0.1 m/s (Rec = 193),dc = 0.002 m.

IncreasingThi from 40 to 80◦C increases the flux nine-fold.
For the same temperature change, decreasing the tempera-
ture of the cold solution,Tci, from 45 to 5◦C, increases the
flux by only about two-fold. The hot solution temperature
has a greater influence because of the exponential increase of
the partial pressure of the vapor with the temperature, so the
driving force is greater at higher temperatures.

Fig. 7shows the conductive heat transfer as a function of
the inlet temperature of the hot and cold solutions. Increasing
Thi from 40 to 80◦C increases the heat transferred by con-
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ig. 6. The effect of the inlet temperature of the hot and cold s
ions on the permeate flux.Thi = 70◦C (when Tci varies). Tci = 20◦C
when Thi varies), uhi = 0.1 m/s (Reh = 464), wsi = 0.025, dh = 0.002 m

m = 0.2 m, δm = 4× 10−4 m, χ= 1.5, km = 0.2 Wm−1 K−1, ε= 0.78,

g = 2 mm,kp = 60 Wm−1 K−1, δp = 1.5× 10−3 m,uci = 0.1 m/s (Rec = 193),

c = 0.002 m.



A.M. Alklaibi, N. Lior / Journal of Membrane Science 255 (2005) 239–253 247

Fig. 7. The effect of the inlet temperature of the hot and cold so-
lutions on the conductive heat transfer flux.Thi = 70◦C (when Tci

varies),Tci = 20◦C (whenThi varies),uhi = 0.1 (Reh = 464) m/s,wsi = 0.025,
dh = 0.002 m, lm = 0.2 m, δm = 4× 10−4 m, χ= 1.5, km = 0.2 Wm−1 K−1,
ε= 0.78, δg = 2 mm, kp = 60 Wm−1 K−1, δp = 1.5× 10−3 m, uci = 0.1 m/s
(Rec = 193),dc = 0.002 m.

duction by about 2.4-fold. For the same temperature range,
decreasingTci from 45 to 5◦C, increases̃QC by 2.8-fold.
Therefore, lowering the inlet cold solution temperature re-
sults in slightly more heat transfer by conduction (i.e., heat
loss) than when increasing the inlet hot solution temperature.

Fig. 8 shows the effect of the hot and cold solution
inlet temperatures on the thermal efficiency. The thermal

F so-
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d
ε

(

Fig. 9. Comparison of the effect of the hot solution inlet concentration to
that of its inlet temperature, on the permeate flux.Thi = 70◦C (whenwsi

varies),Tci = 20◦C,uhi = 0.1 (Reh = 464), m/s,wsi = 0.025 (whenThi varies),
dh = 0.002 m, lm = 0.2 m, δm = 4× 10−4 m, χ= 1.5, km = 0.2 Wm−1 K−1,
ε= 0.78, δg = 2 mm, kpl = 60 Wm−1 K−1, δp = 1.5× 10−3 m, uci = 0.1 m/s
(Rec = 193),dc = 0.002 m.

efficiency increases by about 12% asThi is increases from
40 to 80◦C because the rate of increase ofQL is higher than
that ofQC (Eqs.(39) and (66)). The reduction ofTci causes
the heat efficiency to slightly drop. DecreasingTci from 45
to 5◦C, decreasesηt by 2.5%.

Increasing the inlet temperature of the hot solution thus
does not only increase the permeate flux but also improves
the thermal efficiency. To lesser extent, lowering the inlet
temperature of the cold solution will improve the permeate
flux, but will slightly decrease the heat efficiency.

5.2. The effect of the inlet concentration of the hot
solution

Fig. 9 shows the effect of the inlet concentration of the
hot solution (wsi), in comparison with the effect of its inlet
temperature (Thi), on the permeate flux (J). It can be seen
that the concentration of the inlet hot solution has a relatively
small effect: increasingws from 0.02 (20,000 ppm) to 0.05
(50,000 ppm), at a constant temperature, reduces the perme-
ate flux by only 16%. The moderate effect of solution con-
centration on the permeate flux is an advantage of MD over
pressure-driven membrane processes, such as reverse osmo-
sis, in which the concentration plays a significant role on the
process, and makes it possible for MD to be used as a bot-
t ater
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ig. 8. The effect of the inlet temperature of the hot and cold
utions on the process thermal efficiency,ηt. Thi = 70◦C (when Tci

aries),Tci = 20◦C (whenThi varies),uhi = 0.1 m/s (Reh = 464),wsi = 0.025,

h = 0.002 m, lm = 0.2 m, δm = 4× 10−4 m, χ= 1.5, km = 0.2 Wm−1 K−1,
= 0.78, δg = 2 mm, kp = 60 Wm−1 K−1, δp = 1.5× 10−3 m, uci = 0.1 m/s
Rec = 193),dc = 0.002 m.
oming device to process RO brines for further fresh w
roduction.

The heat transferred by conduction as a function of th
olution concentration, in comparison with the effect o
nlet temperature (Thi), is shown inFig. 10. Q̃C increases ver
lightly (3%) with the increase ofwsi from 0.02 (20,000 ppm
o 0.05 (50,000 ppm).
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Fig. 10. Comparison of the effect of the hot solution inlet concentra-
tion to that of its inlet temperature, on the conductive heat transfer
flux. Thi = 70◦C (whenwsi varies),Tci = 20◦C, uhi = 0.1 m/s (Reh = 464),
wsi = 0.025 (whenThi varies),dh = 0.002 m, lm = 0.2 m, δm = 4× 10−4 m,
χ= 1.5, km = 0.2 Wm−1 K−1, ε= 0.78, δg = 2 mm, kpl = 60 Wm−1 K−1,
δp = 1.5× 10−3 m, uci = 0.1 m/s (Rec = 193),dc = 0.002 m.

Fig. 11shows the thermal efficiencyηt as a function of the
inlet concentration of the hot solution, in comparison with
the effect of its inlet temperature (Thi). ηt is reduced by only
2% with the increase inwsi from 0.02 (20,000 ppm) to 0.05
(50,000 ppm).

It is noteworthy here to note that the effect of concentra-
tion on the boiling point elevation is computed in this study
by an empirical correlation[26] developed for NaCl solu-
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Fig. 12. The percentage error of the permeate flux as the effect of the
concentration computed by using Raoult’s law (JRao) to that computed
by using the empirical correlation[26], (J). Thi = 70◦C Tci = 20◦C,
uhi = 0.1 m/s (Reh = 464), dh = 0.002 m, lm = 0.2 m, δm = 4× 10−4 m,
χ= 1.5, km = 0.2 Wm−1 K−1, ε= 0.78, δg = 2 mm, kpl = 60 Wm−1 K−1,
δp = 1.5× 10−3 m, uci = 0.1 m/s (Rec = 193),dc = 0.002 m.

tions of concentrations including the ones investigated in this
study. This can also be done by using Raoult’s law, which
is mathematically much simpler, but correct only for solu-
tions much weaker than seawater or typical brackish water.
To estimate the error incurred by this assumption, computa-
tions were also conducted using Raoul’s law, and the ratio of
the permeate flux when Raoult’s law is used over that when
empirical correlation is used is shown inFig. 12. It can be
seen that using Raoult’s law overestimates the permeate flux
by just 4% atwsi = 0.01 (10,000 ppm), and by about 13% at
wsi = 0.05 (50,000 ppm).

5.3. The effect of the inlet velocity of the hot and cold
solutions

Fig. 13shows the permeate flux (J) as a function of both
the hot (uhi) and the cold (uci) solutions inlet velocities.J
increases with the increases of both velocities, and the ef-
fect of uhi is greater than that ofuci: for the same veloc-
ity magnitude increase from 0.1 to 0.3 m/s (Reh = 464–1393,
Rec = 193–583),J increases by about 11% withuhi, and only
by 3% withuci. The improvement is because higher velocities
reduce they-direction temperature drop in the solutions thus
effectively increasing the driving temperature difference, and
that has a higher effect on the vapor pressure in the hot solu-
t
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ig. 11. Comparison of the effect of the hot solution inlet con
ration to that of its inlet temperature, on the process thermal
iency.Thi = 70◦C (whenwsi varies),Tci = 20◦C, uhi = 0.1 m/s (Reh = 464),

si = 0.025 (whenThi varies),dh = 0.002 m, lm = 0.2 m, δm = 4× 10−4 m,
= 1.5, km = 0.2 Wm−1 K−1, ε= 0.78, δg = 2 mm, kpl = 60 Wm−1 K−1,

p = 1.5× 10−3 m, uci = 0.1 m/s (Rec = 193),dc = 0.002 m.
ion as discussed above.
The heat transferred by conduction as a function of

elocity of the hot and cold solutions is shown inFig. 14. For
he same velocity magnitude increase from 0.1 to 0.3
˜ C changes very slightly with bothuhi anduci: it increase
y about 3% withuhi and 5% withuci.

The velocity affects the process by reducing the bo
ry layer thicknesses of the temperature and concentrat

he hot and the temperature of the cold solutions (Fig. 15).



A.M. Alklaibi, N. Lior / Journal of Membrane Science 255 (2005) 239–253 249

Fig. 13. The permeate flux as of function of inlet velocity of the hot
(uhi) and cold (uci) solutions.Thi = 70◦C, Tci = 20◦C,wsi = 0.025,uhi = 0.1
(when uci varies) Reh = 464, dh = 0.002 m, lm = 0.2 m, δm = 4× 10−4 m,
km = 0.2 Wm−1 K−1, χ= 1.5, ε= 0.78, δg = 2 mm, kp = 60 Wm−1 K−1,
δp = 1.5× 10−3 m, uci = 0.1 (whenuhi varies)Rec = 193,dc = 0.002 m.

The upper row ofFig. 15 shows that upper level value of
T̄h becomes higher and closer to the membrane surface as
the velocity increases from 0.1 to 0.3 m/s, second row shows
that the concentration (wsi) becomes smaller and closer to
the membrane, and the bottom row shows thatT̄c becomes
smaller and closer to the cooling plate surface asuci increases
from 0.1 to 0.3 m/s. The consequences of this is that the evap-
oration takes place at higher driving force with higher tem-
perature, and less solution concentration, and thus produces
higher permeate flux.
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Fig. 15. Lines of constant temperature, and concentration in the hot and cold
solutions forThi = 70◦C, wsi = 0.025,Tci = 20◦C dh = 0.002 m,lm = 0.2 m,
δm = 4× 10−4 m, χ= 1.5, km = 0.2 Wm−1 K−1, ε= 0.78, δg = 2× 10−3 m,
kp = 60 Wm−1 K−1, δp = 1.5× 10−3 m, dc = 0.002 m.Reh varies from 464
to 1393 asuhi varies from 0.1 to 0.3 m/s andRec varies from 193 to 583 as
uci varies from 0.1 to 0.3 m/s.

Fig. 16shows that the process thermal efficiency (ηt) is
hardly influenced by the inlet velocities of the hot and cold
solutions, because the increase of these velocities raisesJ,
Q̃L, andQ̃C and the effects of both onηt are slight and op-
posite, and the thermal efficiency is thus hardly affected. It
appears from all these results that only marginal improve-
ments can be made in the process efficiency by improving
the heat transfer in the hot and cold solution channels.

5.4. The effect of the air/vapor gap width

Fig. 17 shows the permeate flux as a function of the
air/vapor gap widthδg. The permeate flux increases 2.6-fold
asδg is reduced from 5 to 1 mm. The increase of the permeate
flux can be explained by the fact that the air gap conductiv-
ity is very low relative to the other domains between the hot
and cold solution, and it thus creates a high temperature, and
consequently vapor pressure drop across it.

Fig. 18shows that as the air gap width is reduced from
5 mm to 1 mm, the heat transferred by conduction,Q̃C in-
creases 3.4-fold, and the process thermal efficiency decreases
slightly, with the rate of decrease of both being more signifi-
cant forδg smaller than 2 mm. The main purpose of the air gap
ig. 14. The conduction heat transfer flux as a function of the
uhi) and cold (uci) solution inlet velocities.Thi = 70◦C, Tci = 20◦C,

si = 0.025,uhi = 0.1 (whenuci varies)Reh = 464,dh = 0.002 m,lm = 0.2 m,

m = 4× 10−4 m, km = 0.2 Wm−1 K−1, χ= 1.5, ε= 0.78, δg = 2 mm,

p = 60 Wm−1 K−1, δp = 1.5× 10−3 m, uci = 0.1 (when uhi varies)
ec = 193,dc = 0.002 m.
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Fig. 16. Process thermal efficiency (ηt) as a function of the hot (uhi) and cold
(uci) solution inlet velocities.Thi = 70◦C, Tci = 20◦C, wsi = 0.025,uhi = 0.1
(when uci varies),Reh = 464, dh = 0.002 m, lm = 0.2 m, δm = 4× 10−4 m,
km = 0.2 Wm−1 K−1, χ= 1.5, ε= 0.78, δg = 2 mm, kp = 60 Wm−1 K−1,
δp = 1.5× 10−3 m, uci = 0.1 (whenuhi varies),Rec = 193,dc = 0.002 m.

is to reduce the heat loss represented by the parasitic conduc-
tion heat flux from the membrane to the condensing surface. It
can be seen fromFig. 18that increasing the air gap produces,
however, only a slight improvement of the process thermal
efficiency, and none for air gap widths greater than 2 mm, be-
cause the permeate flux is reduced at the same time as seen in
Fig. 17. Furthermore, the thermal efficiency is already rather
high, 93% forδg = 1 mm, and thus much improvement can’t
be attained. Narrower air gaps are thus preferred because they
make the system more compact, and hence less expensive.
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Fig. 18. The effect of the air gap width (δg) on sensible heat flux (̃QC)
and process thermal efficiency (ηt). Thi = 70◦C, Tci = 20◦C, wsi = 0.025,
uhi = 0.1 (Reh = 464), dh = 0.002 m, lm = 0.2 m, δm = 4× 10−4 m, χ= 1.5,
km = 0.2 Wm−1 K−1, ε= 0.78, kp = 60 Wm−1 K−1, δp = 1.5× 10−3 m,
uci = 0.1 (Rec = 193),dc = 0.002.

5.5. Effect of the thermal conductivity of the membrane
material

Fig. 19 shows the effect of the membrane material (the
solid part) thermal conductivity (km) on the permeate flux (J)
for membrane porosities ofε= 0.74 andε= 0.84. Forε= 0.74,
increasingkm from 0.05 to 0.3 Wm−1 K−1 decreasesJ two-
fold. This decrease of the permeate flux results from the in-
crease of the effective thermal conductivity of the membrane
(kem). The increase of the thermal conductivity decreases
the thermal resistance and that increases the conduction heat
transfer flux, which thus leaves less heat for vapor production.

For the same increase inkm but for ε= 0.84,J decreases
less, 1.63-fold. This is to be expected, since the increase in
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ig. 17. The effect of the air gap width (δg) on the perme
te flux (J). Thi = 70◦C, Tci = 20◦C, wsi = 0.025, uhi = 0.1 (Reh = 464),

h = 0.002 m, lm = 0.2 m, δm = 4× 10−4 m, χ= 1.5, km = 0.2 Wm−1 K−1,
= 0.78, kp = 60 Wm−1 K−1, δp = 1.5× 10−3 m, uci = 0.1 (Rec = 193),

c = 0.002 m.
ig. 19. The effect of the thermal conductivity of the membranekm)
n the permeate flux (J), for two values of membrane porosity (ε).

hi = 70◦C, Tci = 20◦C, wsi = 0.025, uhi = 0.1 (Reh = 464), dh = 0.002 m

m = 0.2 m,δm = 4× 10−4 m,χ= 1.5,kp = 60 Wm−1 K−1, δp = 1.5× 10−3 m,

ci = 0.1 (Rec = 193),dc = 0.002 m.
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Fig. 20. The effect of the thermal conductivity of the membrane on the
process thermal efficiency (ηt) and the conductive heat transfer (Q̃C).
Thi = 70◦C, Tci = 20◦C, wsi = 0.025, uhi = 0.1 (Reh = 464), dh = 0.002 m,
lm = 0.2 m,δm = 4(10)−4 m, χ= 1.5,kp = 60 Wm−1 K−1, δp = 1.5× 10−3 m,
uci = 0.1 (Rec = 193),dc = 0.002 m.

porosity reduces the effect of the membrane material thermal
conductivity on the membrane effective thermal conductivity,
kem.

Fig. 20shows that, forε= 0.74, increasingkm from 0.05
to 0.3 Wm−1 K−1 increases the conductive heat transfer rate
by 35%. For the same increase inkm but for ε= 0.84, the
increase ofQ̃C is 33%, andηt decreases by about 9 and
5% for ε= 0.74 andε= 0.84, respectively. The membrane
material should thus be made of materials with small ther-
mal conductivity for higher product flux and process effi-
ciency. Most of the membrane materials that were used for
MD experiments so far are polymers withkm in the range of
0.15–0.45 Wm−1 K−1, although porous glass was used too,
with km = 0.78 Wm−1 K−1.

6. Conclusions

An AGMD process has been modeled as a two-
dimensional conjugate problem in which a simultaneous nu-
merical solution of the momentum, energy and diffusion
equations of the feed and cold solutions have been carried
out. The results were validated in comparison with available
experimental results. The modeling and sensitivity analysis
provide useful basic detailed information about the nature
of the process, and are helpful for process improvement and
o
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tude, and the thermal efficiency by 12%, while decreasing
the coolant temperature has a lesser effect on the flux in-
crease, and even slightly reduces the efficiency.

◦ The feedwater salt concentration has a very small effect on
the permeate flux and thermal efficiency.

◦ The inlet velocities of the hot and cold solutions have a
relatively small effect: tripling the saline solution veloc-
ity increases the permeate flux by 11% and the thermal
efficiency is nearly unaffected.

◦ The air/vapor gap width has an important effect: decreasing
it five-fold increases the permeate flux 2.6-fold, but the
heat transfer efficiency improves only slightly because the
conductive heat loss increases too. It appears that air gap
widths exceeding 2 mm do not raise process efficiency.

◦ Reducing the thermal conductivity of the membrane ma-
terial improves the process thermal efficiency somewhat,
and the permeate flux more strongly.

◦ The use of Raoult’s law to model the saline solution vapor
pressure predicts permeate fluxes lower by at most 4% than
those predicted by empirical correlations if the feedwater
solution concentration is < 10,000 ppm.
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Nomenclature

A1, A2, A3 see Eq.(9)
Ah aspect ratio,lm/dh
cs mole fraction of NaCl
Cp specific heat (kJ/kg K)
Ds diffusion coefficient of the NaCl (m2/s)
dh half-width of the flow channel (m)
hfg latent heat of evaporation (J/kg)
g acceleration of gravity (m/s2)
J length-averaged permeate flux at the hot sid

of the membrane (kg/m2/h)
Jv local permeate flux at the hot side of mem

brane, in vapor phase (kg/m2/s)
K permeability of the membrane
k thermal conductivity (W/m K)
lm membrane length (m)
M molar mass (kg/kmol)
m membrane
ṁ mass flow rate (kg/s)
P pressure (Pa)
Q heat transferred (kJ/m2/h)
Q̃ average heat transfer (kJ/m2/h)
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Qs sensible heat transfer (kJ/m2/h)
R thermal resistance (W/m2/k)
Ra Rayleigh number, Eq.(20)
Reh Reynolds number of the hot solution channel,

Eq.(7).
Rec Reynolds number of the cold solution channel,

Eq.(45)
RmT total thermal resistance of the membrane
Rs sensible thermal resistence,
Ru universal gas constant (J/kmol/K)
T temperature (◦C)
T̄ (T−Tci)/(Thi −Tci)
T̄c (Tc −Tci)/(Thi −Tci)
T̄h (Th −Tci)/(Thi −Tci)
uc the velocity inxc diection (m/s)
ūc uc/uci
uci the velocity at the inlet of the cold channel

(m/s)
uh the velocity inxh diection (m/s)
ūh uh/uhi
uhi the velocity at the inlet of the hot channel (m/s)
v ycomponent of feed solution velocity (m/s)
vc the velocity inyc direction (m/s)
vh the velocity inyh direction (m/s)
xc coordinate along the solution flow in the cold

channel (m)
x̄c xc/dh
xh coordinate along the solution flow in the hot

channel (m)
x̄h xh/dh
yc coordinate normal to the solution flow in the

cold channel (m)
ȳc yc/dh
yh coordinate normal to the solution flow in the

hot channel (m)
ȳh yh/dh
ws mass fraction of NaCl
w̄s ws/wsi
wsi inlet value of the mass fraction of NaCl

Greek letters
�P water vapor pressure difference between the

membrane (Pa)
�Tg temperature difference between the air gap hot

and cold sides (◦C)
β volume coefficient of expansion (1/K)
χ tortuosity
δ thickness or width (m)
ε porosity
ηt process thermal efficiency
µ dynamic viscosity (kg/m s)
ρ density (kg/m3)

Subscripts
a air
atm atmosphere
c cold solution
cc center line of cold channel
ci inlet of the cold channel
ch center line of the hot channel
co outlet of the cold channel
pc cooling plate/cold channel interface
e effective
f condensate film
fp condensate film/cooling plate interface
g vapor/air gap
gf air gap/condensate film interface
h hot channel
hi inlet of the hot channel
hm hot liquid/membrane interface
ho outlet of the hot channel
L latent
l liquid water
m membrane
mg membrane/air gap interface
p cooling plate
S solution
T Total
v vapor
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