Available online at www.sciencedirect.com

S(HENCE@DIRECT' journal of

MEMBRANE
SCIENCE

rram.

LSEVIER Journal of Membrane Science 255 (2005) 239-253

www.elsevier.com/locate/memsci

Transport analysis of air-gap membrane distillation
A.M. Alklaibi, Noam Lior*

Department of Mechanical Engineering and Applied Mechanics, University of Pennsylvania, Philadelphia, PA 19104-6315, USA

Received 15 April 2004; received in revised form 15 January 2005; accepted 21 January 2005
Available online 20 March 2005

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
the inlet temperature of the hot solution has a major effect on the permeate flux and also increase the thermal efficiency, while decreasing the
coolant temperature has a lesser effect on the flux increase, and even slightly reduces the efficiency, (4) the feedwater salt concentration has
a very small effect on the permeate flux and thermal efficiency, (5) the inlet velocities of the hot and cold solutions have a relatively small
effect, (6) reducing the thermal conductivity of the membrane material improves the process thermal efficiency somewhat, and the permeate
flux more strongly.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ing gas membrane distillation (SGMD) in which a stripping
gas is used on the cold side to sweep the permeate away, with
Membrane distillation (MD) for water desalination is a condensation in a separate device [8f13)).
membrane technique for separating water vapor from a lig- MD has many significant advantages, such as high sys-
uid saline aqueous solution by transport through the porestem compactness, possibility to operate at low temperatures
of hydrophobic membranes, where the driving force is the (~30-90°C) which makes it amenable for use with low tem-
vapor pressure difference created by temperature differenceperature heat sources, including waste or solar heat, and,
across the membrane (§1]). A variety of methods may be  when compared with say reverse osmosis or electrodialysis,
employedin MD, such as (i) direct contact membrane distilla- the simplicity of the membrane which allowsitto be manufac-
tion (DCMD) in which the membrane is in direct contact with  tured from a wide choice of chemically and thermally resis-
liquid phases in both sides (¢2—4]). (ii) Air gap membrane  tant materials, and much larger pores than of reverse osmosis
distillation (AGMD) in which an air layer is interposed be- membranes (and typically larger than in ultra-filtration mem-
tween the membrane and the condensation surfadé (€}); branes[1]) thataren’t nearly as sensitive to fouling. It was not
(iif) vacuum membrane distillation (VMD) in which a vac- as yet adapted for commercial use in water desalination, in
uum is applied to increase or establish the vapor pressure dif-part because of some negative views about the economics of
ference between the membrane sides and the condensatiothe proces§l4], which were, however, formed long ago, on
takes place in an external condenser [£f8]). (iv) Sweep- a far-from-optimal membrane and model, and which seem
also to contain calculation errors which overestimate the
* Corresponding author. Tel.: +1 215 898 4803; fax: +1 215 573 6334.  COSt significantly. Another uncertainty is a lack of long-term
E-mail addresslior@seas.upenn.edu (N. Lior). operation data with natural saline waters to ascertain the sta-
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bility of the hydrophobicity of the membranes. The advan- locity of the hot (1)) and cold (i) solutions in the range
tages of MD, and continuing improvements in membranes 0.1-0.3 m/s, the air gap widthg, in the range 1-5mm, and
driven by alternative markets for such products (such as thethe thermal conductivity of the membrang,, in the range
Gorete®® membrane used widely in the clothing and shoe 0.05-0.3WnT1K-1.
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 found15)]. 2. Model development

The most common approach to modeling MD, as found in
the literature, is by assuming the process as one-dimensional The distillation process takes place in the domains shown
and applying empirical heat and mass transfer coefficients.in Fig. 1a, that are the hot solution (h), membrane (m),
In this approach, (cf[16-18) a semi-empirical model is  air/vapor gap (g), condensate film (f), cooling plate (p), and
developed, in which the permeate flux is expressed in termthe cold fluid (c). For further clarificatiorfig. 1b shows
of the bulk temperatures of the hot and the cold fluids, and the thermal resistances in the considered model. We model
the thermal and concentration effects are expressed in termshe process by solving the 2-dimensional (this is based on
of simplified temperature and concentration “polarization” the practical assumption that the third dimension, the chan-
terms, determined, alongside with the heat and mass transfenel width, is relatively large) momentum, energy and species
coefficients, empirically. equations in the feed and cold solutions regions. By a cou-

Two past studies were performed with first attempts to pling technique of the boundary conditions at the hot mem-
introduce two-dimensional analysis to AGMD, at least par- brane surface and cooling plate cold surface, the effect of the
tially, but they were not of general nature. One is an attempt membrane, air/vapor gap, condensate film, and cooling plate
[19] to assess by a numerical model the effects of the natu-are considered. The maximum Reynolds number is 1390 and
ral convection in the air/vapor gap on the permeate flux. A the flow is laminar. The model equations in each of the do-
two-dimensional model of laminar natural convection was mains ofFig. 1are developed below.
developed and solved for the gap, but not in the hot feed
and coolant channels. The model is thus not conjugate, an . .
was not validated. They found that the heat transfer acrosgz'l' The hot solution region

the gap is primarily conductive and one-dimensional for gap The hot saline solution flows between two parallel hy-

i < - . . . .
Egllcckc?r?vsesciior? g:: ngi{'e?jng::ee Cr‘:::gggjldzthﬂigfégssesdrophoblc microporous membranes. The flow is symmetric
€ 1gnor pre gap. along the flow direction, and so only half of the cell is shown.
are smaller. A two-dimensional numerical analysis, but only

; The transport of the momentum, energy, and species of the hot
of the saline feedwater channel, was conductef?0] to P 9 P

evaluate the supersaturation distribution of Bag®Oregard
to its possible membrane scaling effects. An iterative numeri- Lo L

cal scheme (rather than a conjugate one as done in our paper), | fn

as well as several significantly simplifying assumptions, were _ | ,\‘ © g o

employed, and the model was not validated. < | é‘ s<lzg| 2 |
This paper presents a transport analysis based on two- § = ? 3 S %

dimensional conjugate model in which, the temperature and E | ‘E ‘ g § £ :‘f

concentration of the hot and cold solutions not only normal 2 | g ‘ 5 § g 8

to the membraneyfdirection in this paper) but also along : i

the membranextdirection) are part of the solution so that | /I\ V;Or%v) ‘J, : !

its sensitivity to the major design parameters could be better
evaluated. In that, the permeate flux is computed locally along
the hot side of membrane (i.e. functionxf and the length-
averaged permeate flux is the resulting integration of the local he hm
fluxes along the membrane. X !
In addition to the full description of the flow, temperature y
and concentration fields in the hot and cold solutions, the
effects of the membrane, air gap, condensate film, and cooling )
plate are computed and shown. ® r 2 xR ®
An analysis of the sensitivity of the production rate to the AN AN AN DA AN DA
major operating parameters was conducted. These parame- (b) ch hm  mg gf  fp  pe cc
ters include the inlet temperature of the hot solutiby, in ) ) ) )
the range 40-80C, the inlet temperature of the cold solu- Efsie_léag ;gzef‘edmzngggsldﬁhzﬂﬂna}:jg g r:]ntg:ic(i) fgef.,'; The
tion, T, in the range 5-4%C, the concentration of the feed 8=(4)103m, dy=(1.5)103m, dp=(2) 10-3m. () The thermal resis-
solution,ws;, in the range 20,000-50,000 ppm, the inlet ve- tances in the model.

S
<
i
o

S

o
&
=g

3
0Q
g

o |pe |

A

in out

(



A.M. Alklaibi, N. Lior / Journal of Membrane Science 255 (2005) 239-253 241

solution are described by the continuity, momentum, energy is much bigger than the molecular mean free path of water
and species conservation equations, which are normalized bywapor. The molecular diffusion model has been successfully

using the dimensionless variables applied to MD by various researchers (&1-24).
—  Xh  — ¥ Stefan’s law can be employed to model the permeate flux
Xh = dn’ Yh = dn diffusion in the membrane at any locatigmlong the mem-
brane,
— Uh _ Uh
Uh = —, Vh = —,
Uhi Uhi Jv(x) = KAPy (8)
_ Ph 1) _ _
Ph=—>, The vapor pressure®y) were calculated using the Antoine
Pst equation
= Th—Ti — Ws
Th= 77—+, Ws=— A2
Thi — Toi Wsi v 1 Thm— A3 ©)

whered is the distance between the membrane surface and )

the center of the hot solution channal, andug; are the inlet ~ WhereA: =16.2620 A, = 3799.89, and\g = —226.35,Py in
velocity of the hot and cold solution®,; andTg are theinlet P& Thm s in °C. The validity of this equation was checked
temperature of the hot and cold solutions, ards the mass ~ PY comparison to the steam tables, and was found to be ac-
fraction of salt (here NaCl) in water at the entrance of the Curate to better than 0.4% within the 40-€Dtemperature

channel. range studied in this paper gK_dis the permeability of the
The dimensionless equations are thus membrane, defined (when air is present) as[{&])
u o Dy /aM,
dun | vh _ @ k= Duahir (10)
0xh  OYh X8m PaavgRuTavgm
_ dun  _ dun 3P, 1 (8%un  %un wheree (porosity), andy (tortuosity), are membrane geom-
Uh7= +vh==—7=+ - = = ) etry parameterd)y/, is the diffusion coefficient of the vapor
0xh oyh oxh  Reh oxp, v, - ) . .
through the airP, 4gis the average partial pressure of the air
_omh s 9oh P, . 1 (82, %, @ calculated bydusing Eq&) and (11)Py the total (air + vapor)
Uu— "h— = —— — | —= —_— ressure, an
oxn "y dyn  Ren \ 0xZ  0y? P
_ _ _ _ Thm + Tmg
_ T, _ 0T, 1 (9T, &Iy Tavgm = ———— 11)
*h Yh ensr *h Yh The effect of the presence of the salt in the solution on the
— — 5— 50— vapor pressure at the hot surface of the membrane side has
— 8w5 — 8u)s 1 0 Ws d Ws . .. .
Uh— + th— | = — +— (6) been accounted for by using the empirical correlation for the
dxh dyn RehSc \ axg IVh boiling point elevation if25]. Raoult's Law can be used for

tthe same purpose and its’ mathematical expression is much
simpler, but it is correct only for very dilute solutions. When
using Raoult’'s Law, the vapor pressure at the hot side of the
d C .
_ Psthi h = Hs Ps S = Vs @) membraneRnm) is expressed as
us ks Ds

where the Reynolds, Prandtl and Schmidt numbers of the ho
solution are, respectively,

Ren

2.2. The membrane domain . o _ .
The error incurred when it is used in place of the empirical
The temperature difference between the hot and cold facesCOrrelation was calculated and is shown in Sectidh

of the membrane is the driving force for evaporation of the ~ 1Ne total sensible heat flux is transferred from the hot

water at the hot side, the flow of the produced vapor through surface of the membrane to the condensation surface by two

the membrane pores, and its flow through the air/vapor gapdiﬁerent parallel routes. One is by heat conduction across the

to condense and form condensate (f) at the cooling plate (p)™emPrane material and the air g&)) while the other is by

where its temperature is lower than the water vapor saturationth® mass transfer of the vap@\()

temperature. In this analysis it is assumed that the diffusion
) = 13

of noncondensables gases from the feed solution across theQS Qv+ Qc (13)

membrane can be neglected, as itis very small compared withysing the analogy between heat and electricity, this heat flux

the water vapor flux. can also be expressed as
The transport of the vapor through the membrane can be
modeled by the molecular diffusion mechanism when the __ Zhm = Tmg (14)

pore size of the membrane is in the micrometer range, which Rmt
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where Rqy7) is the total heat transfer resistance in the mem- and thus heat transfer only by conduction across the gap was

brane that can be expressed as assumed in our study.
The thermal resistances of the air/vapor gBg) can be
R _RmRy (15) expressed as
T =
" (Rm + Rv) P
where the heat transfer resistance of the solid part of the Rg = RvRa (21)
membrane is Rv + Ra
R — Sm 16 whereR; andR, represent the resistance to the conductive
m= E (16) heattransfer, and the resistance to the convective heat transfer,
. respectively, and where
and the heat transfer resistance of the vapor flow through the P Y
membrane pores is 89—
P Ro= 29— 22)
1 ka
HCp

2.4, The condensate film

The sensible heat transferred by vapor flow in the membrane

is negligibly smaller than that by heat conducti®) &> Ry). As the water vapor condenses on the cooling plate, it forms
For example, for a typical permeate flux ok3L.0~3 kg/m?s, acondensate, and without special treatment, the condensation
and a typical membrane thickness ok40~4m, a simple would be filmwise. This condensate film forms a heat transfer
calculation using Eqq16) and (17)shows that the ratio of  resistance that can be expressed as

the resistance due to conduction of the membrane material

to that due to the vapor flowRf/R,) =0.003. The thermal = g; = i (23)
resistance of the membrane, Efj5), can thus be expressed kt
as with the assumption, verified below, that the heat convected
Ror— R — dm 18 with the gravitational flow of the condensate film is negligible

mT = fm = kem (18) as compared with the conduction across it.

here The condensate film thicknesig)(can be calculated as fol-
w lows. The amount of condensate added betwegmdx + dx
whereky, andky are the thermal conductivity of the mem- & pi(of — pv)g5f2d5f
brane material, and the air, respectively. e = Lt (24)
2.3. The air/vapor gap domain which can also be expressed as

dms = Jy(x)dx (25)

The vapor flow from the cold side of the membrane (in-
terface mg irFig. 1) to the condensation surface (fg) through  Combining Eqs(24) and (25) integrating the resulting ex-
the air gap () is affected by natural convection in the air gap. pression, and solving for the condensate thickness akany
This natural convection takes place because of the temperaposition, the condensate film thickness as a functionisf
ture difference, Tmg — Tgp), between these two surfaces, and 13
its direction and intensity depend on the orientation of the air 3us fé‘ Ju(x)dx
gap relative to the gravity vector. The relative importance of 8(x) = { ——=——=- (26)

o . ; gpi(pr — pv)
the natural convection is proportional to the Rayleigh number
(Ra) (cf. [26]). To estimate whether one can assume one dimensignal (
BAT,62 direction) heat transfer in the film, we examine the ratio of
Ra = sP219% (20) the conductive heat flux acrosg the film to that carried by
Vala the film gravitational flow (in the-direction). The conductive
whereATy is the temperature difference between the air gap heat flux across the film can be calculated using
hot and cold sideg is the gravitational acceleratiof,is the Tot — T
thermal expansion coefficierfly is the width of the air gap, ~ Q¢ = kf————>
andv, andag are the kinematics viscosity and thermal diffu- i
sivity of the air, respectively. It is of interest to know whether In steady state the entire vapor flixs condensed and is
the natural convection is significant enough to be considereddrained gravitationally as condensate, and thus the heat car-
in AGMD analysis. ForATg=40°C, anddg =3 mm (typical ried with the film flow is
to AGMD), Ra=85.0. ForRa< 1000, natural convection is
negligible relative to heat conduction across the gagZ@l) Qcovt = Jhi = prutdths (28)

(27)
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whereus is the average velocity of the film drainage. The
ratio of these quantities, EqR7) and (28)is

Qc,f _ kf(Tgf - Tfp) _ kf(Tgf - Tfp)
Qcov,f Jht8¢

(29)
pfhfuf3f2

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 2& and using a typical value
of J=3x 10 3kg/m?s andx=0.2m, Eq.(26) produces

8t =8.6x 10~°>m. Using Eq.{(29), the ratio of conductive to

243

Similarly, the temperaturekys and Ty, can be expressed as

Ri +R Rm+ R
pThm‘i‘ il ngc

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

Tyt = (35)
S S
Rp Rs— Rp
Tn = — T} T, 36
fp = g [hm + Re P (36)
At any locationx, the conductive heat flux is
Tom — T,
QC = kmehmB—mC (37)
m
and the latent heat flux is
oL = Jvhfg (38)
So the total heat flux is
O1=0L+0c (39)

Both the heat conducted through the air/vapor gap and the, = 14 ¢old solution region
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

_

Rp = ko

(30)
wheredp, is the cooling plate thickness, amg its thermal

conductivity.
The temperature at the cold side of the membrdig,

can be calculated by balancing the sensible heat transferred
through the membrane and that through the air/vapor gap.

Toward this end, the sensible heat flux transferred from the
hot to the cold side of the membrane

Thm — ng
Rm

Os (1)

whereRy, is calculated by Eq16), and the sensible heat flux
transferred from the cold side of the membrane (mg) to the
cooling plate cold side (pc) can be also expressed by

ng - Tpc
= — 32
0s) = 22 (32)
whereRg
Rs:Rm+Rg+Rf+Rp (33)

whereRy, is calculated by Eq(16), Ry is calculated by Eq.
(21), Ry is calculated by Eq23), andRy is calculated by Eq.
(30).

Combining Eqgs(31) and (32)and solving forTyg, we
have

Rs— R R
= " im+ —mTpc
Rs

= (34)

ng =

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

e 5 _ e
c dh’ Yc dn
— Uc — Uc
Uc = —, =—,
Uci Uci
— Pe (40)
PC = 2
PSUc;
7. Je=Tei
Thi — T
and the equations are
ou v
e T _p (41)
oxc dyc
_ duc  — du apc 1 [(Puc  Fu
ey gl _ 0P L (e Fic) )
dxc Ve Oxc  Rec \ 0xg ayg
_ e _ dve 3P 1 (% 0%
Yo e T e | Reo \ a2 | 9y2 (43)
_ 3T, _ oT, 1 (T  9°T,
MC—_C UC—_C = c c (44)
xc dyc RecPrc 3)7(2: 8%

where the Reynolds and Prandtl numbers of the cold solution
are defined, respectively, as,

(45)

The equation of species for the cold solution is not included
in the model because there is no mass transport in the cold
channel.
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2.7. The model boundary conditions

In dimensionless form, by using the variables in ED.

the boundary conditions become:
Inlet interfaces (hi, ci)

uh=1 wh=0 Th=1 ws=1

I/TC = 1, Ec == 0, 7_-'(; == 0

Center of the channel interfaces (hc,cc)

oy _ o} AW,
M _o =0 Zh_g Ms_p
dyh dyh dyh
o, _ T AW,
Me_0; =0 -0 Us_p
dyc ayc dyc

Outlet of channels interfaces (hoe,coe)
Fh =0
Fc = 0

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 equatiof at the hot solution channel exit,

(uhipsCPsithTh + ksATh) - it = unipsCpsithTh - i

(uniuhws + DsAws) - i ~ upiuphws - i

(ucipsCpsiteTc + ksATe) - it ~ unipsCpgiicTe - it

wheren is the unit vector normal to the boundary interface.

Membrane hot surface interface (hm)

un =0
_ Jv
vh =
UhiPs
_ksd_fh _ th(Qc + Jvhtg)
dyn Thi — Tei
DS aws JV

d_ha_)_’h B Ws,iPS
Cooling plate cold side interface (pc),

I/TC == O

Ec - 0

—ksd—Tc _ dh(kemVTm + Jvhfg)
dyc Thi — Tei

1 To verify these assumptions, it was calculated for typical condi-

(46)

(47)

(48)

(49)

(50)
(51)

(52)
(53)
(54)

(55)

(56)

(57)

(58)

(59)
(60)

(61)

tions that for the hot solution the convective tewgCpsucT=3.95x
1°PWm=2°C-1, and the conductive termkg)dT/dx=3.38x 10~4W
m~2°C, and for the cold solutiopsCpsunT=2.15x 10* Wm=2°C~1, and

(ks)dT/dx=5.64x 10~*W m~2°C~1, For the equation of species, the con-

vective and diffusive terms are 0.1335 and 10RO °Wm—2°C1, re-

spectively.

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 lengthlg,)

1 [flm
J= - /O Jy(x)dx (62)

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

- 1 [m
Oc= — Qc(x)dx (63)

B Im Jo
by integrating Eq(38), thex-averaged latent heat flux is

~ 1 [lm

QL= Q1 (x)dx (64)
m JO

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

~ 1 [lm

Or=1 | o (65)
m JO

The process thermal efficiency can be defined as
_Q

oT
where the numerator is the heat used for the production of
the distillate.

nt (66)

4. Method of solution, grid independence, and
validation

Egs.(2)—(6) and (41)—(44ronstitute nine second-order
partial differential equations in two_dimensions, with nine
unknowns {, vh, Ph, Th, ws, U, v¢, Pe, Tc ). This set of
equations was solved together with the needed 36 boundary
conditions described by Eq#§46)—(61) These include six
boundary conditions fowuy,, six boundary conditions for
vh, Six boundary conditions farc, six boundary conditions
for v, four boundary conditions foffy, four boundary
conditions forTg, and four boundary conditions fars. The
Femlab finite element prograf@9] was used for the solu-
tion. It is noteworthy that the model described by this set of
equations is valid for most solutions, where Stefan’s law with
molecular diffusion through the membrane can be assumed
(the conditions for this are described in Sectihd), once
the specific properties of the solutions and the range of pa-
rameters are taken into account. It was, however, solved and
validated here only for aqueous NaCl solutions as described.

The base-case model main dimensions édye 2 mm,
Im=0.2m,8m=4x 1074 m, §5=2mm.

While the solution properties change with temperature and
concentration, they were assumed in our computations to be
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constant, at the mid range of each run, with the following jus- 6
tification (1) the temperature variations are relatively small, — This model
with the thermal conductivity variation over that range being 5{ e Banat'sexperimental work
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 wg24] 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 2
concentration of salt, which has been shown to have a very
small effect on the flux anyway, (2) the physical properties are I . . . . .
affected little by the concentration of NaCl: for a three-fold 40 45 50 55 60 65 70
increase in the concentration, from 20,000 to 60,000 ppm, the 1y,.°C
thermal conductivity and specific heat are almost unaffected,;
density increased by 2.2%, and viscosity by 4.5%. The diffu- Fig. 2. The eff_ect of the temperature on the permeate flux as in this study, in
sion coefficient of vapor through aiD[, Eq.(10)] variesby ~ comparison with Banats AGMD experimerify. Te; =20°C, up =0.1m/s
- - (Rey=464), dh=2mm, In=0.2m, 8n=6x10"m, §g=3.5mm,

at most 4.5% within that studied range of temperatures and, .- 1 m/s¢=0.75.
pressure$30]. Considering the general modeling error, we
believe therefore that the additional effort of computing tem- 1 mm increments, membrane thermal conductivitilg)
perature and concentration dependent properties would haveyt 0.05-0.3 Wnt K—1 at 0.05Wnt! K1 increments, and
made the computation longer and more difficult yet yielded membrane porosities ) of 0.74, 0.78, and 0.84.
little improvement. The velocity distributions in the hot solution alomg in

The physical properties of the aqueous NaCl solutions the hot channel and of the cold solution alorgn the cold
used in this study were calculated from temperature and con-channel are shown iRig. 3atxn andxe = 10, 20, 40, and
centration dependent correlations: enthalpy (heat capacity)go. Both flows show the boundary layers growth along the re-
[31], viscosity[32], density[33], and thermal conductivity  spective channels, with the boundary layer thickness increas-
[34]. ing by approximately two-fold fromx = 10 to 80. Similarly,

A grid-dependence analysis of the method of solution was the temperature and concentration distributions along the hot
performed. The number of elements is chosen to be 13,258channel and the temperature distributions in the cold channel
because further refinement of the mesh to 29,926 elementsgre shown irFig. 4. The boundary layer grows at a faster rate

J, kg/m*h

produced just a 0.03% differencedn near the entrance of the channels (noting the growth between
To ensure that the numerical solution is not affected ad-

versely by the specification of the inlet conditions to the hot (@)%, 10 ()%, = 20 (¢) %, = 40 ()%, - 80

and cold liquid flow channels, the sensitivity of the solution to 1 I 1 I

the location where the inlet boundary conditions were spec- o3 0.8 0.8 ‘ 0.8 J

ified was investigated. Comparing the velocity distributions
for specifying the inlet at a distance 8§/2 (the aspect ra- 7

0.6 0.6 0.6 0.6

tio, A, =100) upstream of the channels’ inlefsd. 1), and 04 o4 o4
for specifying them at the inlet itselk& 0), has shown no 02 02 02 02—
discernible differences. . . . o T % %
The computed results were validated by comparison with , i, I, i,
Banat's[6] AGMD experimental ones, and were found to be ()%, =80 (¢) %, =40 (b))%, =20 (@)%,= 10
in very good agreement, within about 5%, as showriin 2 1 1 1 1
0.8 0.8 0.8 0.8
. . 5 0.6 0.6 0.6 0.6
5. Results and discussion “ 04 04 04 04
The analysis is made for the inlet temperature of the 02 02 02 02

feed solution Thi) in the range 40-80C computed at o 0o 1 0 0 0 o1 a0
u u, u

5°C increments, hot solution inlet sodium chloride con- . e . i,
centrations of 20,000-50,000 ppm at 5000 increments, feedF_ 3. Velocity distributions in the hot and cold channels abfa-10

H H e 1g9. o. | IStriouti | y
and cold solutions inlet velocitiesu, ug) of 0._1—0.3 m/s (b?)?h _ %0, (C));E . 40, (d)h = 80.Up; = 0.2 m/s Rey = 928) T = 70°C,
(Rey=1393-464,Re; =583-193), at 0.04m/s increments, - —0 025 T, =20°C dy=0.002m.I;m=0.2m.8n=4x 10-4m, x=15,
cooling solution inlet temperaturest{) of 5-45°C at km=02WnT1K-1, £=0.78, 8;=2x103m, k=60Wm1K1,
5°C increments, air/vapor gap widthgg) of 1-5mm at 8p=1.5x 1073m, u;; =0.2m/s Re, = 386),d.=0.002m.
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| @ = 10 (b) %, =20 (€)X, =40 (d)x,=80
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0.4 0.4 p—mi 04— 0.4 —m=
L \ \ Y yidn
0.2—* 0.2 s 102 . {02
N LS e N
00 | = i 7 00 : 0 | 5 Fig. 5. The temperature profile across the AGMD unit. The letters indicate
W, W, i, W, the different domains, seBig. 1 Tpj=70°C. T =20°C, uy=0.1m/s
- - o e Ra=464), ws=0.025, dp=0.002m, |p=0.2m, §m=4x10"4m,
5,=10 %, =2 %, = d)¥,=80 ( st
](a)r,, s =20 i’ e D%, x=15, kn=02WnT1K™1, £=0.78, §g=2mm, ky=60WnT 1K1,
8p=1.5x 1073 m, u¢i =0.1 m/s Re, = 193),d. =0.002m.
0.8 0.8 0.8 0.8
y 06 0.6}, 0.6/} 0.6}
¢ 0.4} 04 ;‘a\ 0.4k 0.4 _l,,‘ IncreasingTy,; from 40 to 80°C increases the flux nine-fold.
\, \, i -
020 02f—5 02— 02— For the same temperature change, decrea_smg the tempera
™ 8 o i M 5 . ture of the cold solutionT¢;, from 45 to 5°C, increases the
¢ 01 020 0l 02 0 01 020 01 02 flux by only about two-fold. The hot solution temperature
T T

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

Fig. 4. Temperature and concentration distributions in the hot and
cold channels at different location of the hot and cold channels.
Upi =0.2m/s R, =928), T =70°C, wsi =0.025,T; =20°C d, =0.002 m,

Im=0.2m, dm=4x10"*m, x=15, kn=02WnT'K™, £=0.78, the inlet temperature of the hot and cold solutions. Increasing
- 3 — k-1 - 3 - .

8g=2x107°m, kp=60WnT=K™, §=15x107"m, Uu;=0.2m/s Thi from 40 to 80°C increases the heat transferred by con-

(Re=386),d; =0.002m.

_ . . . _ Tci’ °C

xh = 10 and 40, in comparison with that betwegn= 40 5 10 15 20 25 30 35 40 45

and 80 in the hot channel, and betwegn= 10 and 40 as 14 ' ' ' ' ' ' '

opposed to that betweerg = 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 hoty{ = 0) and cold £; = 0) channels
and atv, = x¢ = 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.

J, kg/m*h

40 45 50 55 60 65 70 75 80
5.1. The effect of inlet temperature of the hot and cold
solutions
Fig. 6. The effect of the inlet temperature of the hot and cold solu-
Fig. 6 shows the effect of the hot and cold solution inlet fions on the permeate fluxTy=70°C (when Te varies). Tei =20°C
tem . (when Ty varies), uyi=0.1m/s Re,=464), ws=0.025, dy =0.002m,
peratures on the permeate flux. The permeate flux is af-I Z02m, Sm=dx10°m, x=15 kn=02Wm 1K1 £=078
. . m= V. , m=— ’ T Ay - V. ’ - VY. ’
fected greatly by the hot solution inlet temperature, and t0 5, =2 mm k=60 Wm 1K1, 5,=1.5x 10-3m, U =0.1m/s Re, = 193),

smaller extent by the inlet temperature of the cold solution. d.=0.002m.
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Fig. 7. The effect of the inlet temperature of the hot and cold so-
lutions on the conductive heat transfer fluXy =70°C (when Tg;
varies),T¢ =20°C (whenTy; varies),uni = 0.1 (Re, = 464) m/swsi = 0.025,
dh=0.002m, I=0.2m, 8m=4x 10%m, x=1.5, kn=0.2WnT1K"1
€=0.78, g=2mm, ky=60WnT 1K1, §,=15x107°m, ug=0.1m/s
(Re=193),d. = 0.002 m.

Fig. 9. Comparison of the effect of the hot solution inlet concentration to
that of its inlet temperature, on the permeate flli.=70°C (whenws;
varies), T =20°C, upj =0.1 Re, = 464), m/swsi = 0.025 (wherTy,; varies),
dh=0.002m, |n=0.2m, §m=4x107*m, x=1.5, kn=0.2WnT 1K1,
£=0.78, g=2mm, Ky =60 WnT 1K1, §,=1.5x 1073m, u;i=0.1m/s
(Re:=193),d: =0.002 m.

duction by about 2.4-fold. For the same temperature range,efﬁdenCy increases by about 1_2%&7 s ir_lcre_ases from
decreasingle; from 45 to 5°C, increasesDc by 2.8-fold. 40 to 80°C because the rate of mcreaseQ_m‘ls higher than
Therefore, lowering the inlet cold solution temperature re- 1t 0fQc (E@s.(39) and (66). The reduction off¢ causes
sults in slightly more heat transfer by conduction (i.e., heat 1€ Deat efficiency to slightly drop. Decreasifig from 45
loss) than when increasing the inlet hot solution temperature.t0 5°C, de_creasesF by 2.5%. ,

Fig. 8 shows the effect of the hot and cold solution Increasing the inlet temperature of the hot solution thus

inlet temperatures on the thermal efficiency. The thermal does not only Increase the permeate flux but a_llso IMproves
the thermal efficiency. To lesser extent, lowering the inlet

temperature of the cold solution will improve the permeate
oC flux, but will slightly decrease the heat efficiency.

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

0951 1 Fig. 9 shows the effect of the inlet concentration of the
hot solution (i), in comparison with the effect of its inlet
temperature ), on the permeate fluxJ). It can be seen

n, 09 . that the concentration of the inlet hot solution has a relatively

small effect: increasingvs from 0.02 (20,000 ppm) to 0.05

(50,000 ppm), at a constant temperature, reduces the perme-

0851 i 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

0.8 1 1 ! I 1 ! |

40 50 60 70 80 process, and makes it possible for MD to be used as a bot-
Ty °C toming device to process RO brines for further fresh water
production.
Fig. 8. The effect of the inlet temperature of the hot and cold so- The heat transferred by conduction as a function of the hot
lutions on the process thermal efficiencs. Tp=70°C (when Tei solution concentration, in comparison with the effect of its

varies), T =20°C (whenTy; varies),un = 0.1 m/s Re, =464),ws;=0.025, : N e :
G =0.0021m, In= 0.2, =4 10-3m, x=1.5, ky=0.2WTLK-L inlettemperaturel(;), is shown irFig. 10 Q¢ increases very

£=0.78, 5g=2mm, ky=60WnT KL, §,=15x 10-°m, ug=0.1m/s slightly (3%) with the increase o from 0.02 (20,000 ppm)
(Re =193),d. =0.002m. to 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 (whenws; varies), T¢j =20°C, unj=0.1m/s Re,=464),

Wsi =0.025 (whenTy,; varies),dn=0.002m,l,=0.2m, 5 =4 x 1074m,
x=1.5, kn=02WnT1K™1 £=0.78, §g=2mm, ky=60WnT 1K™
8p=1.5x 1073 m, ugi =0.1m/s Re; = 193),d, =0.002 m.

Fig. 11shows the thermal efficienay as a function of the
inlet concentration of the hot solution, in comparison with
the effect of its inlet temperaturd@;). n; is reduced by only
2% with the increase imsj 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 correlatiofi26] developed for NaCl solu-

T;,;,°C
| 40 45 50 55 60 65 70 75 80
095} -
n, 09} ]
0.85} 4
0.8 Ll L L 1 1l L 1
0.020  0.025 0.030 0.035 0.040 0.045 0.050
w.:

s1

Fig. 11. Comparison of the effect of the hot solution inlet concen-
tration to that of its inlet temperature, on the process thermal effi-
ciency. Ty = 70°C (whenws; varies),T¢i = 20°C, up =0.1 m/s Re, =464),

Wsi =0.025 (whenTy; varies),dy,=0.002m,l;,=0.2m, 5m=4x 1074m,
x=15, kn=02WnT1K™1, £=0.78, sg=2mm, ky=60WnT1K1
8p=1.5x10"3m, ug =0.1m/s Re;=193),d.=0.002m.
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w,;

~
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si

Fig. 12. The percentage error of the permeate flux as the effect of the
concentration computed by using Raoult's ladgd) to that computed

by using the empirical correlatiofi26], (J). Thi=70°C T =20°C,
ui=0.1m/s Re=464), dy=0.002m, In=0.2m, n=4x 104 m,
x=15, kn=0.2WnT1K™1, £=0.78, §g=2mm, ky=60WnT 1K1,
8p=1.5x1073m, Ui =0.1 m/s Re; = 193),d, =0.002m.

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 fiig. 12 It can be
seen that using Raoult’s law overestimates the permeate flux
by just 4% atwsj=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 flud)(as a function of both
the hot (i) and the cold () solutions inlet velocities]
increases with the increases of both velocities, and the ef-
fect of upy; is greater than that afi;;: for the same veloc-
ity magnitude increase from 0.1 to 0.3 mRe =464—1393,
Re.=193-583),J increases by about 11% witl;, and only
by 3% withug;. The improvementis because higher velocities
reduce thg-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-
tion as discussed above.

The heat transferred by conduction as a function of inlet
velocity of the hot and cold solutions is showrHig. 14 For
the same velocity magnitude increase from 0.1 to 0.3 m/s,
QC changes very slightly with botty,; andug;: it increases
by about 3% withup; and 5% withug;.

The velocity affects the process by reducing the bound-
ary layer thicknesses of the temperature and concentration of
the hot and the temperature of the cold solutidrg.(15).
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Fig. 13. The permeate flux as of function of inlet velocity of the hot
(uni) and cold () solutions.Th; =70°C, T =20°C, wsj =0.025,u,; =0.1
(when ug varies) Rg, =464, d,=0.002m, | =0.2m, §m=4x 1074 m,
kn=02WnT1K™1, x=15, £=0.78, §g=2mm, k,=60WnT 1K™
8p=1.5x10"3m, ugi =0.1 (whenuy; varies)Re, = 193,d, =0.002m.

The upper row ofFig. 15 shows that upper level value of

T, 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 concentrationws;) becomes smaller and closer to
the membrane, and the bottom row shows thiabecomes
smaller and closer to the cooling plate surfacegmcreases
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;= 0.1 m/s

;= 0.2 m/s 1, = 0.3 m/s

u,;=0.1m/s

Fig. 15. Lines of constant temperature, and concentration in the hot and cold
solutions forTh =70°C, wsi=0.025,T.; =20°C d,=0.002m,l,=0.2m,
dm=4x107%m, x=1.5kn=02WnT 1K1, £=0.78, 83=2x 103 m,

from 0.1 to 0.3 m/s. The consequences of this is that the evap-+, =60 W * K=, 5,=1.5x 10-3m, d.=0.002m.Re, varies from 464

oration takes place at higher driving force with higher tem-
perature, and less solution concentration, and thus produce
higher permeate flux.
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Fig. 14. The conduction heat transfer flux as a function of the hot
(uni) and cold () solution inlet velocities. Ty =70°C, T¢=20°C,

Wsj = 0.025,up; =0.1 (Whenug; varies)Re, =464,d,=0.002m,|,=0.2m,
dm=4x107%m, kn=02WnT1K-1, x=15 £=0.78, §G=2mm,
ko=60WNT1K™1, §,=1.5x10°m, ug=0.1 (when u varies)

Re =193,d;=0.002 m.

to 1393 adu varies from 0.1 to 0.3 m/s ari@le. varies from 193 to 583 as
Uci varies from 0.1 to 0.3 m/s.

S

Fig. 16 shows that the process thermal efficiengy) {s
hardly influenced by the inlet velocities of the hot and cold
solutions, because the increase of these velocities rajses
0L, and Q¢ and the effects of both on 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 widtlsg. The permeate flux increases 2.6-fold
aséy is reduced from 5to 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
5mm to 1 mm, the heat transferred by conduction;, in-
creases 3.4-fold, and the process thermal efficiency decreases
slightly, with the rate of decrease of both being more signifi-
cantforsg smaller than 2 mm. The main purpose of the air gap
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Fig. 18. The effect of the air gap widtld4) on sensible heat fluxdc)
and process thermal efficiency). Thi =70°C, T =20°C, wsj=0.025,
uh=0.1 Re,=464), d,=0.002m,1»=0.2m, §n=4x 10~4m, x=1.5,
kn=0.2WnT1K™1, £=0.78, ky=60WnT1K™1, §,=1.5x107°m,

Fig. 16. Process thermal efficienay)as a function of the hotif;) and cold Ui =0.1 Re, = 103),d = 0.002.

(uci) solution inlet velocitiesTy; =70°C, T =20°C, wgi =0.025,urj = 0.1
(when ug; varies), Re, =464, d,=0.002m, | =0.2m, §;m =4 x 104 m,
kn=0.2WnT1K=1, x=15, £=0.78, §g=2mm, k,=60WnT 1K1,

_ 5.5. Effect of the thermal conductivity of the membrane
8p=1.5x 103m,u;=0.1 (whenuy; varies),Re =193,d: =0.002 m.

material

is to reduce the heat loss represented by the parasitic conduc- F19- 19shows the effect of the membrane material (the
tion heat flux from the membrane to the condensing surface. It S°lid part) thermal conductivitykfy) on the permeate flux)

can be seen froffig. 18that increasing the air gap produces, formembrane porosities ef=0.74 and: =0.84. For = 0.74,
however, only a slight improvement of the process thermal increasingm from 0.05 to 0.3Wm*K~* decreases two-
efficiency, and none for air gap widths greater than 2 mm, be- fold. This decrease_ of the permeate flgx_ results from the in-
cause the permeate flux is reduced at the same time as seen {fféase Of the effective thermal conductivity of the membrane
Fig. 17 Furthermore, the thermal efficiency is already rather (kem)- The increase of the thermal conductivity decreases
high, 93% forsy =1 mm, and thus much improvement can't the thermal resistance and that increases the conductlon. heat
be attained. Narrower air gaps are thus preferred because theyansferflux, which thus leaves less heat for vapor production.

make the system more compact, and hence less expensive.  For the same increase ks, but for¢=0.84,J decreases
less, 1.63-fold. This is to be expected, since the increase in

14 : : ,
£=0.74
Ir T 13 B — — £=084
10 g "t
< 9t ]
a 11 r
£ =
2 gl . £ ol
S E
-
7+ - - 9
6F 1 8
st | i
4 1 1 1 1 1 1 1 6
1 1.5 2 2.5 3 3.5 4 45 5 0.05 0.10 0.15 0.20 0.25 0.30
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Fig. 17. The effect of the air gap widthdg) on the perme-
ate flux Q). Thi=70°C, T=20°C, Ws=0.025, uyj=0.1 Re,=464),
dh=0.002m, In=0.2m, §m=4x10"%m, x=1.5, kn=0.2WnT 1K1,
£=0.78, ky=60WnT1K™1, §,=15x1073m, u;=0.1 (Re=193),
d: =0.002 m.

Fig. 19. The effect of the thermal conductivity of the membrakeg) (
on the permeate fluxJ), for two values of membrane porosity)(
Thi=70°C, T =20°C, wsi=0.025, upj=0.1 Re,=464), dy=0.002m,
Im=0.2mdm=4x 1074m, x=1.5,ky =60 WnT 1K1, 8,=1.5x 103 m,

Ui =0.1 Re:=193),d. =0.002 m.
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Fig. 20. The effect of the thermal conductivity of the membrane on the ©
process thermal efficiencypd) and the conductive heat transfed).
Thi=70°C, T¢=20°C, wsi=0.025, upj=0.1 Re,=464), d,=0.002m,
Im=0.2m,8m=4(10y4m, x=1.5,ky =60 WnT 1K1, §,=1.5x 103 m,
Uci =0.1 Re:=193),d: =0.002m.

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

Kem.

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 animportant 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.

Fig. 20shows that, foe = 0.74, increasings, from 0.05 Acknowledgment

to 0.3WnT 1K 1increases the conductive heat transfer rate
by 35%. For the same increase kin but for ¢ =0.84, the

The authors are grateful to the Middle East Desalination

increase ofQ¢ is 33%, andy; decreases by about 9 and Research Centerfor a grant that partially supported this study.

5% for £ =0.74 ands =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 whf in the range of
0.15-0.45 Wm1K~1, although porous glass was used too,
with kn=0.78 WnT1 K1,

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
optimization. Some of the principal conclusions are:

o The air/vapor gap dominates the heat transfer resistance
and its role in reducing the parasitic heat loss in the process
is thus confirmed, the condensate film has nearly negligible
relative contribution to the total resistance, and the cooling
plate has nearly none.

o Increasing the inlet temperature of the hot solution has a
major effect on the permeate flux: an increase from 40 to
80 C would increase the flux by nearly an order of magni-

Nomenclature

Ag, A2, Az see Eq(9)

An aspect ratioly,/dp

Cs mole fraction of NaCl

Co specific heat (kJ/kg K)

Ds diffusion coefficient of the NaCl (fis)

dn half-width of the flow channel (m)

hrg latent heat of evaporation (J/kg)

g acceleration of gravity (mf3

J length-averaged permeate flux at the hot side

of the membrane (kg/fth)
Jv local permeate flux at the hot side of men
brane, in vapor phase (kgfts)
permeability of the membrane
thermal conductivity (W/m K)
membrane length (m)
molar mass (kg/kmol)
membrane
mass flow rate (kg/s)
pressure (Pa)
heat transferred (kJAth)
average heat transfer (kFth)

O UVIIZT AR
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Qs sensible heat transfer (kJh)

R thermal resistance (WAtk)

Ra Rayleigh number, Eq20)

Re, Reynolds number of the hot solution channel
Eq. (7).

Re. Reynolds number of the cold solution channel
Eq.(45)

Rmt total thermal resistance of the membrane

Rs sensible thermal resistence,

Ry universal gas constant (J/kmol/K)

T temperature°C)

T (T—=Tei)/(Thi — Tei)

Tc (Te — Tei)/(Thi — Tei)

Th (Th — Tei) (Thi — Tci)

Uc the velocity inx; diection (m/s)

I/TC Ucluci

Ugi the velocity at the inlet of the cold channel
(m/s)

Un the velocity inx, diection (m/s)

LTh uh/uhi

Uni the velocity at the inlet of the hot channel (m/s)

% y component of feed solution velocity (m/s)

Ve the velocity iny, direction (m/s)

Vh the velocity inyy, direction (m/s)

Xc coordinate along the solution flow in the cold
channel (m)

Xc Xc/dh

Xh coordinate along the solution flow in the hat
channel (m)

fh Xh/dh

Ve coordinate normal to the solution flow in the
cold channel (m)

Ve Yc/dn

Yh coordinate normal to the solution flow in the
hot channel (m)

Yh Yh/th

Ws mass fraction of NaCl

ws Ws/Wsi

Wi inlet value of the mass fraction of NaCl

AP

ATy

m X ™

> T3

Greek letters
water vapor pressure difference between the

membrane (Pa)

temperature difference between the air gap hot

and cold sides°C)

volume coefficient of expansion (1/K)
tortuosity

thickness or width (m)

porosity

process thermal efficiency

dynamic viscosity (kg/ms)

density (kg/nd)

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
of 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
I liquid water
m membrane
mg membrane/air gap interface
p cooling plate
S solution
T Total
% vapor
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