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ABSTRACT

A new design of the air gap membrane distillation (AGMD) system equipped with a solar
absorber was investigated theoretically and experimentally for saline water desalination,
which integrated the immediate assisted solar (IAS) absorber as an additional heat supply
source and the AGMD process to produce high purity water, say the IAS—~AGMD system.
The theoretical formulations were developed and the resultant equations were solved by
the Newton—-Raphson method. The theoretical predictions show that the IAS—~AGMD system
accomplishes a better device performance in pure water productivity than that of the con-
ventional AGMD system. The good agreement was achieved between the theoretical predic-
tions and the experimental runs in the present study. The effects of the fluid inlet
temperature, volumetric flow rate, air gap thickness, and incident solar radiation on the heat
transfer efficiency and pure water productivity were also delineated. The theoretical results
indicate that the pure water productivity increases with increasing the inlet temperature of
hot fluid, volumetric flow rate, and incident solar radiation but with decreasing the air gap
thickness and inlet cold fluid temperature. Moreover, the theoretical prediction of the opti-
mal process thermal efficiency in the IAS~AGMD system was obtained as the air gap thick-
ness is 2.5 mm.

Keywords: Air gap membrane distillation; Solar collector; Saline water desalination; Pure
water; Productivity improvement

1. Introduction

Potable water supplies are generally from lake or
ground water with the water-shortage problem of the
near future. Fortunately, seawater is an abundant
resource and nearly inexhaustible storage that covers
three quarters of the earth’s surface if its high salinity
could be removed by suitable separation processes.

*Corresponding author.

The desalination of dissolved salts has received a great
deal of attention in the literature with applications
and developments of membrane distillation (MD) sys-
tems [1-3]. It is natural to speculate on the applicabil-
ity of MD to four configurations with the classification
on the nature of the cold side of the membrane, i.e.
direct contact (DCMD), air gap membrane distillation
(AGMD), sweeping gas (SGMD), and vacuum (VMD).
The advantages of MD systems lie in their simplicity
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and low operating cost by using low-grade thermal
energy. The transport mechanism of the MD technol-
ogy is a thermal-driven process to create a pressure
gradient, in which only water vapor molecules are
transported across porous hydrophobic membranes.
Nearly 100% rejection of dissolved solids [4] provides
high quality condensate resulting in the high purity
water production.

There are several factors that affect the cost of pure
water productivity such as plant capacity, qualified
labor, energy cost, and amortization [5-7], and energy
cost is the most concerned issue on some dominant
devices for desalination with the alternative renewable
energy source. The promising substitute for fossil fuels
is solar energy to reduce environmental pollution and
to immediately and easily equip MD systems, where
energy demand is supplied entirely by flat-plate solar
thermal collectors and photovoltaic cells. The applica-
tion of solar energy has been developed by several
investigators [8,9]. The solar driven MD desalination
system has become economic and technically feasible
strategies for drinking water production due to the
advance of membrane materials and technology for
last decades. The AGMD is best suited for applications
where water vapor is the major permeate component
[10-13]. The purpose of interposing an air gap in the
AGMD systems between the membrane and condensa-
tion surface is to allow the water vapor diffusing
through the air gap channel and in contact with the
cooling plate. AGMD is one of the phase change desa-
lination process and can be more economic by adding
alternative energy sources, the most suitable solar
energy, is considered cheap and accessible. Solar
energy was collected with an absorber plate for pre-
heating seawater to drive the phase change process in
a smaller installation of membrane separation mod-
ules. A new design of immediate assisted solar air gap
membrane distillation (IAS~AGMD) is a small-scale
unit which combines the advantages of the traditional
AGMD system and the thermally driven process with
implementing solar absorbers onward the top surface
as the heat source. The thermal-driven membrane sep-
aration process that involves transport of vapor
through porous hydrophobic membranes may be
employed to produce portable water in remote vil-
lages or rural areas with drinking water shortage. The
potential for this process should be a technically feasi-
ble consideration with coupling a compound parabolic
collector (CPC type) although the solar thermally dri-
ven MD process is relatively expensive when com-
pared with other desalination processes. The
promising cost advantages over rival desalination
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technologies may be exploited due to technological
improvements and improvements in new membranes
and module designs.

The solar radiation was collected with an absorber
plate [14] for supplying the thermal energy required
to preheat seawater and to result in a vapor pressure
difference across the membrane owing to a tempera-
ture difference, and thus, the water vapor transports
through the membrane with the water condensate col-
lected on the cooling plate. Under laminar flow opera-
tion, the electricity requirements are lower than that in
other conventional pressure-driven desalination pro-
cesses [15]. The purposes of this study are to design
an economic IAS-AGMD system when compared to
the traditional AGMD system and to develop a mathe-
matical model for predicting the pure water produc-
tivity of the IAS—SAGMD system. The absorber plate
and flow channel temperature distributions were
obtained to investigate the pure water productivity
and the effects of the operating parameters. The influ-
ences of inlet hot and cold fluid temperatures, volu-
metric flow rate, air gap thickness, and solar
irradiation strength on the pure water productivity are
also discussed.

2. Mathematical modeling of the IAS-AGMD
conventional AGMD systems

For the IAS-AGMD and conventional AGMD
systems, the heat transfer mechanisms take place in
the domains including the hot feed, membrane, air
gap, cooling plate, and the cold fluid of the distillation
process are shown in Figs. 1(a) and 1(b), respectively.
The vapor flux diffuses through the membrane and air
gap prior to be cooled and collected. The tilted
module used in the present study was set up at an
angle of 27°C to the horizon for simulating IAS-
AGMD device as referred to angle incident [16]. The
theoretical analysis is based on the following assump-
tions: (a) physical properties of fluid, plates, and mem-
brane are constants; (b) the condensate forms a thin
liquid film and covers the entire condensing surface;
(c) well insulation on the bottom and edge sides of
modules; (d) under steady-state operations. The pure
water productivity was estimated by solving the
energy balance equations for (1) the hot feed stream,
(2) hydrophobic membrane, (3) air gap, (4) cooling
plate, (5) cooling water, (6) glass cover region, and (7)
absorber plate region. These energy balance equations
under steady-state operation for the convectional
AGMD may be written as follows:
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Fig. 1(a). Heat and mass transfers in the conventional AGMD module.
Glass Absorber  Bulk o Cooling Bulk
cover Hot liquid Membrane Air Gap plate  Cold liquid
o e s S —
THo TC{] §
A A A}
a,zl ? ? ? HE §
- T A R \
A R
ad, N
— Hot fluid Cooling fluid |3
N
T, T, T/ § T,
: . . N
Q. .0, Q, \
«— — =" — = N
N
N
o~
\
; N
0, A A A A AR
«— 'l P N
P Pl R
P PEE R
N3
. | _Ta_ R
Tg Tml Tmz sz Tp3

Fig. 1(b). Heat and mass transfers in the immediate assisted solar IAS~AGMD module.

2.1. The hot solution region

The net enthalpy flux entering to hot feed stream
is equal to the heat flux transferring by convection

VyC
Q/cll = h( }{*Tml) :% (Tyi — Tho)
or
VuC
I ( ;{_Tml)+w (Tro — Thi) =0

LW

2.2. Energy flux from hot feed stream to membrane surface

The total enthalpy flux transferring to membrane
surface is the sum of the heat conduction across the
membrane, the enthalpy contents of the horizontal
water vapor flow and the enthalpy of evaporation for
water,

(1

(2) Qé/l = hl (T;—I - Tml)
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k
= Qo+ Q0 + Q= (5_m + N,';va> (Tyn — Tin2) + N, 2
m
3)

where T}; = % and k,, = ¢k,;, + (1 — €)ks1iq, and then
Eq. (3) can be rewritten to Eq. (4)

hy [TH{ —; Do _ m1:| - N4
kair 1 — &)kspii
B [s + (5 &)ksolia LN CPU] Ty — Typ)
=0 4

2.3. Energy flux from membrane through air gap domain to
cooling plate surface

The energy flux transfers across the air gap in a
similar way as described above. The total energy flux
transferring to the cooling plate surface is the sum of
both heat conduction and convection across the air
gap between the temperatures at the interfaces of both
sides of air gap, say membrane (T,,) and air gap
(sz), the enthalpy contents of the horizontal water
vapor flow and the enthalpy of vapor.

Qu=0Q5+Qn+Q1,
= (U + N5Cpy) (Ty — Tp2) + N34 (5)

where U, = hy +’(§_§ and k; = y,k, + (1 — yuw)kair, and Eq.
(5) can be rewritten to Eq. (6)

hy (T;-I — Tm1) — (Uz +N§’va) (Tm2 — sz) — Ng)n =0
(6)

2.4. Energy flux transferring through the cooling plate

As the vapor flux reaches the condensation surface,
it condenses and forms a condensate film. The con-
densate film thickness was estimated to be
85x10° m [13], and thus, the thermal resistance in
the condensate film domain during this model deriva-
tion can be neglected. Meanwhile, pure water produc-
tivity is small in the present work, and no flooding of
water and the condensate film covering entire conden-
sation surface were assumed. When the energy flux
reaches the condensation surface, the enthalpy content
of the condensed water was transported downward to
the cooling plate, the enthalpy of evaporation could be
transported by heat conduction from the condensation
surface to the cold feed stream with the temperatures
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at the interfaces of both sides on the cooling plate, say
sz and Tp3

~Tps) @)

2.5. Energy flux from condensation layer to cold feed
stream

The amount of energy transfer from the cooling
plate to the cold feed stream is described as

Qly = h3(Tys — T¢) 8

Eq. (8) can be rewritten if the equivalent thermal resis-
tance with the temperature difference (Tp, — T) was
used

5 -1
QL = (—” + 13) (Tpo — T¢) ©)
14

2.6. The cold feed region

The energy flux entering to cold feed stream is
equal to the energy flux transferring by convection to
the flowing fluid

"o ,OCVCCPC

QC3 - LW (10)

(Teo — Tci)

In addition, there are two more energy balance
equations for describing the energy flux in IAS-
AGMD systems were needed due to the IJAS-AGMD
device by adopting the widespread flat plate collector
(FPC) as the heat supply source. The FPC has a coated
absorber plate with the open duct for transporting
heated saline water, a glass pane covered on the top,
and insulation on the sides and the bottom. The mass
and energy fluxes for all layers are illustrated in
Fig. 1(b) with adding the heat transfer rate by convec-
tion from the absorber plate Q; as follows:

2.7. The glass cover

o%lo + Qi + Qo = Qi + Qg an
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a(T4 - T4)
"o po 8
QCO_hO( Tg)7Qr0_l/6p+l/6g—l7
Q = ( _Ta)v Qm—eg ( _Tu)
1
Fpe = (12)

1/e, +1/eg — 1

Substitutions of all definitions in Eq. (12) into Eq. (11)
yields

OCgIO + hoTp() +h, T, + Fng'(T?JO — Tg)

_ _“eg(Tg—T;l)
& h0+hu

(13)

2.8. The absorber plate

Thermal energy flux was provided to heat the
flowing fluid according to a given solar incident radia-
tion, and the energy balance equation for the absorber
plate as

aapTgIO Q QZ’IU + Q;/p (14)
k
Qz/z/p 5l (TPO Tpl)
= (T = Tyy) = Q4 (15)

Eq. (15) can be rewritten if the equivalent thermal
resistance with the temperature difference (T,o — Th)
was used

0 1\
/" P /
Q=L+ Two—T (16)
p (kp h1> ( p0 H)

Substitutions of Egs. (12) and (16) into Eq. (14) gives

Ik
o, Tely + (ka:h’”lép) Tjy + hoTy — Fpgo(Té — T2)

hy + hg

Ty =
17)

Combination of Egs. (9) and (10) gives the energy flux
to the cold feed stream, i.e.
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y 511 1\ ! pcVeCpc
(18)
or
5 1\ Tei+ T
no_ (7P - _tGT G
Qe = (k,, +h3> <T,,2 2 )
VeC
= pCTCLPC (Tco — Tci) (19)

where T = (Tci + Tco)/2. The outlet temperature of
the cold stream is thus obtained as

]’l3kp PCVCCPC h3k
had, 1k, 2T (2 LW 7o, +k )TC’
Co = > pCVcCpc 4 ]’l3kp
LW " I3, +k,

(20)

Similarly, the equivalent thermal resistance in
terms of the temperature difference (T, — T¢;) was
used to express the energy flux from the cooling plate
to cooling fluid including all thermal resistances as
follows:

(1)

o - <5,, 1 WL

-1
Lh—t o) (T —Ta
ky I ZpCVCCpc) (Ty2 ~Ta)
Since the heat transfer rate from the hot feed stream
to cold fluid of the distillation process is constant
throughout in all transferring layers, as seen in both

Figs. 1(a) and 1(b), it follows that Q7; = Q;

5 1 WL
! — _ -
(T — Tin) <k + s + 3V eCpe

) (a1

(22)

The heat transfer coefficients were estimated in
correlated equation using for the Nusselt number [17]
if the channel surface is smooth and under the laminar
flow

0.036 RePr (%)

Nu =4.36 + o
1+0.011[RePr(%)]

(23)

However, the correlated equation for titled surface
was investigated by Ayyaswamy and Catton [18] with
existing in finding a boundary layer regime from
$=0" to ¢=90" and Raleigh number Ra is high
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enough, and the convective contribution to the heat
transfer should follow the simple scaling law [19]

hy0
Nuzzﬁzlﬁ-
k>

L\ /9
0.197 (5—> Ray/* — 1] sing (24)

2

where Ra, is defined as [20]

sat

3 P . Psnt
Ray = 8% l(Tmz _Ty) Mnﬁ} 25)

V20 )" 3 65Pr — P

Moreover, there are two more heat transfer coeffi-
cients required for operating the IAS-AGMD system,
say hp in the air layer and h, for the ambient air.
Hollands et al. [21] obtained an empirical expression
for the heat transfer coefficient in free convection of
an inclined air layer heated from below as

— 0 0_
Nuo— lO -
1,;08

+
=1+1.44|1- 1
+ { Rag cos ¢] (

1 +
Ragcos ¢\ ? _1
5,830

~ 1,708sin (1.84)"°
Rag cos ¢

(26)
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Vool Voo
(Ix] +x)
>

The convective heat-transfer coefficient for air
flowing over the glass cover may be calculated using
the following empirical equation [22]

h, =48+3.3V (27)

2.9. The solution procedure

There are four unknown temperatures, the temper-
ature on the both sides of membrane surfaces (T,
and T,,), temperature on the cooling plate (T},), and
outlet temperature of the hot stream (Ty,), were deter-
mined by solving Egs. (2), (4), (6), and (22) numeri-
cally with the use of Newton-Rophson method, as
indicated in Fig. 2. The Newton-Raphson method is a
powerful technique for solving non-linear algebraic
equations known on roots finding with devastating
efficiency. The outlet cold stream temperature (Tc,)
was thus checked by Eq. (20) once the above four tem-
peratures were obtained. Prediction of the improve-
ment of the convectional AGMD device performance
is to calculate the water permeate flux from the hydro-
phobic membrane. The mass transfer driving force

— [AS-AGMD
---» AGMD

Guass temperature of absorber (Z,) and output cooling

water(T,)

v

Compute temperature of glass cover (7,) by Eq. (13)

v

Use Newton-Raphson method to compute temperature of
hot fluid outlet (7;,), the both sides of membrane
surfaces (Z,~T,,) , cooling plate(7,,) by Eq. (2) ~ (4) ~

(6) ~ (22)

vy

Compute new temperature of absorber (7;0) and output

cooling fluid (Ta)

v v

check [T/, —T,,,|and

<10%

Tgo _TCa

vy

Compute Vapor Flux(N;)

Fig. 2. Flow diagram of the algorithm for prediction of the vapor flux.
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across the membrane is the difference in saturated
pressure components on both membrane surfaces as a
response to the temperature gradient, and hence, the
vapor flux diffusing to the cooling plate as the col-
lected water condensate. The following equation can
be used to express the amount of vapor flux that
passes through the membrane pores:

N" = CAP = C,, (P — P5%) 28)

where P and Pi% are the saturated pressure of water
vapor on the membrane surfaces in hot feed stream
and on the air gap layer. For non-ideal binary mix-
tures, the partial pressure can be determined as

P = yy p = xy Ay P (29)

ml
where y,, and x,, are the vapor and liquid mole frac-
tions of water, respectively, and P and P are the
total pressure and saturation pressure of pure water,
respectively. The water activity in NaCl solutions a,, is
a function of the temperature and composition deter-
mined [1]. For the NaCl solution, the effect of lowered
water saturation vapor pressure by the non-volatile
solute can be accounted for using the correlated
expression for water activity coefficient (a,,):

ap =1 — 050801 — 1023,y 30)

The equation of the membrane permeation coeffi-
cient is reported to be applicable for deaerated micropo-
rous membranes [23] with the dominant mass transfer
mechanism of Knudsen diffusion and molecular diffu-
sion by using a semi-empirical equation as follows:

1 1 \!
O D
(Ckm CMm>

Loea T (Ma)” _1+ 1 Dype My 1™
18, \RT, Y ©6 RT,,

-1

1)

where the tortuosity ¢ of the porous hydrophobic, say
PTFE, was estimated [24]

(32)

1
T=-
€

Moreover, the equation that expresses the molar vapor
diffusion flux in terms of the saturated pressure of
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water vapor on both sides of the air gap layer when it
diffuses through a stagnant air film

Ny = Co(Py; — Py) (33)
in which the diffusion coefficient is [25]
1 D, M
CG=Cwm=|c"2-~ 34
2 M2 (Yln 5, RT) (34)
Combination of Egs. (28) and (33) gives
N;/1/1 = Ng = N% = CT (xwafer Awater Pi,lﬁ - P;azt) (35)

where

c (gnkL)*(g_+;Lﬂ_1)”
T Cn G Con  Cuvm  Cwm2
1/27 1 1 Doe -1
_ ) |1.064 v (Me 4 | L Dme My
T0m \RT, Y 6, RT,,

@L&%911
Yin 62 RT»

3. Experimental apparatus and setup

The integrated MD setups for the IAS~AGMD and
conventional devices are illustrated in Figs. 3(a) and
3(b), respectively. The IAS—~AGMD and conventional
AGMD devices are 0.25m in effective width and
0.20 m in effective length with 0.002 m thickness in
channel height, and distance among glass cover and
absorber plate is 0.01 m of IJAS~AGMD module. The
IAS-AGMD module was constructed including glass
cover, acrylic plate, blackened absorber plate, flexible
silicon frame as the fluid spacer, composite membrane
PTFE, and cooling plate, and then combined together
with screws and nuts, as indicated in Fig. 4(a) while
the AGMD module without the glass cover, acrylic
plate, blackened absorber plate are shown in Fig. 4(b).
The spacers are made of silicon dioxide (silicon gel) to
create channels for fluid flowing. The wound grid of
nylon fibers with 1.4 x 107" m of diameter inserted
between the spacer and membrane surface to prevent
from membrane bending and wrinkling in the hot
stream channel while the galvanized gridiron was
implemented as a support between the spacer and
membrane surface in the air gap channel, as shown in
Figs. 4(a) and 4(b), respectively. The acrylic plate has

+

(36)
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(A) Hot fluid thermostat

(B) Cold fluid thermostat

(C) Beaker and electronic balance
(D) Flow meter

(A) (E) Pump

(F) Membrane distillation module

Y (E) ©)

Fig. 3(a). Experimental setup of the conventional AGMD
system.

7,8,V
’A&%ivm“ﬁ 27 deg.
@

(A) Hot fluid thermostat
(B) Cold fluid thermostat

1 g (C) Beaker and electronic balance
ﬁ, (D) Flow meter
A (©) (E) Pump
(F) Membrane distillation module

(G) Transformer and infrared lamps
(H) Pyranometer sensor

Fig. 3(b). Experimental setup of the IAS~AGMD system.

three distribution holes for the fluid flowing in and
out at both entrance and exit ends, respectively. The
experimental equipment for IJAS-AGMD was carried
out with an artificial simulator consisting of 8 lamps
by a transformer to adjust irradiance intensity. The
incident solar radiation I, was measured with an Ep-
ply laboratory pyranometer. The saline water flows
into both the IAS-AGMD and conventional AGMD
modules with the same inlet temperature for compari-
sons except for the saline water being heated under
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the absorber plate in operating the IAS~AGMD sys-
tem. In all experimental runs, the IAS~AGMD and
conventional AGMD systems were inclined at an
angle of 27° and well insulated except for the glass
cover to prevent the heat loss to the environment. The
hot feed fluid is an aqueous solution of 3.5 wt%
sodium chloride and the cold fluid is the pure water,
and the permeate flux was overflowed and measured
by using an electronic balance. Under the given oper-
ating conditions, the overflowed pure water was col-
lected and weighed using an electronic balance at
10 min intervals until steady state was reached as
indicated by no change in weighing the produced
pure water. The results were compared with the
mathematical models in this paper. The pure water
productivity using the IAS-AGMD module is
enhanced by 2.6-13.4% when compared to the conven-
tional AGMD module for implementing the IAS absor-

ber due to increasing the inlet saline water
]]I I I I I ]I (1) (1) Screw
] I (2) Glass cover

‘I‘II I I ‘I ‘I I’ I -« (3) Acrylic frame

(4) Absorber plate
i Y ﬂlo f (5) Silicon frame

9/O/ f 7 =@  (6)Membrane
i p (7) Galvanizediron grid
@ (8) Cooling plate
(9) Nut

-—0)

()

-—()

)

-—(8)

y «—0)
i
i -0
(=]

)

Fig. 4(a). Isometric view of the JAS~AGMD module on its
sides.
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(1) Screw

(2) Acrylic frame

(3) Membrane

(4) Silicon frame

(5) Galvanized iron grid
(6) Cooling plate

(7) Nut

]I I I I Ill]]<—(1)
L

it —e
Rt

-0

-—®

Fig. 4(b). Isometric view of the AGMD module on its
sides.

temperature, as indicated in Tables 1-4. The experi-
mental runs were conducted for various inlet hot fluid
temperatures (313, 318, 323, 328 K), inlet cold fluid
temperatures (288, 293, 298 K), and flow rate
variations (0.3, 0.5, 0.7, 0.9 L/min) and monitored con-
tinually. The flow rates of both hot and cold fluids
were kept the same.

Table 1
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4. Results and discussion

The influences of the main parameters on vapor
flux N7 for both conventional AGMD and IAS IAS-
AGMD are analyzed. These include the inlet hot fluid
temperature, inlet cold fluid temperature, flow rate,
solar radiation intensity, and air gap thickness. The
differences between the theoretical predictions and the
experimental results are less than 10%. The results of
vapor flux with varying the air gap thickness, the inlet
hot fluid temperature, and with or without the solar
intensity are shown in Table 1 while the vapor fluxes
with the inlet cold fluid temperature as a parameter
are shown in Table 2. The vapor flux productivity
increases with increasing the hot fluid inlet tempera-
ture, therefore, a relative smaller amount of vapor flux
was produced in IAS-AGMD systems operated at
lower hot fluid inlet temperatures, and thus, a larger
relative error is calculated by Eq. (37) in Table 1.
Restated, a slight increment of the vapor flux with
decreasing of the inlet cold fluid temperature was
observed due to the increase in the partial pressure
gradient, as referred to the driving force, and hence,
the vapor flux of AGMD device is not very sensitive
to the inlet cold fluid temperature, as indicated in
Table 2. This negligible influence can be attributed to
the low water vapor pressure, which is obtained from
Antoine equation at lower temperatures, and results
in little benefit due to the small driving force incre-
ment of the hot and cold sides. The air gap thickness
and inlet hot fluid temperature are the most important
factors affecting AGMD device performance, as indi-
cated from Tables 1 and 2. The vapor flux increases
with increasing the inlet hot fluid temperature, but
with decreasing the air gap thickness and inlet cold
fluid temperature.

Comparisons of simulation and experimental results for AGMD and IAS-AGMD of different thickness of the air gap,

Tei=298 K, Ve = V=09 L/min

AGMD IAS-AGMD (I, =830 W/m?)
Air gap (mm) Ty (K) N (kg/m?h) Ny, (kg/ m>h)  Error (%) N/, (kg/m”h) N, (kg/ m?h)  Error (%)
2 308 0.593 0.558 6.27 0.631 0.577 9.36
318 1.496 1.453 2.96 1.552 1.595 2.70
328 2.742 2.687 2.05 2.819 2.837 0.63
4 308 0.338 0.322 4.97 0.360 0.333 8.11
318 0.879 0.799 10.01 0.914 0.882 3.63
328 1.678 1.710 1.87 1.729 1.731 0.12
10 308 0.151 0.149 1.34 0.161 0.152 5.92
318 0.404 0.399 1.25 0.421 0.420 0.24
328 0.801 0.858 6.64 0.827 0.864 4.28
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Table 2
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Comparisons of simulation and experimental results for AGMD and IAS-AGMD of different cold fluid inlet temperature

and fluid flow rate, T; =323 K, V=0.9 L/min

AGMD IAS-AGMD (I, =830 W/m?)
Ni N, Ni N,
Air gap (mm) T¢; (K) Ve (L/min)  (kg/m*h)  (kg/m®h)  Error (%) (kg/m*h)  (kg/m*h)  Error (%)
2 298 0.3 1.996 1.974 1.11 2.059 2.126 3.15
0.5 2.040 2.051 0.54 2.105 2.181 3.48
0.7 2.061 2.061 0 2.127 2.203 3.45
0.9 2.074 2.142 3.17 2.140 2.313 7.48
293 0.3 2.207 2.329 524 2.271 2.551 10.98
0.5 2.246 2.355 4.63 2.311 2.563 9.83
0.7 2.264 2.366 4.31 2.329 2.567 9.27
0.9 2.275 2.376 4.25 2.341 2.573 9.02
288 0.3 2.369 2.438 2.83 2.433 2.609 6.75
0.5 2.401 2.498 3.88 2.466 2.653 7.05
0.7 2416 2.582 6.43 2.480 2.703 8.25
0.9 2424 2.606 6.98 2.489 2.706 8.02
4 298 0.3 1.216 1.143 6.39 1.258 1.315 4.33
0.5 1.231 1.183 4.06 1.273 1.360 6.40
0.7 1.238 1.223 1.23 1.281 1.368 6.36
0.9 1.243 1.264 1.66 1.285 1.397 8.02
293 0.3 1.332 1.333 0.08 1.373 1.468 6.47
0.5 1.344 1.358 1.03 1.386 1.545 10.29
0.7 1.350 1.366 1.17 1.392 1.546 9.96
0.9 1.354 1.381 1.96 1.396 1.566 10.86
288 0.3 1.418 1.462 3.01 1.459 1.556 6.23
0.5 1.428 1.470 2.86 1.470 1.610 8.70
0.7 1.433 1.481 3.24 1.474 1.662 11.31
0.9 1.435 1.504 4.59 1.477 1.664 11.24

The accuracy of the theoretical predictions of vapor
flux by measuring the deviation from the experimental
results was estimated using the following definition as

Ney
L — |'7theo.i - nexp.i|

Ntheo,i

E_

— x 100%
nexp i=1

(37)

where 7,y ;, Ny, ; and N:fxw are the number of experi-
mental runs, theoretical prediction, and experimental
results of vapor fluxes, respectively. The accuracy
deviations are shown in Tables 3 and 4 for both
AGMD and IAS-AGMD configurations, respectively.
The agreement between the experimental results and
theoretical predictions is fairly good with the error
analysis of 0 <E <17.11 and 0.53 < E £10.96 for vari-
ous hot fluid inlet temperature and various solar radi-
ation, respectively, as shown in Figs. 5 and 6.
Although the deviation is relatively high for some
experimental runs, a qualitative agreement pertaining
to the trend of vapor flux productivity is achieved.

The largest deviation occurs at the lower hot fluid
inlet temperature of AGMD systems since a relative
smaller amount of vapor flux was produced in AGMD
systems operating at lower hot fluid inlet tempera-
tures, and thus, a larger relative error is calculated by
Eq. (37) in Table 3.

The experimental results show that the vapor flux
increases with increasing the hot feed flow rate to be
explained by the temperature polarization phenome-
non, as confirmed in Table 3 and Figs. 5(a) and 5(b)
for both conventional and immediate assisted soar
AGMD processes. The operable condition to reduce
the temperature and concentration polarization effects
in AGMD process is aiming to increase the hot feed
flow rate for establishing an adequate hydrodynamic
condition under turbulent flow regime. Consequently,
the boundary layer thickness reduction comes up with
a driving force increment of vapor pressure difference
and a higher vapor flux through the hydrophobic
membrane. Moreover, the amount of the vapor flux is
more sensitive to Vg because the heat transfer



3856

Table 3
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Comparisons of simulation and experimental results for AGMD and IAS-AGMD of different hot fluid inlet temperature
and fluid flow rate, T;=298 K, Vc=0.9 L/min

Air gap =4 (mm)

AGMD

IAS-AGMD (I =830 W/m?)

Ty () Vg (L/min) N/ (kg/m>h) Ny, (kg/ m*h)  Error (%) N/, (kg/m>h) Ny, (kg/ m?h)  Error (%)
313 0.3 0.534 0.456 17.11 0.610 0.606 0.66
0.5 0.560 0.487 14.99 0.609 0.556 9.53
0.7 0.573 0.492 16.46 0.608 0.560 8.57
0.9 0.580 0.496 16.94 0.608 0.531 14.50
318 0.3 0.796 0.738 7.86 0.887 0.868 2.19
0.5 0.843 0.797 5.77 0.902 0.914 1.31
0.7 0.865 0.798 8.40 0.909 0.919 1.09
0.9 0.879 0.799 10.01 0.914 0.922 0.87
323 0.3 1.104 1.206 8.46 1.212 1.275 4.94
0.5 1.181 1.231 4.06 1.252 1.279 2.11
0.7 1.219 1.241 1.77 1.272 1.306 2.60
0.9 1.243 1.264 1.66 1.285 1.397 8.02
328 0.3 1.461 1.496 2.34 1.585 1.602 1.06
0.5 1.580 1.606 1.62 1.664 1.664 0.0
0.7 1.641 1.665 1.44 1.704 1.695 0.53
0.9 1.678 1.710 1.87 1.729 1.731 0.12
Table 4

Comparisons of simulation and experimental results for AGMD and IAS-AGMD of different intensity of solar radiation,
Thi= 323K, T¢; =298 K, Ve =0.9 L/min

Iy (W/m?) Air gap (mm) Vg (L/min) Ny (kg/m”h) Ny, (kg/m? h) Error (%)
830 2 0.3 1.894 1.871 1.23
0.5 2.026 1.950 3.90
0.7 2.096 2.022 3.66
0.9 2.140 2.026 5.63
4 0.3 1.212 1.275 4.94
0.5 1.252 1.279 2.11
0.7 1.272 1.306 2.60
0.9 1.285 1.397 8.02
1,100 2 0.3 1.950 2.075 6.02
0.5 2.065 2.076 0.53
0.7 2.125 2.051 3.61
0.9 2.164 2.073 4.39
4 0.3 1.252 1.366 8.35
0.5 1.278 1.387 7.86
0.7 1.292 1.424 9.27
0.9 1.300 1.460 10.96
AGMD 4 0.3 1.104 1.206 8.46
0.5 1.181 1.231 4.06
0.7 1.219 1.241 1.77
0.9 1.243 1.264 1.66

resistance of the hot stream in AGMD system is the
dominant factor in affecting the total heat transfer rate.

comparing the theoretical predictions with the experi-
mental results. The error analysis between the model
The validations of both models were made by predictions and the experimental results are less than
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Fig. 5(a). Effects of hot fluid inlet temperature and fluid
flow rate on the vapor flux for the AGMD system.
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Fig. 5(b). Effects of hot fluid inlet temperature and fluid
flow rate on the vapor flux of the IAS~AGMD system.

10%. The results of variations of the air gap thickness,
solar intensity, and the flow rate of hot fluid are also
shown in Figs. 6(a) and 6(b) and Table 4. Both theoret-
ical and experimental results show that the vapor flux
increases with increasing the solar intensity but with
decreasing the air gap thickness. Meanwhile, the IAS-
AGMD system attained a higher vapor flux of
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Fig. 6(a). Effects of cold fluid inlet temperature and fluid
flow rate on the vapor flux of the AGMD system.
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Fig. 6(b). Effects of cold fluid inlet temperature and fluid
flow rate on the vapor flux of the IAS~AGMD system.

maximum value 13.4% than the conventional AGMD
system under the same operating conditions. The suit-
able selections of the design parameter of air gap
thickness (d,) and operating parameter of intensity of
solar radiation Iy on the process thermal efficiency in
air gap channel are presented in Fig. 7. The process
thermal efficiency in air gap channel can be defined as
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Fig. 7. The effect of the air gap thickness on process thermal
efficiency for both AGMD and IAS-AGMD systems.

ratio of the heat transfer due to production of the dis-
tillate and the total heat transfer across the membrane,
that is

B N
" N7+ (Uz + N§Cpy) (T — Ty

n (38)

It is seen from Fig. 7 that the process thermal effi-
ciency decreases with increasing the air gap thickness.
The theoretical prediction of the optimal thermal effi-
ciency in both AGMD and IAS-AGMD systems was
obtained as the air gap thickness of 2.5 mm.

5. Conclusions

The new design of IAS~AGMD module for desali-
nation has been investigated by both experimental
and theoretical approaches. The IAS-AGMD system
characteristics were implemented for both fluid heat-
ing and pure water production. The mathematical
treatments, which is developed by considering both
the heat and mass transfer of each layer of the module
and verified by experimental data, provides a conve-
nient tool for analysis of the IAS-AGMD module.
Experimental study has demonstrated its feasibility
and up to 13.4% of pure water production enhance-
ment was obtained by the innovative IAS-~AGMD sys-
tem. The hot fluid inlet temperature and the air gap
thickness are two significant parameters to affect the
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vapor flux in the air gap membrane desalination
system. Further study in the present work shows that
the TAS-AGMD with inserting solar absorber can
obtain a greater enhancement in water production due
to the assisted solar incident. The module scale and
water production capability of IAS-AGMD system
with TAS MD applications received a great attraction
in having potential for drinking water production.
Although the solar thermally driven MD process is
relatively expensive when compared with other desali-
nation processes, the design of thermal-driven mem-
brane separation processes may be applied to produce
portable water in remote villages or rural areas with
drinking water difficulties. The module size and water
productivity capability of IAS—~AGMD system have the
potential for the present process to be a technically
feasible consideration with coupling a more energy-
efficient CPC type of reflecting to the absorber all of
the incident radiation within wide limits. Thermal effi-
ciency and salt rejection are significant factors to be
improved in designing this IAS~AGMD membrane
technology to seawater desalination, and the prototype
has been developed and manufactured by the Swedish
company Scarab AB [26].
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Nomenclature

Ay — water activity in NaCl solution

Cp — heat capacity (J/(kg K))

C — membrane transfer coefficient of
membrane (kg/(m? Pa s)

C, — membrane transfer coefficient of air gap
(kg/(m? Pa s)

Ck — membrane transfer coefficient based on the
Knudsen diffusion model (kg/(m? Pa s)

Cm — membrane transfer coefficient based on

the molecular coefficient (kg/(m” Pa s)

D — diffusion coefficient (m?/s)

D, — hydraulic diameter (m)

E — deviation of the experimental runs from
theoretical predictions, defined in Eq. (37)

g — gravitational acceleration (m/s?)

h — heat transfer coefficient (W /(m* K))

k — thermal conductivity coefficient (W/m K)
L — conduit length (m)

Iy — intensity of solar radiation (W/m?

My — molecular weight (kg/mol)

N” — vapor flux (kg/(m>h)

Mexp — the number of the experimental runs
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Greek letters
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Subscripts
0 —
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Nusselt number

Rayleigh number

Reynolds number

Prandtl number

saturated pressure (Pa)

total pressure (Pa)

saturated pressure in membrane (Pa)
saturated pressure on plate (Pa)

heat flux (W/m?)

heat flux of absorber plate (W/m?)
heat flux of cooling plate (W/m?)
conduction or convention heat flux
(W/m?)

sensible heat flux (W/m?)

latent heat flux (W/m?)

Radiation heat flux (W/m?)
membrane pore radius (m)

gas constant (J/mol K)

temperature of atmosphere (K)
temperature of glass cover (K)
temperature of membrane (K)
temperature of plate (K)
temperature of cold stream (K)
temperature of hot stream (K)
average temperature of air gap (K)
overall heat transfer coefficient of air gap
(W/(m® K)

volumetric flow rate of both hot and cold
feed streams (m>/s)

conduit width (m)

liquid mole fraction of water

liquid mole fraction of NaCl

vapor mole fractions of water

mole fraction of air (Natural log mean)

thermal diffusivity

absorber fraction for absorber plate
absorber fraction for glass cover

tilt angle

thermal expansion coefficient (1/K)
thickness (m)

emissivity of glass cover to surrounding
emissivity of Absorber plate to glass cover
membrane porosity

latent heat of water (J/kg)

fluid density of feed solution (kg/m°)
membrane tortuosity factor

glass through fraction
Stefan—Boltzmann constant

(kcal /m* h K*

kinematics viscosity (m?/s)

thermal efficiency

in glass cover and absorber plate region
In hot stream region
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2 — in air gap region

3 — in cold stream region
a — atmosphere

air — air

C — cooling water stream
H — hot saline water stream
i — inlet

m — membrane

0 — out

[4 — plate

solid — solid membrane

T — total

v — vapor

exp. — experimental runs
theo. — theoretical predictions
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