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ABSTRACT

Temperature polarization plays an important role in determining the permeate flux of the membrane
distillation in an air gap membrane distillation (AGMD) module. This study aimed to increase the
pure water productivity of saline water desalination by applying helical wire on the circumference
of a concentric-tube AGMD module to reduce the temperature polarization occurring on the smooth
annulus tube of an AGMD module with a normal concentric-tube. Modeling equations of heat and
mass transfer in the new design of the AGMD device with helical wire winding on the annulus of a
concentric tube have been investigated theoretically and experimentally. The mathematical model
proposed in this study was used to correlate a simplified equation for estimating the heat transfer
coefficient and to predict the permeate flux accordingly. The effects of various operation parameters,
including the feed saline water temperature, feed volumetric flow rate, air gap thickness, and heli-
cal wire pitch, on the pure water productivity were also delineated. The permeate flux enhancement
for helical wire in the AGMD module could provide the maximum relative increment of up to 31.1%.
The temperature polarization coefficient found in this study is ranging from 0.5527 to 0.5451 for dif-
ferent hot feed temperature and flow rate, respectively. An optimal helical wire module was assessed
when considering both permeate flux enhancement and energy utilization effectiveness.
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1. Introduction

Membrane distillation (MD) was developed for pro-
ducing high purity water. In the process, salt impurities are
removed from seawater because only water vapor molecules
are transported across porous hydrophobic membranes;
as a result, pure water is produced from aqueous [1,2].
The water vapor penetrates through the membrane due to
the vapor pressure difference acting as a driving force across
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the membrane, and it then condenses on the cold side of the
membrane surface [3]. Potential applications of membrane
distillation have advantages for versatile separation tech-
nologies based on vaporization because of its simplicity and
low operating cost, and it is considered a thermally-driven
process that has been discussed by a number of research-
ers [4,5]. The advantage of the MD module is that it can be
operated in a relatively low temperature and low-pressure
stream driven by low-grade heat, such as the utilization of
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waste heat from industrial processes or the heat generated
from renewable energy sources [6-8].

To improve the MD performance, namely the permeate
flux and energy or thermal efficiency of the MD system, pre-
vious studies tried to find how the membrane material, the
configuration of the MD module, and the operation param-
eters on MD performance. Both organic and inorganic mem-
brane materials are considered before. The organic materials
are polymers types such as polytetrafluoroethylene (PTFE)
and polyvinylidene fluoride, while ceramics membrane
was the typical inorganic material other than new materials
such as graphene nanofiber [9]. Despite the permeate flux
performance, the significant difference in heat conductivity
between organic and inorganic membrane materials reveals
an obvious difference in their thermal efficiency. Other than
the membrane materials, the membrane specifications such
as pore size, porosity, and thickness on membrane perfor-
mance were thoroughly tested before [10]. To manufacture
specific morphological characteristics of the membrane in
the rendering process for improving MD performance was
explored [11]. Some studies compared single MD modules
with multiple stage modules, where the modules were
arranged in parallel, series, or mixed were compared. [12].
Many valuable factors that can improve MD performance
were found in the above studies. Other than the MD system
itself, scaling prevention or mitigation is the other challenge
for the MD system in practical operation to reduce perme-
ate flux degrading. How the mechanical and chemical prop-
erties of the membrane may affect to lessen scaling or to
endure scaling or fouling cleaning in the membrane were
investigated [13].

The configuration of the MD system such as direct
contact MD (DCMD), air gap MD(AGMD), sweep gas MD
(SGMD), and vacuum MD (VMD) were broadly explored
before in comparing MD performance for various MD con-
figurations and operational parameters. Among them, air
gap membrane distillation (AGMD) has been found to be
one of the most energy-efficient MD devices among differ-
ent types of MD modules [14] according to the MD tech-
nique proposed by Findley [15]. A flat sheet AGMD module
[16] was adopted firstly, followed by spiral-wound [17] and
hollow fiber [18,19] AGMD modules for desalination, which
were developed to improve the permeate flux. In AGMD
system, a major heat resistance occurs at the air gap because
of the low heat conductivity of air. Many studies tried to
improve heat transfer by adjusting the width of the gas gap
[12]. An innovative design of water gap MD (WGMD) or
liquid gap MD (LGMD) system was proposed to pass the
gap with distilled water, and the system was found to be
able to improve MD performance both in permeate flux and
thermal efficiency significantly [10,12,20]. The other major
heat resistance occurs on the boundary layer of the hot feed
side of the membrane. The high heat loss creates a tempera-
ture gradient inside the boundary layers of both membrane
surfaces in the evaporator and the condenser channels
[21], resulting in the decrement of trans-membrane mass
flux [22,23] due to the temperature polarization effect. The
temperature polarization decreases the bulk stream tem-
perature difference of both the hot feed and cold permeate
streams. Although some heat recovery schemes [24] or fin
arrangement in coolant plate were considered to improve

MD performance [25], these improvement schemes mainly
focus on the improvement on the permeate side of the mem-
brane. Khalifa et al. [10] indicated that the effect of concen-
tration polarization on permeate flux is much smaller than
that of the temperature polarization [10], therefore how to
improve heat transfer on hot feed side becomes critical to
advance in enhancing AGMD system performance.

Many researches have investigated how to reduce tem-
perature polarization with the use of eddy promoters in
the feed flow channel, such as turbulent promoters [26],
implementing filaments [27], tubular fin arrangement [28],
and using tubular fin arrangement [29], thereby resulting
in the temperature polarization being lessened and the
distillate flux being enhanced. However, the distillate flux
enhancement is accompanied with power energy consump-
tion increments owing to the friction loss introduced by
implementing eddy promoters in the flow channel needs
more assessment. The sea water stream flowing through the
annulus of a concentric-tube AGMD module with inserting
a tight-fitting helical wire has proved to enhance the device
performance [30]. Inspired by this, a new design with helical
wired concentric-tube AGMD module was developed the-
oretically and experimentally for investigating an AGMD
module that improves distillate flux with acceptable energy
efficiency.

In this study, the permeate enhancement of the helical
wired concentric-tube AGMD module was predicted using
a theoretical model and validated with experimental data.
Correlated expression of the heat transfer coefficient as
referred to Reynolds number was developed utilizing the
experimental results and the theoretical model. The effects of
the helical wire pitch and the operation conditions on the dis-
tillate flux, as well as the ratio of distillate flux enhancement
with energy consumption increment, were also analyzed
for the trade-off assessment between AGMD performance
enhancement and the corresponding increase in energy
consumption.

2. Theoretical model

A concentric-tube AGMD module with a helical wire
winding on the shell side was constructed to conduct con-
current operations to improve the distillate flux of pure
water, as shown in Fig. 1. Two types of the helical wire
pitch were tested, and a comparison of the performance for
both modules with the helical wire channel and the empty
channel was made. A mathematical model was developed
considering both heat and mass transfer mechanisms to
analyze the vapor molecules transported through porous
hydrophobic membranes and to compare the pure water
productivity in the AGMD module with and without helical
wire. The mass transfer occurred in the porous membrane
and air gap channel, while the heat transfer also took place
in hot feed saline water, membrane, air gap, cooling plate,
and cold water among the distillation process, as shown
in Fig. 2. The theoretical analysis was performed based on
the following assumptions [31,32]: (1) under normal atmo-
sphere pressure; (2) a hydrophobic membrane; (3) no cap-
illary condensation inside the pore of the membrane; (4) no
reaction between the saline and the membrane; (5) no effect
of the saline composition on the saturated vapor pressure;
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(6) constant physical properties of the fluid, plates, and
membrane; and (h) stagnant air within the membrane pore.

2.1. Heat transfer

The non-isothermal process in the AGMD system
created a temperature difference across the whole module,
resulting in heat and mass transfer, and thus producing
pure water. The heat transfer model considered the energy
balance of the enthalpy flow in each heat transfer region
for (1) the hot feed stream; (2) the hydrophobic membrane;
(3) the air gap; (4) the condensed pure water layer; (5) the
cooling plate; and (6) cooling water under a steady-state
operation, as shown in Fig. 3a. The energy balance equations
of the model in each region are depicted as follows:

In the hot feed saline stream region:

q;::hh(Th_T]) (1

At the membrane:

" kln "
q/nzg (TI_TZ)+N}\‘ (2)
Inside the air gap:
" ka "
qazg(Tz_Ts)"'N}‘ 3)

a

In the condensed water layer with the heat transfer
coefficient for the condensate film [33]:

s ag U4
pgkkf)] (Ta_T4) 4)

qFﬂAR_HFQ%%FME—E

At the condensing plate:

k
q = ;”(n -T,) ®)

P

In the cooling water:

q=h(T,-T) (6)

Since the curvature of the concentric tube was com-
paratively larger than the small thickness of the annulus,
the heat transfer behavior in the helical wired channel was
approximate to the heat transfer in a straight flat channel.
Because of the miniature size of the annular spacing as
compared with the tube diameters, can be approximated
as that of a parallel flat plate column inclined on edge, as
confirmed by the solution with the geometry of this con-
struction [34,35]. A one-dimensional modeling equation
was obtained for the heat flux continuity, assuming well
insulation on the bottom and edge sides of the modules,
thus:

G =4, =4q,=q9;=4,=1; )

The following equations were used to describe the
energy balances of the hot feed stream channel and the
cold stream channel:

dj - Wa 8)
dz  mC ok
dz mC

p.c

where z is the coordinate in the flow direction and W,
and W_represent the width of the hot and cold channel,
respectively.

2.2. Mass transfer

The mass transfer flux was determined considering the
mass transfer resistances in series of both the membrane and
the air gap while neglecting the resistances in other layers, as
shown in Fig. 3b. The permeate flux of the water vapor was
estimated using membrane permeation coefficient c, [36] and
the transmembrane saturation vapor pressure difference AP
as the driving force; hence, the amount of permeate flux that
passed through the membrane pores could be expressed as:

NI =c,AP=c, (P - P;*) (10)

Eq. (10) depicts the saturation vapor pressure difference
due to the temperature gradient on both membrane surfaces
resulting in the permeate transport across the membrane,
where P and P§* are the saturated pressure of water vapor
calculated using the Antoine equation on the membrane
surfaces in the hot saline stream and in the air gap respec-
tively. Hence, the permeate diffused through the air gap
and reached to the cooling plate, where the collected water
could condensate.

For non-volatile solutes in a lower saturation vapor
pressure (x, -, < 0.097), the water activity coefficient a  was
calculating using the following correlation [37]:

a,=1-0.5x,, —10x 11)

2
NaCl
Hence, the saturated water vapor pressure on the mem-
brane surface of the feed saline stream side P{* could be
expressed as:
sat __
P =x

a P (12)

where x_ is the mole fraction of the water vapor and P:*
is the total saturation of the vapor pressure, respectively.
The amount of molar vapor flux diffusing through a stagnant
air film over the air gap layer by molecular diffusion [38]
was expressed as:
NI =c, (P -P) (13)

The overall water production was then calculated by
equating the permeate fluxes in the membrane and the air
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Fig. 3. (a) Heat transfer resistances models across the AGMD module and (b) mass transfer resistances models across the AGMD

module.
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gap, as expressed in Egs. (2) and (3), with the total mass-trans-
fer resistances:

" " dP
Nu:N)n:CT(ljl_PCi):CTﬁ (Tl

T,

avg

P M
_Ta)zcr%(n _Ta)

avg

(14)

Where the overall mass transfer coefficient c, is expressed as:

(15)

2.3. Temperature polarization

The temperature polarization coefficient (TPC) [39]
is an indicator used to evaluate thermal performance for

NaCl

an AGMD configuration and is defined as the ratio of the
temperature difference at the membrane surfaces to the
temperature difference of the bulk temperatures:

T,-T.
TPC=1,,, = Tl T3 (16)
e

Temperature polarization in a membrane distillation
system is inevitable, but it could be improved by apply-
ing helical wire on the circumference of the concentric
tube of a hot feed channel as an eddy promoter to enhance
the heat transfer. The combinations of each heat flux term
from Egs. (2), (3), (4)—(6) led to the overall heat trans-
fer coefficient of the hot feed stream and cooling stream,
respectively:

)P+ P )a7M,

" " " k"ﬂ’l a
qma = qcond. + qvap. = (8 + 67

m a

9 = -T.)=H,(T,-T,) (18)

1
p=—5 7 (L-T)
1/+7/+}/
h kT b

Manipulating and solving Egs. (17) and (18) with the
aid of Eq. (1) yielded:

H
T =T, +h—"’(Tl—T3) (19a)
h
H
L=T-7(T-T) (19b)
or
T — hhT;l + HmT3 (zoa)
' h,+H,
HT +H,T,
X — cc m_1 (zob)
HC + Hm

Substituting Eqgs. (20a) and (20b) into (16) resulted in
the TPC:

h H
T = s (21)
" hhH:: + hhHm + Her

Therefore, the governing equations of the hot feed and
cold stream channels expressed in Egs. (8) and (9) could be
rewritten in terms of the Tiemp coefficients as:

a1, -W
—t=——H1 -T 22
d Z m waY m ~temp ( h c ) ( )

K jl ((1 X )(1-057, ~10x7
+ CT >
2RT

(Tl 7T3):H (T17T3)

m

(17)

dT
75_7‘/\/ H =

- (23)
m ~tem]
dz  mC, i

(1,-T)

With the expression of T, and T, by Egs. (20a) and (20b),
the TPC t___could be rewritten as:

temp

T — T‘l — T3 — hth
e ’Th - ’TL hth + hlle + Hch

(24)

..., is commonly used to express the significance of the
fluid side heat transfer resistance. A higher value of T rep-
resents a thinner thermal boundary layer, which results in
less thermal resistance. The heat transfer across the mem-
brane, including the latent heat associated with the vapor
flux and the conductive heat transfer across the membrane,

could be expressed as:

k
q/n = N;’?\, +67m(Tl _TZ)

m

(25)

where N A is characterized as the latent heat and ];i(Tl - Tz)
is the conductive heat transfer. The thermal conductivity of
membrane k, could be determined by the thermal conduc-
tivities of the vapor in membrane pore k, and the solid mem-
brane material k_by [40]:

k, =ek +(1-¢)k, (26)
Knudsen diffusion and molecular diffusion [36,41,42]
were taken into account in determining the membrane
permeation coefficient by considering the mean free path of
the water molecules and the membrane pore size as below:
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M 12771 -
|06l e +
1 1 S, ( RT,
Cm =l —t— =
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¢ 1 DeM,
Y| 5t RT

miyy m m

27)

c

K M

a

The tortuosity t could be estimated using the porosity of
the membrane [42]:

(28)

2.4. Numerical scheme

The temperature distributions of the hot feed stream,
cold stream, and membrane surfaces along the flowing
direction of the module were obtained by solving Egs. (22)
and (23) numerically using the fourth-order Runge-Kutta
method, and then the permeate flux was calculated. Using
the AGMD system configuration and the coordinate sys-
tem shown in Fig. 4, when given the fluid properties and
boundary conditions of the flow as input, the convective
heat transfer coefficients were obtained by iterative proce-
dures with the initial guess until convergence was reached.
With the obtained convective heat transfer coefficients, the
temperature distribution along both sides of the membrane
surfaces could also be iteratively solved. The iterative pro-
cedures are illustrated in a computational flow chart, as
shown in Fig. 5.

The heat transfer coefficient could be approximated
using the heat transfer correlation in a flat plate channel
under a laminar flow [43] while neglecting the curvature and
thin annulus of the concentric-tube channel, as shown below:

0.036Re Pr(d, / L)
0.8
1+0.011(Re Pr(d, / L))

Nu =436+ (29)

laminar

The extent of the heat transfer enhancement was
expressed by an enhancement factor which was defined as
the ratio of the heat transfer coefficient of the improved heli-
cal wired channel to that of an empty channel. The enhance-
ment factor of the heat transfer coefficient for the AGMD
modules was therefore defined as a Nusselt number in a
helical wired channel relative to that in an empty channel:

hd

Nu® = 7’“ =o’Nu (30)

lam

The Nusselt numbers of various helical wire pitches for
the hot feed saline stream were correlated into five dimen-
sionless groups according to Buckingham’s 7t theorem:

Nu’ =f(2",§f,Re,PrJ (31)

h h
where d, is the hydraulic diameter of the empty channel and
L, and L_are the equivalent channel length of the hot and
cold channels, respectively, as illustrated in Fig. 4.

The increment in energy consumption was inevita-
ble due to the increased frictional loss caused by applying
a helical wire on the circumference of the concentric-tube
AGMD module. The energy consumption of the AGMD
module, which included the head losses in both the hot
feed and cold streams of the concentric-tube channels, was
determined using Fanning friction factor f, of an equivalent
flat plate channel [37]:

Hlosl = mhéw'f,h + n./lcgwf,c = thhéw'f,h + Qcpcfwf,c (32)
2f. u’L 2f. u’L
Ewﬂh — fF,h h , [wfri — fF,L c (33)
dh,h dh,c
In which:
_ _ 4
T 64
DW, nD;
4D W, 4D W.
h™h c_ ¢ (35)

" 2(D, +W,)" " 2(D,+W.)

where 7, and U, are the average velocity in the hot feed and
cold streams, d,, and d, represents the hydraulic diameters
in the hot feed and cold channels, respectively. D, and D,
are diameter of the hot feed and cold channels, respectively,
and W, is the width of the helical wired channel.

The Fanning friction factor could be estimated using a
correlation based on the aspect ratio of the channel [44]:

C

e (36)

C
fF,/z = Rieh’ fF,c

C =24(1-1.35530.+1.9467a ~1.7012a° +0.9564a.* —0.25370.’ )
(37)

The distillate flux enhancement I, and energy con-
sumption increment I, were defined as below:

" "

:N";”hxlOO%
N

b

(38)

I,= 20 100% (39)

Pb
where the subscript s represents the helical concentric-tube
channel and the subscript b represents the empty chan-
nel. The trade-off between distillate flux enhancement I
and energy consumption increment I, was also assessed by
an indicator, which is the ratio I,/I, for the new design of
the AGMD module.

3. Experimental setup

The experimental setup of the concentric-tube AGMD
module with a helical wired channel is illustrated in Fig. 6
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Fig. 4. Configuration and the schematic coordinates of the helical wired AGMD module.

and a photo of the present experimental device is shown in
Fig. 6. The dimensions of the acrylic made helical wire are
specified in Figs. 1c and d, in which the pitch of the helical
wire was used as a design parameter. The pitch of 2 and
3 cm was used in this study. The detailed configuration of
the concentric-tube AGMD module with a helical wired
channel is illustrated in Fig. 7. The helical wire on the cir-
cumference of the concentric-tube provided a larger convec-
tive heat-transfer coefficient when compared with the empty
channel because the applied helical wire could disrupt the
thermal boundary layer on the hot feed stream side. Hence
the heat transfer resistance was reduced, and thus, a higher
permeate flux was observed.

The inlet temperature and flow rate of the hot feed were
regulated for various experimental runs to compare the
permeate flux of the flow channel without a helical wire
and with different pitches of helical wire, while keeping
the temperature and flow rate of the cold stream fixed. The
amount of the produced pure water or permeate flux was
then collected and measured for comparison.

The length of the concentric-tube of the AGMD mod-
ule was 0.2 m and the diameter of the helical wire was
0.002 m. A hydrophobic PTFE/PP composite membrane
(ADVANTEC) with a nominal pore size of 0.2 um, a poros-
ity of 0.72, and a thickness of 130 um was used. The hot
saline water of 3.5 wt.% NaCl was prepared using dis-
tilled water and conducted for various inlet hot saline
temperatures (40°C, 45°C, 50°C, 55°C) with various flow

rates (0.3, 0.5, 0.7, 0.9 L/min). The cross-sectional area of
the empty channel and the helical wired channels with a
pitch of 2 and 3 cm was 1.08 m? x 10 m? 4 m? x 10° m?,
and 6 m? x 10° m? respectively, while the cold stream had
a fixed inlet temperature of 25°C and a volumetric flow
rate of 0.9 L/min with a channel cross-sectional area of
3 x 10° m?. Two thermostats were used to supply the hot
feed saline and cold stream at specified temperatures. The
distillate flux that condensed on the cold plate was then
collected and weighted using an electronic balance.

4. Results and discussion

The effect of the helical wired concentric-tube AGMD
module in enhancing the permeate flux and reducing
energy efficiency under a concurrent-flow operation was
investigated theoretically and experimentally as com-
pared to the module of the empty channel without helical
wire. The one-dimensional temperature distributions of the
helical wired concentric-tube AGMD module were solved
numerically with respect to the dimensionless longitudinal
coordinate, say & = z/L, for the channel with a helical pitch
of 2 and 3 cm and an empty channel respectively under a
concurrent-flow operation, as shown in Fig. 8.

The comparison of the temperature profiles indicated no
significant temperature gradient change on the membrane
surface and condensed pure water surface (T, T,) for the
empty channel and the helical wired channel. It is noticed
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Fig. 5. Computational flow chart for the numerical scheme in predicting heat transfer and permeate flux of the AGMD module.

that an obvious temperature gradient change of the bulk flow
in the hot and cold stream (T,, T) was developed from the
entrance to the outlet, because the helical wire enhanced the
heat transfer on the bulk flow of the hot feed stream, which
leads to a greater temperature drop along the channel direc-
tion when compared with the empty channel.

Higher 1, values were found for the AGMD module
with the helical wire attached channel when compared to
the t,  values of the AGMD module of the empty chan-
nel, as shown in Fig. 9. The helical wire could both reduce
the thermal boundary layer on the membrane surface and
prolong the liquid/tube contact length, and thus, a higher
heat-transfer efficiency was observed and less temperature
polarization was found. A comparison of the increment of
Temp Values for the AGMD modules revealed that the T
values in descending order were helical wire pitches of 2 an
3 cm and the empty channel, as shown in Fig. 9. The over-
all permeate flux was enhanced for the AGMD module with
helical wired channels more than that of the empty chan-
nel. The AGMD module wound with the narrower helical

pitch (2 cm) strengthened the permeate flux more than that
wound with a wider pitch (3 cm), and hence, a larger Tremp
value was predicted for the channel with a pitch of 2 cm
than for that with a pitch of 3 cm due to a higher convective
heat-transfer coefficient enhancement. The 1, of the 40°C
hot feed stream was higher than that of the 55°C hot feed
stream, as shown in Fig. 9. This indicated that the thermal
efficiency of the 40°C feed stream was higher than that of
the 55°C feed stream as explained by Khalifa et al. [10] that
a hotter feed stream may compensated by heat conduction.

The theoretical predicted permeate flux Ny =~and the
experimental permeate flux N/ ~were compared and the
errors were summarized, as shown in Table 1. The error
analysis was ranging from the maximum of 12.98% to the
minimum of 1.93% and the average error between N” and
N, was 8.14%. The correlation of the Nusselt number for
the empty channel is depicted in Eq. (29), while the correla-
tion of the Nusselt number for the helical wired channels
is shown in Eq. (30). The a® was determined via regression
analysis:
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Fig. 6. Experimental setup and the photo of the helical wired concentric-tube AGMD module.
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Fig. 7. Details of the material and configuration of the helical wired AGMD module. (a) Aluminum tube, (b) perforated acrylic tube,
(c) membrane tube, (d) membrane tube with spiral wire, and (e) concentric tube with helical wire channel.
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Fig. 8. Comparison of temperature distributions for the helical wired channel and empty channel.
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A review of the average error in Table 1 and the
model correlation results in Fig. 10 revealed that the the-
oretical model could accurately predict the heat transfer

coefficients for the AGMD modules with an empty channel
and without helical wired channels.

The higher inlet saline temperature created a higher
temperature gradient between the membrane surfaces and
resulted in producing a higher permeate flux. The perme-
ate flux increased with the increase of the volumetric flow
rate, which enhanced the convective heat-transfer rate of
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Fig. 10. Comparison of correlated and experimental Nusselt numbers.

the hot feed stream, as illustrated in Fig. 11. Meanwhile, the  the helical wired channel as compared that in the device
permeate flux enhancement for the channel with a helical =~ with the empty channel was also found in a previous study
wire pitch of 2 cm was more than the enhancement found  [45,46]. Though the phenomenon of heat and mass trans-
in the channel with a helical wire pitch of 3 cm. A consid-  fer behaviors in the present study could be analogized from
erable improvement of permeate flux of the device with  those in our previous work [46], the manners of permeate
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Table 1
Comparisons of theoretical and experimental distillate flux under concurrent-flow operation
T,..(°C)  Q(L/min) Empty channel Helical wired channel
2 cm 3cm
N;’Xp (kg/m*h) N _ (kg/m’h) Error% Né’xp Ny, Error ;’Xp o Error
(kg/m*h)  (kg/m*h) % (kg/m?h) (kg/m*h) %
0.3 1.286 1.453 12.98 1.575 1.762 11.87  1.459 1.646 12.81
40 0.5 1.589 1.752 10.25 1.942 2.151 10.76  1.792 2.012 12.27
0.7 1.768 1.935 9.445 2.203 2.408 930  2.032 2.255 10.97
0.8 1.878 2.052 9.265 2.396 2.602 859 2235 2.421 8.32
0.3 1.719 1.922 11.81 2.103 2.348 11.65 1.953 2.184 11.82
45 0.5 2.148 2.386 11.07 2.678 2.963 10.64 2.475 2.743 10.84
0.7 2.387 2.599 8.883 2.984 3.276 9.78 2.761 3.047 10.35
0.8 2.445 2.65 8.374 3.126 3.384 7.22 2.905 3.138 8.02
0.3 2.276 2.516 10.54 2.832 3.106 9.67  2.618 2.877 10.46
0.5 2.821 3.072 8.897 3.531 3.824 829 3235 3.535 9.27
%0 0.7 3.084 3.328 7911 3.932 4.205 694  3.631 3.912 7.73
0.8 3.289 3.512 6.78 4.265 4.496 564  3.962 4.186 5.65
0.3 2.759 3.024 9.604 3.445 3.761 917  3.146 3.461 10.01
0.5 3.415 3.707 8.55 4.408 4.714 694  3.982 4.328 8.68
% 0.7 3.769 4.06 7.72 5.116 5.312 483 4613 4.893 6.04
0.8 4.056 4.302 6.06 5.535 5.642 193  4.986 5.211 4.51
6 . 0 :
0.=0.9 L/min, T, o in=25"C, NaCl solution 3.5wt%
Theo. Exp. Lk
concentric tube =—— W . o
5« 3cm === @ * ___--"'--.

2cm

0, (L/min)

0.6 0.7 0.8 0.9

Fig. 11. Effect of the helical pitch, feed saline temperature, and flow rate on permeate flux.

flux diffusing the air gap and reaching to the cooling plate
are somewhat different in transfer mechanisms. Actually,
the present study is an extension of our previous work of
DCMD module to apply the case of the AGMD module with
a helical wired concentric-tube system.

The results showed that the helical wired channel could
enhance the convective heat-transfer coefficient. Up to a
31.1% maximum distillate flux increment was found for
the 55°C saline stream with feed flow rate of 0.8 L/min in
a concurrent-flow operation, as listed in Table 2. The results
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of how permeate flux varies with inlet hot feed tempera-
ture, volumetric flow rates, with/without helical wire, and
various helical wire pitches in a concentric-tube AGMD
module could be concluded as follows:

¢ The higher inlet saline temperature in the hot feed stream
resulted in higher pure water productivity, while less
Tyemp OF less thermal efficiency was found.

¢ The permeate flux increased with the increase of the feed
volumetric flow rate.

e The permeate flux enhancement was observed when
applying helical wire on the circumference of a concen-
tric tube where the permeate flux enhancement of the
2 cm wire pitch was higher than that of the 3 cm wire
pitch.

The dependence of the Nusselt number on the Reynolds
number is illustrated in Fig. 12, where the Nu number
increased with the increasing Re. When comparing the the-
oretical predictions with the experimental results shown
in Fig. 12, the predicted Nu numbers were close to the
experimental results for both the empty channel and the
helical wired channels. The effect of applying helical wire
in a concentric tube could significantly increase the Nusselt
number or convective heat-transfer coefficient in the
AGMD module as compared to the module of the empty
channel without helical wire. The results showed that a
narrower helical wire pitch resulted in a higher Nusselt
number when comparing the Nu number of wire pitches
of 2 and 3 cm.

The experimental and numerical results of the
permeate flux Ny , N” , t_ . and I, are summarized in
Table 2. The permeate flux enhancement I for helical wire
in the AGMD module with a wire pitch of 2 and 3 cm

could provide the maximum relative increment of up to
31.1% and 21.1%, respectively, as compared to the perme-
ate flux of the module with an empty channel. Based on the
assumption that the solar heat source is attainable, the cost
of this system was extrapolated from the cost data of AGMD
with solar heat source estimated in our previous study [47].
The previous AGMD cost was estimated ranging from 15.7
to 8.54 $/m?® which are corresponding to the daily pure water
production ranges from 100 to 200 kg/m?. Base on a 30% per-
meate flux enhancement and the 135 kg/m? daily pure water
production of this study, the cost of this MD system is esti-
mated to be between 6.6 and 12.1 or 8.6 $/m® by interpolating
the cost based on the amount of daily pure water production
and the increment of permeate flux enhancement.

The ratio of permeate flux enhancement and energy
consumption increment I /I, was calculated and pre-
sented in Fig. 13 as an indicator for assessing the opti-
mal design of an AGMD module when considering both
the permeate enhancement and energy consumption rise.
The experimental results concluded that the ratio of I /I,
increased with increasing the flow rate and temperature of
the hot feed stream and decreased with increasing the heli-
cal wire pitch. To optimize the AGMD design, it would be
necessary to consider both the permeate flux enhancement
and the corresponding energy consumption.

A comparison of the permeate flux enhancement param-
eters revealed that increasing the temperature of the hot feed
stream was comparatively more effective than increasing the
hot feed volumetric flow rate. The I,/I, ratio of the concen-
tric-tube AGMD module with a helical wire pitch of 3 cm was
higher than that of the module with a helical wire pitch of
2 cm, as shown in Fig. 13. The results showed that both the
Nusselt number and the permeate flux of the helical wired
concentric-tube AGMD module with a wire pitch of 2 cm
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Table 2
Effect of channel designs on I, under concurrent-flow operations

Empty channel Helical wired channel
T,. (°O) Q (L/min) 2 cm 3 cm
Nijeo (kg/m’h) Nij., (kg/m’h) Ly (%) Nij., (kg/m’h) Iy (%)
0.3 1.922 2.348 22.2 2.184 13.63
40 0.5 2.386 2.963 24.2 2.743 14.96
0.7 2.599 3.276 26.04 3.047 17.23
0.8 2.65 3.384 27.69 3.138 18.41
0.3 3.024 3.761 24.37 3.461 14.45
0.5 3.707 4714 27.16 4.328 16.75
% 0.7 4.06 5.312 30.83 4.893 20.51
0.8 4.302 5.642 31.14 5.211 21.12
0.45
0=0), T,;,=25°C,NaCl 3.5 wt%
Th’l.n Theo.
40 =
040 40°C  —
55°c - _
0.35
0.30
Nﬁ.
N
’NZ
0.25 =
0.20
0' 1 5 T L T L T L
0.3 0.4 0.5 0.6 0.7 0.8

0,, (L/min)

Fig. 13. Effect of the feed saline temperature, helical wire pitch, and flow rate on the I, /I, ratio.

were higher than those for the module with a wire pitch of
3 cm; however, its energy consumption was comparatively
higher in the reverse order. Therefore, the value of the IN/
I, ratio revealed better effective energy utilization and less
power consumption when a 3 cm wire pitch in the helical
concentric-tube AGMD module was applied.

5. Conclusions

Distillate flux enhancement from saline desalination
was achieved by applying a helical wired concentric-tube
AGMD module to reduce the thermal boundary layer and
enlarge the convective heat-transfer coefficient, thereby
resulting in a substantial increase in producing permeate

flux. The helical wired concentric-tube AGMD system
was investigated experimentally and theoretically in con-
sideration of both the heat and mass transfer mechanism
for each sub-layer of the module, and the results were
validated by experimental data using various volumet-
ric flow rates, feed saline temperatures, and helical wire
pitches as parameters. The mathematical modeling was
developed theoretically and solved numerically to predict
the temperature distribution, distillate flux, and energy
consumption. The experimental works demonstrated the
model’s technical feasibility, and an average permeate flux
enhancement of up to 26.7% was achieved for a 55°C saline
feed flow rate of 0.8 L/min with a helical wire pitch of 2 cm.
A correlated expression of the heat-transfer enhancement



166 C.-D. Ho et al. / Desalination and Water Treatment 202 (2020) 150-168

factor was also obtained from the experimental results of
the helical wired channels. The permeate flux enhancement
for helical wire in the AGMD module with a wire pitch of
2 and 3 cm could provide the maximum relative increment
of up to 31.1% and 21.1%, respectively, as compared to the
permeate flux of the module with an empty channel. The
TPC 1, found in this study is ranging from 0.553 to 0.545
for hot feed temperature of 40°C to 55°C and the flow rate
of 0.5 to 0.8 L/min, respectively.

The theoretical predictions and experimental results
showed that increasing the saline feed temperature and
volumetric flow rate enhanced the distillate flux, while the
flow channel with a narrower helical wire pitch resulted in
a higher distillate flux. A comparison of the permeate flux
enhancement parameters revealed that increasing the tem-
perature of the hot feed stream was comparatively more
effective than increasing the hot feed volumetric flow rate.
Both the Nusselt number and the permeate flux of the heli-
cal wired concentric-tube AGMD module with a wire pitch
of 2 cm were higher than those of the module with a wire
pitch of 3 cm; however, the energy consumption was com-
paratively higher in the reverse order. The module with
a helical pitch of 3 cm was more energy efficient than the
module with a helical wire pitch of 2 cm, while both the
distillate flux enhancement and energy consumption incre-
ment were taken into account. To improve the heat transfer
on both hot feed and permeate sides of a membrane by inte-
grating the current helical module with schemes proposed
by previous studies can be further explored.

Symbols
a, —  The water activity coefficient
. —  Heat capacity, (J/(kg K)

Cy —  Membrane coefficient based on the molecular
diffusion model, kg/(m? Pa h)

c, —  Total mass transfer coefficient, kg/(m? Pa h)

c, —  Mass transfer coefficient of the air gap, kg/
(m?Pa h)

c, —  Membrane coefficient based on the Knudsen
diffusion model, kg/(m? Pa h)

. —  Mass transfer coefficient of membrane, kg/

(m?Pa h)

D, —  Diameter of the cold side channel, m

D, —  Diameter of the hot side channel, m

D, —  Diffusion coefficient of air and vapor in the
membrane, m?/s

d, —  Hydraulic diameter of the empty channel

fr —  Fanning friction factor

g —  Gravity

H,, —  Total power consumption due to hydraulic loss
of both cold and hot channel

H, —  Membrane heat transfer coefficient

h —  Convection coefficient, W/(m? K)

hf —  Convection coefficient of the condensation
layer, W/(m? K)

H,  — Total hydraulicloss of the AGMD system, /s

Iy —  Permeate flux increment

I, —  Energy consumption increment

k, —  Thermal conductivity coefficient of the air,

W/(mK)

w

Z 3=

u
"

Nn

N"

m

sols %ﬁq
0

=

NaCl

=R

3

N <
g

Thermal conductivity coefficient of the fluid,
W/(mK)

Thermal conductivity of the gas in the pore of
the membrane, W/(mK)

Thermal conductivity of membrane, W/(mK)
Thermal conductivity of aluminum plate, W/
(mK)

Equivalent channel length, m

Friction loss factor, J/kg

Molecular weight of water vapor, kg/mol

Mass flow rate, kg/s

Nusselt number

Membrane flux of the air gap, kg/(m? h)
Membrane flux, kg/(m? h)

Membrane flux of the AGMD with helical
wired channel, kg/(m? h)

Pressure, Pa

Saturated vapor pressure of water on the hot
side surface of membrane, Pa

Saturated vapor pressure of water on the air
gap side surface of membrane, Pa

Saturated vapor pressure of water in the air
gap, Pa

Saturated vapor pressure of water, Pa

Prandtl number

Volumetric flow rate, m®/s

Heat transfer rate of the hot feed fluid to the
membrane surface, W/m?

Heat transfer rate of the membrane, W/m?
Heat transfer rate of the membrane surface to
air gap, W/m?

Heat transfer rate of the condensation layer to
the metal plate surface, W/m?

Heat transfer rate of the metal plate, W/m?
Heat transfer rate of the metal plate surface to
the cold side, W/m?

Gas constant, J/mol K

Reynolds number

Radius of membrane pore, m

Temperature, °C

Bulk fluid temperature of the hot feed

side, °C

Temperature of the membrane surface on the
hot side, °C

Temperature of the membrane surface on the
air gap side, °C

Temperature on the condensation layer, °C
Temperature of the metal surface on the con-
densation layer side, °C

Temperature of the metal surface on the cold
fluid side, °C

Bulk fluid temperature of the cold side, °C
Temperature polarization coefficient

Average velocity of the fluid, m/s

Average velocity in the stream

Effective width of the channel, m

Mole fraction of NaCl in saline solution

Mole fraction of water in saline water

Natural log mean mole fraction of air

Vapor mole fraction of water

Axial coordinate along the flow direction, m
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Greek

ob —  The enhancement factor of the heat transfer
coefficient

o, —  Thickness of membrane, m

0, —  Thickness of the air gap, m

6p —  Thickness of the metal plate, m

€ —  Membrane porosity

A —  Latent heat of water, J/kg

p —  Density, kg/m?

Temp ~—  lemperature polarization coefficient

v —  Viscosity of the fluid, N s/m?

Subscripts

c —  Cold fluid

h —  Hot fluid
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