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a b s t r a c t
The modeling equations for predicting distillate flux in the flat-plate direct contact membrane distil-
lation module with inserting W-shaped carbon-fiber spacers of various hydrodynamic angles in flow 
channels were developed theoretically and experimentally. The pure water productivity and tempera-
ture distributions of both hot and cold feed streams are represented graphically with the volumetric 
flow rate, inlet saline temperature as parameters, and the experimental data were incorporated with 
the slot opening of the spacers and hydrodynamic angle as parameters to validate the theoretical 
predictions. A description of the average Nusselt number was made to evolve a correlation for a heat 
transfer coefficient correction factor in incorporating with experimental data. The effects of operating 
and design parameters such as volumetric flow rate, slot opening and hydrodynamic angle of the 
spacers, and fluid inlet temperature on pure water productivity and production energy efficiency were 
also delineated.
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1. Introduction

In membrane distillation (MD) operations, the volatile 
species in the hot feed fluid vaporizes at a hydrophobic 
membrane surface and permeates through the membrane 
by the driving force of vapor pressure difference across 
the membrane [1], in which only water vapor molecules 
are transported across porous hydrophobic membranes 
resulting in the high purity water production [2]. The tem-
perature polarization effect causes the reduction of thermal 
driving-force and transmembrane mass flux is thus reduced, 
as shown in Fig. 1. The desalination of dissolved salts has 
received a great deal of attention to produce portable water 
in remote villages or rural areas where drinking water is 

short and the advantages lie in its simplicity and low oper-
ating cost by using low grade thermal energy for producing 
pure water and developments of MD systems [3–5]. MD has 
been recognized as an economically feasible technology of 
its low operating temperature [6] and used widely in saline 
water desalination [7], waste water treatment [8], and juice 
concentration [9]. The advantages of membrane technology 
in desalination processes [10,11] are in its simplicity and the 
low energy demand. The direct contact membrane distilla-
tion (DCMD) device in this study is an MD module for which 
the hot saline stream and cold liquid directly contact on both 
membrane surfaces resulting in a vapor pressure difference to 
allow only the vapor transport across a hydrophobic porous 
membrane. The turbulence promoter such as filaments [12] 
was used to disturb the thermal boundary layer, and thus, 
the polarization effect was minimized accompanying with 
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a permeate flux enhancement of pure water productivity. 
Moreover, the distillate flux enhancement was achieved by 
employing roughened-surface flow channels [13], which 
acts as barriers and leads to the penalty of the friction loss 
increment that results in more energy consumption. A new 
design with inserting W-shaped carbon-fiber spacers of var-
ious hydrodynamic angles in flow channels in the flat-plate 
DCMD module was developed theoretically and experimen-
tally. Many previous investigations focused on the modeling 
of membrane performance [14,15]. The temperature polar-
ization effect creates temperature gradients in the hot saline 
stream [16,17] due to the heat required to vaporize water at 
the membrane–liquid interface, while there is insufficient heat 
supply from hot bulk flow passing through thermal bound-
ary layer to sustain the vaporization of water, and the perme-
ate flux is thus decreased. Previous study had proved that 
various designs of hollow fiber membrane module with baf-
fles, spacers, and modified hollow fiber geometries applied 
in DCMD could promote flux enhancement [18]. Some works 
have been done by using eddy promoter in flow channel 
[13,21] for reducing the temperature polarization effect and 
concluded with a favorable result to enhance the device per-
meate flux performance of MD operations. This approach has 
been employed to design improved DCMD modules with 
inserting W-shaped carbon-fiber spacers and to develop a 
mathematical model for predicting the pure water productiv-
ity. In this work, the device performance improvements were 
achieved and investigated experimentally and theoretically 
under both concurrent- and countercurrent-flow operations 
with various operation and design parameters. Utilizing the 
experimental results and the theoretical predictions, a cor-
related expression of the heat transfer enhancement with the 
design of the inserting carbon-fiber spacers was developed. 
The effect of W-shaped carbon-fiber spacers on the perme-
ation flux, pure water productivity increment, and energy 
consumption increment were analyzed. 

2. Theoretical model

The DCMD module with inserting a hydrophobic 
microporous membrane was constructed to conduct both 

concurrent- and countercurrent-flow operations in aiming to 
 produce the distillate flux of pure water, as shown in Fig. 2. 
For DCMD system, a theoretical model considering both heat 
and mass transfer mechanisms to deepen understanding of 
the vapor molecules transported through porous hydro-
phobic membranes. The mass transfer occurs in the porous 
membrane and the cold permeate side while the heat transfer 
takes place in the domains including the hot-fluid side, mem-
brane, and the cold permeate side of the distillation process, 
as shown in Fig. 1. The theoretical analysis is based on consid-
ering the following assumptions: (a) under steady-state oper-
ations; (b) physical properties of fluid, plates, and membrane 
are constants; (c) stagnant air within the membrane pore; (d) 
mass transfer by diffusion and heat transfer by conduction as 
well as latent heat associated with water evaporation; (e) no 
water passing through the membrane; and (f) well insulation 
on the bottom and edge sides of modules.

The non-isothermal process in DCMD module generates 
the transmembrane mass flux depends on the temperature 
difference across the system resulting in heat conduction and 
producing pure water, which is controlled by the bound-
ary layer heat transfer of both fluid streams. The heat fluxes 
transferred across the thermal boundary layers to and from 
the membrane surfaces can be determined by convective heat 
transfer coefficients and expressed as:

q h T Th h h= −(  )2  (1)

q h T Tc c c= −(  )1  (2)

Fig. 1. Thermal boundary layers in a DCMD operation.
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W-shaped carbon-fiber spacer

Fig. 2. Components of one unit of the DCMD module. (a) 
Concurrent-flow operations and (b) countercurrent-flow 
 operations.
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The temperature polarization coefficient (TPC), which is 
commonly used to express the significance of the fluid side 
heat transfer resistances, is defined as:

TPC T T T Th c= − −( ) / ( )2 1  (3)

A higher value of TPC represents smaller boundary layer 
resistances. The heat fluxes transferred across the thermal 
boundary layers to the membrane surfaces by using the con-
vective heat-transfer coefficients, and the heat transferred 
through the membrane includes the latent heat associated 
with the permeate flux and the conductive heat transfer 
across the membrane can be expressed as:

q N"
k

T Tm
m

m

= + −λ
δ

  ( ) 2 1  (4)

where the thermal conductivity of the membrane can be 
determined by the thermal conductivities of vapor in the 
membrane pore and the solid membrane material by [20]:

k k km g s= + −ε ε( )1  (5)

The modeling equations among the heat fluxes for all 
layers and for the one-dimensional bulk fluids with assum-
ing well insulation on the bottom and edge sides of modules 
give:

q q q qh m c= = =  (6)

The following equation can be used to express the amount 
of vapor flux that passes through the membrane pores incorpo-
rating with the energy balance of hot fluid and cold fluid gives:

dT
dz

Wq
Q C

h

h ph

=
−
ρ

 (7)

dT
dz

Wq
Q C

c

c pc

=
ρ

 (8a)

dT
dz

Wq
Q C

c

c pc

=
−
ρ

 (8b)

where z is the flow direction of fluid. Eqs. (8a) and (8b) 
are for the concurrent- and countercurrent-flow opera-
tions, respectively. The mass transfer flux is determined 
by the consideration of the mass transfer resistances 
in series of the membrane and both fluid streams. The 
 permeate transport across the membrane is due to the sat-
uration vapor pressure difference caused by the tempera-
ture gradient on both membrane surfaces. The permeate 
flux of water vapor can be estimated using a membrane 
permeation coefficient cm [21] and the transmembrane 
saturation vapor pressure difference ΔP to express the 

Fig. 3. Experimental setup for concurrent-flow operations.

Fig. 4. Parameters of the inserted W-shaped carbon-fiber spacer.
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amount of permeate flux that passes through the mem-
brane pores as:

N c P c P T P Tm m
sat sat″ = = − ∆ 2 2 1 1( ) ( )  (9)

where P Psat sat
1 2and  are the saturated pressure of water vapor 

on the membrane surfaces in both hot saline stream and cold-
fluid stream, and were calculated using the Antoine equa-
tion. The driving force across the membrane is the difference 
in saturated pressure on both membrane surfaces, and hence, 
the permeate flux diffuses through the membrane as the col-
lected water condensate. The hot-fluid side saturation vapor 
pressure (P2

sat ) can be estimated using water activity coeffi-
cient (aw), which can be determined by a correlation [10]:

 

(a)

(b)

Fig. 5. Effect of the W-shaped carbon-fiber spacer design on tem-
perature distributions. (a) Concurrent-flow operations and (b) 
countercurrent-flow operations.

(a)

(b)

Fig. 6. Effect of inlet saline temperature, flow types and the 
W-shaped carbon-fiber spacer design on TPC. (a) Concur-
rent-flow operations and (b) countercurrent-flow operations.

Table 1(a)
The effect of channel design on temperature gradient across 
the membrane surfaces along the channel for concurrent-flow 
operation

z (m) ΔT (°C)

Empty 
channel

2 mm Increase 
(%)

3 mm Increase 
(%)

0.06 4.04 4.87 20.5 4.61 14.0
0.12 3.11 3.57 15.0 3.40 9.4

0.18 2.39 2.63 10.2 2.53 5.8

Table 1(b)
The effect of channel design on temperature gradient across the 
membrane surfaces along the channel for countercurrent-flow 
operation

z (m) ΔT (°C)
Empty 
channel

2 mm Increase 
(%)

3 mm Increase 
(%)

0.06 3.05 3.64 19.4 3.56 16.73
0.12 3.04 3.55 16.8 3.43 12.96
0.18 3.02 3.47 14.9 3.31 9.38



C.D. Ho et al. / Desalination and Water Treatment 71 (2017) 32–4436

P y P x a Psat
w w w w

sat
2 = =  (10)

a x xw NaCl NaCl= − −1 0 5 10 2.  (11)

Based on the mean free path of water molecule and the 
membrane pore size, Knudsen diffusion and molecular diffu-
sion [10,22] are considered to determine the membrane per-
meation coefficient:

c
c c
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
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where the tortuosity (τ) can be estimated using the porosity 
of the membrane [22]:

τ
ε

=
1  (13)

The temperatures of the hot fluid, cold fluid, and mem-
brane interfaces along the length of the module as well as the 
permeate flux can be solved using fourth-order Runge–Kutta 
method with an iterative procedure to determine the convec-
tive heat transfer coefficients once the initial guess of the con-
vective heat transfer coefficients is given. For heat transfer 
in channels without inserting carbon-fiber spacers (empty 
channel) under laminar flow, the commonly used correlation 
[23] is:

Nu .
. De L

. De L
lam .= +

( )
+ ( )( )

4 36
0 036

1 0 011
0 8

RePr

RePr

/

/
 (14)

The degree of heat transfer enhancement is commonly 
expressed by an enhancement factor, which is the ratio of 
the heat transfer coefficient of enhanced channel with insert-
ing W-shaped carbon-fiber spacers to that of empty channel. 
The enhancement factor for heat transfer coefficient can be 
defined for DCMD modules using channels with W-shaped 
carbon-fiber spacers relative to empty channels.

Nu hDe
k

NuE E
lam= =α  (15)

The Nusselt number of channels with inserting W-shaped 
carbon-fiber spacers can be related to five dimensionless 
groups according to Buckingham’s π theorem:

Nu f
W
De

L
De

E e

f f

=












, ,sin ,Re,Prθ  (16)

where We and L are fin width of carbon-fiber open slot sepa-
rators and channel length, and Def is the hydraulic diameter 
of the empty channel as illustrated in Fig. 4.

The energy consumption increment is inevitable due to 
the increased frictional loss with the inserting the W-shaped 
carbon-fiber spacers. The energy consumption of a DCMD 
module, which includes the contributions from the hot-fluid 

side and cold-fluid side, may be determined using Fanning 
friction factor fF [24]:

P P P m w m w Q w Q wlost h c h f h c f c h f h c f c= + = + = +� � � � � �, , , ,ρ ρ  (17)

 
 
 

300 400 500 600 700 800 900

0.8

1.2

1.6

2.0

2.4

2.8

3.2

 
 
 

2mm-90°
2mm-120°
empty channel

 

 

carbon fiber

Th,in=50oC

Th,in=60oC

 

 

NaCl solution = 3.5wt% , Tc,in=25oC

N"
 X

 10
3  (k

g/
m

2 s) 
Qh and Qc (ml/min)

Theo. Exp.

(a)

 
 
 

300 400 500 600 700 800 900

0.8

1.2

1.6

2.0

2.4

2.8

3.2

 
 
 

3mm-90°
3mm-120°
empty channel

 

 

carbon fiber

Th,in=50oC

Th,in=60oC

 

 

NaCl solution = 3.5wt% , Tc,in=25oC

N"
 X

 10
3  (k

g/
m

2 s) 

Qh and Qc (ml/min)

Theo. Exp.
(b)

Fig. 7. Effect of hydrodynamic angle of the spacer and flow 
type on distillate flux. (a): (I) Effect of slot angle of the 
2 mm W-shaped carbon-fiber spacer on distillate flux for 
concurrent-flow operations and (II) effect of slot angle of 
the 3 mm W-shaped carbon-fiber spacer on distillate flux 
for concurrent-flow operations.(b): (I) Effect of slot angle of 
the 2 mm W-shaped carbon-fiber spacer on distillate flux for 
countercurrent-flow operations and (II) effect of slot angle of 
the 3 mm W-shaped carbon-fiber spacer on distillate flux for 
countercurrent-flow operations.
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The Fanning friction factor can be estimated using a cor-
relation based on the aspect ratio of the channel (β = d/W) 
[25]:

f C
F = Re

 (21)

C = − + − + −( )24 1 1 3553 1 9467 1 7012 0 9564 0 25372 3 4 5. . . . .β β β β β  (22)

For discussion of the relative degree of flux enhancement 
and power consumption increase, the relative index IN and IP 
are defined. Their definitions are:

I
N N
NN
s n

n

=
′′ − ′′
′′

 (23)

I
P P
PP
s n

n

=
−

 (24)

where the subscripts s and n represents the channels with 
inserting W-shaped carbon-fiber spacers and the empty 
channels.

3. Experimental setup

The schematic representations of the DCMD module 
for both concurrent- and countercurrent-flow operations 
are illustrated in Fig. 2, respectively. The outside walls of 
the entire module are acrylic plates while the hot-fluid 
channels and cold-fluid channels are stacked together 
with inserting W-shaped carbon-fiber spacers into the 
hot-fluid acrylic plate and serving as turbulence promot-
ers. One 1-mm thick W-shaped carbon-fiber spacers is 
placed on the hot stream side of the hydrophobic mem-
brane with various hydrodynamic angles. The acrylic 
plate has three holes for the fluid-distribution flowing in 
and out at both entrance and exit ends, respectively. The 
experimental system of the DCMD unit with inserting 
W-shaped carbon-fiber spacers is illustrated in Fig. 3.

Detail design of the W-shaped carbon-fiber spacers is 
displayed in Fig. 4 where 2 and 3 mm of open slot and 90° 
and 120° of hydrodynamic angle of the spacers were tested 
in this study. The 1-mm thick carbon-fiber sheet was imple-
mented as a support in the cold-fluid channel. Between 
the W-shaped carbon-fiber spacer and the acrylic plate is a 

Table 3(a)
Effects of operation conditions and channel design on IN and TPC for concurrent-flow operations

Th,in 

(°C)
Q (L/min) Empty channel Carbon-fiber channel

2 mm 3 mm

N″ (10–4 kg/m2 s) TPC N″ (10–4 kg/m2 s) IN (%) TPC N″ (10–4 kg/m2 s) IN (%) TPC

45 0.3 5.92 0.3015 6.80 14.84 0.4018 6.53 10.26 0.3856
0.5 6.82 0.3073 8.00 17.33 0.4176 7.71 13.07 0.4007

0.7 7.74 0.3194 9.36 20.87 0.4322 8.95 15.67 0.4147

0.9 8.36 0.3245 10.32 24.47 0.4454 9.85 17.82 0.4275

50 0.3 7.49 0.2934 8.69 15.61 0.3923 8.34 11.32 0.3764

0.5 9.01 0.2970 10.67 18.33 0.4068 10.23 13.64 0.3903

0.7 10.30 0.3023 12.54 21.74 0.4196 12.00 16.52 0.4026

0.9 11.10 0.3094 13.96 25.73 0.4332 13.15 18.47 0.4157

55 0.3 9.61 0.2679 11.30 16.72 0.3686 10.81 12.57 0.3537

0.5 11.40 0.2751 13.60 19.26 0.3863 13.09 14.86 0.3708

0.7 13.00 0.2799 16.04 23.38 0.3987 15.31 17.76 0.3826

0.9 14.15 0.2850 17.96 27.59 0.4118 16.99 20.13 0.3952

60 0.3 11.88 0.2599 14.05 18.04 0.3493 13.61 14.51 0.3352

0.5 14.09 0.2632 17.14 21.67 0.3610 16.36 16.08 0.3465

0.7 15.94 0.2695 19.88 24.73 0.3707 18.97 19.04 0.3558

0.9 17.30 0.2740 22.22 28.42 0.3845 21.14 22.21 0.3689

Note: TPC data are the average value of the entire DCMD module.
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1-mm thick silicon rubber sealing to prevent leakage as well 
as to serve as part of the flow channel thickness. The length, 
width, and height of each hot and cold channel are 0.21 m, 
0.29 m, and 2 mm, respectively. The hydrophobic polytet-
rafluoroethylene membrane (ADVANTEC, Tokyo, Japan) 
with a nominal pore size of 0.1 mm, a porosity of 0.72, and a 
thickness of 130 mm was used.

The hot inlet saline water of 3.5 wt% NaCl was prepared 
using distilled water and conducted for various inlet hot-
fluid temperatures (45°C, 50°C, 55°C, and 60°C) with flow 
rate variations (0.3, 0.5, 0.7, and 0.9 L/min) while the cold 
fluid had a fixed inlet temperature of 25°C but its volumet-
ric flow rate was the same as the hot fluid. Two thermostats 
were used to keep the inlet hot and cold fluids at specified 
temperatures. The permeate flux condensed at the cold 
channel, which was collected and weighted using an elec-
tronic balance.

4. Results and discussion

The temperature distributions inside the DCMD mod-
ule can be solved numerically using the theoretical model. 
The temperature profiles presented in Fig. 5 show that 
the membrane surface temperatures and the fluid tem-
peratures of channels with and without (empty chan-
nel) W-shaped carbon-fiber spacer are notably different 
for both concurrent and countercurrent flows. The tem-
perature gradient between both sides of the membrane 
is higher in channels with carbon-fiber spacers than that 

in the empty channel as listed in Tables 1(a) and (b). The 
increased temperature gradient results in more heat flux in 
the channel with carbon-fiber spacers, hence, more distil-
late flux or pure water productivity was predicted. When 
compared the temperature gradient between both sides 
of the membrane for the 2 and 3 mm slot opening of car-
bon-fiber spacers, one finds temperature gradient of the 
2 mm slot is higher than that of the 3 mm slot. That results 
in a higher heat transfer and permeate flux will be eluci-
dated later. Contrast to the uniform temperature gradient 
along the channel of the countercurrent flow, the tempera-
ture gradient appears a non-uniform distribution and is 
comparatively higher in the entrance and lower in the out-
let for the concurrent flow. In the concurrent flow opera-
tion, as the salinity in the hot feed side is increased along 
the channel due to loss of pure water that reduces water 
activity coefficient of the hot stream, therefore, the satura-
tion pressure of the hot side is reduced that also reduces 
the pressure gradient across the membrane. The descend-
ing heat transfer and permeate flux along the channel for 
concurrent flow operation is thus expected. 

The theoretical predictions of temperature distribu-
tions could allow the determination of TPC, as shown in 
Fig. 6. The higher inlet saline temperature results in the 
lower TPC for both concurrent- and countercurrent-flow 
operations. This is due to the higher inlet saline tem-
perature produces the more permeate flux resulting 
the lower temperature difference across the membrane 
surfaces. Restated, the higher inlet saline temperature 

Table 3(b)
Effects of operation conditions and channel design on IN and TPC for countercurrent-flow operations

Th,in 

(°C)
Q (L/min) Empty channel Carbon-fiber channel

2 mm 3 mm

N″ (10–4 kg/m2 s) TPC N″ (10–4 kg/m2 s) IN (%) TPC N″ (10–4 kg/m2 s) IN (%) TPC

45 0.3 6.64 0.3186 7.79 17.27 0.4141 7.41 11.62 0.3974
0.5 7.44 0.3248 8.88 19.24 0.4299 8.51 14.26 0.4126

0.7 8.27 0.3375 10.15 22.73 0.4450 9.74 17.82 0.4270

0.9 8.87 0.3429 11.31 27.49 0.4586 10.67 20.31 0.4401

50 0.3 8.68 0.3012 10.28 18.51 0.4034 9.76 12.55 0.3871

0.5 10.04 0.3048 12.18 21.36 0.4175 11.61 15.66 0.4006

0.7 11.19 0.3103 14.04 25.48 0.4320 13.29 18.79 0.4145

0.9 11.78 0.3177 15.27 29.58 0.4456 14.32 21.48 0.4276

55 0.3 11.27 0.2830 13.55 20.17 0.3793 12.91 14.52 0.3640

0.5 12.91 0.2909 15.88 23.02 0.3974 15.15 17.38 0.3813

0.7 14.15 0.2957 18.01 27.28 0.4094 17.09 20.72 0.3929

0.9 15.10 0.3012 20.06 32.84 0.4235 18.61 23.25 0.4064

60 0.3 13.94 0.2667 17.05 22.36 0.3693 16.23 16.45 0.3544

0.5 15.82 0.2703 19.89 25.73 0.3817 18.80 18.84 0.3663

0.7 17.35 0.2758 22.51 29.68 0.3919 21.12 21.69 0.3761

0.9 18.74 0.2818 25.15 34.17 0.4064 23.46 25.17 0.3904

Note: TPC data are the average value of the entire DCMD module.
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creates a higher temperature difference of (Th – Tc) than 
that of (T2 – T1), so that a lower TPC = (T2 – T1)/(Th – Tc) 
was obtained. The inserted W-shaped carbon-fiber spacer 
results in a higher TPC was found when comparing the 
TPC of the carbon-fiber spacer of 2 and 3 mm slot open-
ing with that of the empty channel as shown in Fig. 6. The 
inserted carbon-fiber spacer disturbs the thermal bound-
ary layer on the membrane surface, thus more heat trans-
fer efficiency achieved and less temperature polarization 
or higher TPC was found. Comparing the overall TPC 
value of the concurrent- and countercurrent-flow opera-
tion along the channel, a higher TPC value was achieved 
in the countercurrent-flow operation than that in the 
concurrent-flow operation. The countercurrent-flow oper-
ation gives a higher TPC value than that of the concur-
rent-flow operation, as indicated in Figs. 6(a) and (b) and 
Tables 3(a) and (b) as well. The effect of the extent of TPC 

improvement is more significant in countercurrent-flow 
configurations, and thus, the reduction of the temperature 
gradient between the bulk stream and membrane surface 
with the less thermal resistance is achieved.

The theoretical predictions and experimental results 
of permeate flux were presented graphically in Fig. 7 for 
the empty channel and the channels with 2 and 3 mm 
inserting W-shaped carbon-fiber spacers, respectively. The 
agreement between the experimental results and theo-
retical predictions are fairly good, as indicated in Tables 
2(a) and (b) where the errors are within acceptable range. 
The results of how permeate flux varies with volumetric 
flow rates, hot saline inlet temperatures, with and with-
out inserting carbon-fiber spacers in both concurrent- and 
countercurrent-flow operations of the DCMD system can 
be concluded as follows:

• The permeate flux increases with the increase of the vol-
umetric flow rate.

• The higher the inlet saline temperature results in the 
higher distillate flux or pure water productivity.

• The permeate flux enhancement is obtained with 
inserting the W-shaped carbon-fiber spacers where the 
enhancement of the 2 mm slot opening is higher than that 
of the 3 mm.

• The permeate flux of the 90° hydrodynamic angle in the 
slot of the carbon-fiber spacers is higher than that of the 
120°.

The permeate flux increases with increasing the volumet-
ric flow rate is due to enhancing the convective heat-transfer 
of the hot feed stream, and thus, the thinner thermal bound-
ary layer with a lower thermal resistance and a larger TPC 
were achieved. Consequently, the reduction of the boundary 
layer thickness provides a larger vapor pressure gradient 
which results in a higher permeate flux through the hydro-
phobic membrane. The permeate flux enhancement with 
the use of the turbulence promoter by inserting W-shaped 
carbon-fiber spacers is significantly as illustrated in 
Figs. 7(a) and (b). Notice that the effect of hydrodynamic 
angle on the permeate flux concludes that more permeate 
flux was found in the 90° of the spacers than that of the 120°. 

Fig. 9. Effect of flow type, slot opening of spacer and flow rate on 
energy consumption increment.

(b)

(a)

Fig. 8. Dependence of Nu on Re (solid symbols: 60°C, open 
symbols: 50°C). (a) Concurrent-flow operations and (b) 
countercurrent-flow operations.
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However, the difference between the two results is insig-
nificant. The considerable increment of permeate flux by 
using W-shaped  carbon-fiber spacers is obvious for the 
high hot-fluid inlet temperature operation and the results 
is consistent with previous study [15]. The results show that 
the W-shaped carbon-fiber channels could enhance the heat 
transfer coefficient‚ and up to 34% pure water flux incre-
ment is thus obtained.

The dependence of Nusselt number (Nu) on 
Reynolds number (Re) is illustrated in Fig. 8 where 
the Nu increased with the increasing Re. Notice that 
the effect of inserting carbon-fiber spacer significantly 
increases the Nu or convective heat transfer for both 
2 and 3 mm slot opening of the spacers. Contrast to 
the considerable effect by the spacer slot opening, the 
hydrodynamic angle of the spacer changes from 90° to 
120° plays less effect on the variation of Nu for both 
concurrent- and countercurrent-flow operations. When 
comparing the Nusselt number (Nu) of the empty chan-
nel with that of the channel with 2 or 3 mm spacer in 
Fig. 8, one found a 20% overall increase in Nusselt num-
ber resulting from the inserting W-shaped carbon-fiber 
spacers. Hence, the enhancement factor for predict-
ing the Nusselt number for the device with W-shaped 
carbon-fiber spacers was obtained in Eq. (15). The exper-
imental results of N″, TPC, and IN for concurrent- and 

countercurrent-flow operations are summarized in 
Tables 3(a) and (b). The selected data of how the opera-
tion conditions and  channel design of slot openings and 
the effects of hydrodynamic angles on permeate flux N″ 
and flux enhancement index IN are also listed in Table 4. 
The effects of flow configuration, slot opening dimen-
sion, and flow rate on IN/IP are shown in Fig. 9. The 
increase of flow rate gives higher value of IN/IP, which 
indicates the expenses of energy consumption is more 
effective in increasing the permeate flux. The value of 
IN/IP in countercurrent-flow configuration is higher than 
that in concurrent-flow configuration. It is because the 
countercurrent-flow operation utilizes the temperature 
driving force more effectively. The IN/IP of the channel 
with 2 mm slot opening of the spacer is higher than the 
channel with 3 mm slot opening. Although the Nusselt 
number and permeate flux of the channel with 3 mm 
open slot are both higher, the power consumption is also 
higher. The effective utilization of power consumption, 
in terms of IN/IP, is higher when the channel with 2 mm 
slot opening spacer is used. Summarizing the effects of 
inserting W-shaped carbon-fiber spacers, one can con-
clude that a higher value of IN/IP, as shown in Fig. 9, 
which means the permeate flux improvement is more 
effective at the expense of energy consumption.

Table 4
Effect of operation conditions and channel design on permeate flux N″ and flux enhancement index IN for concurrent- and counter-
current-flow operations

W-shaped carbon-fiber channel

Concurrent-flow Empty 
channel

2 mm, 90° 2 mm, 120° 3 mm, 90° 3 mm, 120°

Th,in 

(°C)
Q (L/min) N″ 

(10–4 kg/m2 s)
N″ 
(10–4 kg/m2 s)

IN (%) N″ 
(10–4 kg/m2 s)

IN (%) N″ 
(10–4 kg/m2 s)

IN (%) N″ 
(10–4 kg/m2 s)

IN (%)

50 0.3 7.49 8.69 15.61 8.56 14.26 8.43 12.53 8.34 11.32
0.5 9.01 10.67 18.33 10.51 16.71 10.38 15.21 10.23 13.64

0.7 10.30 12.54 21.74 12.34 19.83 12.17 18.19 12.00 16.52

0.9 11.10 13.96 25.73 13.63 22.79 13.36 20.34 13.15 18.47

60 0.3 11.88 14.05 18.04 13.86 16.66 13.73 15.58 13.61 14.51

0.5 14.09 17.14 21.67 16.87 19.71 16.59 17.75 16.36 16.08

0.7 15.94 19.88 24.73 19.57 22.82 19.27 20.89 18.97 19.04

0.9 17.30 22.22 28.42 21.78 25.92 21.44 23.95 21.14 22.21

Countercurrent-flow 2 mm, 90° 2 mm, 120° 3 mm, 90° 3 mm, 120°

50 0.3 8.68 10.28 18.51 10.09 16.34 9.91 14.26 9.76 12.55

0.5 10.04 12.18 21.36 11.99 19.39 11.79 17.45 11.61 15.66

0.7 11.19 14.04 25.48 13.76 22.96 13.52 20.86 13.29 18.79

0.9 11.78 15.27 29.58 14.89 26.34 14.58 23.72 14.32 21.48

60 0.3 13.94 17.05 22.36 16.75 20.23 16.50 18.39 16.23 16.45

0.5 15.82 19.89 25.73 19.45 22.95 19.12 20.82 18.80 18.84

0.7 17.35 22.51 29.68 22.00 26.76 21.48 23.78 21.12 21.69

0.9 18.74 25.15 34.17 24.49 30.63 23.97 27.88 23.46 25.17
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5. Conclusions

The turbulence promoter of flow channel in DCMD 
system was implemented by inserting W-shaped car-
bon-fiber spacers and was developed mathematically 
considering both the heat and mass transfer of each 
layer of the module and verified by experimental data. 
Experimental study has demonstrated its feasibility and 
up to 34% of permeate flux enhancement was obtained by 
the inserting W-shaped carbon-fiber spacers with 2 mm 
slot opening of the spacer and 90° of hydrodynamic angle 
setup in the DCMD system. The mathematical treat-
ments in aiming to predict temperature distributions 
and pure water productivity were presented graphically 
with the volumetric flow rates, inlet saline temperatures, 
and hydrodynamic angles as parameters in concurrent- 
and countercurrent-flow operations. The effects of the 
W-shaped carbon-fiber spacers on the desalination per-
formance and energy consumption were presented. Both 
theoretical and experimental data conclude that the flow 
channel using the W-shaped carbon-fiber spacers gives 
higher permeate flux than the one with empty channel; 
however, the effective utilization of power consumption 
of the former is comparatively higher.

Symbols

aw — Water activity in NaCl solution
C — Friction losses coefficient in Eq. (21)
cK —  Membrane coefficient based on the Knudsen 

diffusion model, kg/(m2·Pa·s)
cm —  Membrane permeation coefficient, kg/(m2·Pa·s)
cM —  Membrane coefficient based on the molecular 

diffusion model, kg/(m2·Pa·s)
CP — Heat capacity, J/(kg·K)
d — Channel height, m
d′ — Carbon-fiber height, m
De —  Equivalent hydraulic diameter of channel, m
Def —  Hydraulic diameter of the empty channel, m
Dm —  Diffusion coefficient of air and vapor in 

the membrane, m2/s
fF — Friction factor
h — Convection coefficient, W/(m2 K)
IN —  Permeate flux relative factor, defined by Eq. (23)
IP —  Power consumption relative index, defined by 

Eq. (24)
k —  Thermal conductivity coefficient of the fluid, 

J/(s·m·K)
kg — Thermal conductivity of gas, J/(s·m·K)
km —  Thermal conductivity of membrane, J/(s·m·K)
ks —  Thermal conductivity of solid membrane, J/(s·m·K)
L — Channel length, m
lwf — Friction loss, J/kg
Mw —  Molecular weight of water, kg/mol
m  — Mass flow rate, kg/s

n1 — Number of carbon-fiber
n2 — Number of carbon-fiber fins
N″ — Distillate flux, kg/(m2·s)
Nu — Nusselt number
P — Pressure, Pa
Pc — Hydraulic friction loss of the cold fluid, W

Ph — Hydraulic friction loss of the hot fluid, W
Plost — Hydraulic dissipate energy, W
Pn —  Hydraulic friction loss of the fluid on the empty 

channel, W
Pr — Prandtl number
Ps —  Hydraulic friction loss of the fluid in the channels 

with inserting W-shaped carbon-fiber spacers, W
Psat — Saturation vapor pressure, Pa
P2

sat  —  Saturation vapor pressure of membrane surface, Pa
q — Heat transfer rate, W/m2

qc —  Heat transfer rate between membrane surface 
and cold fluid, W/m2

qh —  Heat transfer rate between hot fluid and mem-
brane surface, W/m2

qm —  Heat transfer rate between membrane surfaces, 
W/m2

Q — Volumetric flow rate, m3/s
R — Gas constant, J/(mol K)
Re — Reynolds number
rp — Membrane pore radius, m
T — Temperature, °C
Tm — Mean temperature in membrane, °C
TPC — Temperature polarization coefficient
v  — Average velocity, m/s
w1 — Vertical carbon-fiber fin width, m
w2 —  Hypotenuse carbon-fiber fin width, 

w2 = We/cos(θ/2), m
W — Width of channel, m
We — Fin width of carbon-fiber, m
xw — Liquid mole fraction of water
xNaCl — Mole fraction of NaCl in saline solution
Y

ln
 — Natural log mean mole fraction of air

yw — Vapor mole fraction of water
z —  Axial coordinate along the flow direction, m

Greek

αE — Heat transfer enhancement factor
β —  Dimensionless thickness, defined in Eq. (22)
δm — Thickness of membrane, m
ε — Membrane porosity
λ — Latent heat of water, J/kg
θ — Angle of carbon-fiber fin
ρ — Density, kg/m3 
τ — Membrane tortuosity

Subscripts

1 — Membrane surface on cold-fluid side
2 — Membrane surface on hot-fluid side
c — Cold fluid
f — Reference scale
h — Hot fluid
exp. — Experimental
in — Inlet
lam — Laminar
n — Inserting nylon fiber as supporters
out — Outlet
s —  Inserting carbon-fiber separators as supporters
theo. — Theoretical
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