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A B S T R AC T

The effects of spacers on fl ux enhancement of direct contact membrane distillation (DCMD) 
had been studied for high concentration NaCl aqueous solution. For DCMD experiments, spac-
ers were fi lled in different channels of the module. The effects of spacers on temperature polar-
ization and concentration polarization were demonstrated. By contrasting different modes of 
spacers fi lling channels, it was found that: (1) the coarse spacer enhanced fl uxes up to 30% and 
heat transfer coeffi cients by approximately two times over the empty channels; (2) the effect of 
spacer fi lled in the hot-side channel on the fl ux was much bigger than that in the cool-side; (3) 
The sequence of the spacers effects on fl ux was: coarse spacer > fi ne spacer > without spacer.

Keywords:  Direct contact membrane distillation; Spacer; Heat transfer; High concentration; 
NaCl solution; Mass transfer

1. Introduction

Membrane distillation (MD), a relatively new pro-
cess, is an evaporation process of feeding volatile 
components through porous hydrophobic membrane. 
Compared with conventional desalination processes, 
e.g., reverse osmosis, distillation and fl ash evaporation, 
the main advantages of MD are: (1) production of a high 
purity distillate; (2) no limitations caused by osmotic 
pressure effects; (3) lower operation temperatures; (4) 
lower operation pressures; (5) lower membrane mechan-
ical intensity demand; (6) lower energy expenditure; (7) 
no corrosion problems by using plastic equipments.

As a member of MD, the direct contact membrane 
distillation (DCMD) has liquid phases in direct con-
tact with both sides of the hydrophobic membrane, 
which shows simple confi guration and high permeate 
and is best suited for applications in which the major 
permeate component is water, such as desalination or 

concentration of aqueous solutions [1,2]. The heat and 
mass transfer mechanisms have been studied widely 
for low concentration solutions [3]. For high concentra-
tion (or close to equilibrium saturation), the complexity 
may be caused by changes in many operating param-
eters, such as: decrease of feed vapor pressure, increase 
of feed viscosity and so on, which lead to evaporation 
effi ciency decrease. Moreover, temperature polariza-
tion and concentration polarization may become more 
severe. Attempts to reduce these effects have been made 
by improving the fl ow characteristics, i.e., enhanc-
ing fl ow rates or turbulent fl ow conditions. However, 
larger energy consumption by pumps is not appealing 
in economic viewpoint. An alternative method to use 
spacers has been proposed [4], which reduces concen-
tration polarization and temperature polarization with-
out increasing fl ow rates. For spiral ultrafi ltration (UF) 
module and spiral reverse osmosis (RO) module, spac-
ers or turbulence promoters are put into fl ow channels to 
promote wakes and eddy in laminar fl ow. Hence, mass 
transfer is enhanced. On average, feed channel spacers 
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reduce the extent of concentration polarization because 
of the enhanced wall shear rates. However, the stagnant 
regions (in front and behind some spacer fi laments) 
lead to enhanced concentration polarization, which sug-
gests certain spacer designs could promote local scale 
and cake formation in spiral wound elements [5]. For 
DCMD, L. Martinez [6] had studied two basic separator 
confi gurations: open fl ow separators and screen sepa-
rators. The use of screen separators increased the fl ux 
and thus heat transfer was signifi cantly improved in 
the module with screen separators compared with the 
module with open fl ow separators. J. Phattaranawik [7] 
investigated 20 spacers with different voidages and 
hydrodynamic angles to determine the spacer perfor-
mance in heat and mass transfer enhancement. The 
results showed that spacers enhanced mass fl uxes up 
to 30−60% and increased heat transfer coeffi cients by 
approximately two times over the empty channels. The 
optimum spacer geometry was found at the voidage 
of 0.6 and the hydrodynamic angle of 90o, respectively. 
However, the values of heat transfer coeffi cients, NaCl 
diffusion coeffi cient, temperature polarization coef-
fi cients and concentration polarization coeffi cients for 
spacer-fi lled channels in DCMD had not been evaluated 
for higher concentration NaCl solution.

The object of this work was to provide the basic data 
for DCMD module. The effects of spacers different in 
voidages, and hydrodynamic angles on mass transfer of 
DCMD were investigated for high concentration NaCl 
solutions. In addition, the effect of fl ow rates on fl ux was 
investigated when fi ne spacer was put in both channels 
of the module. The theory of the heat and mass transfer 
enhancement by net-type spacers in DCMD to propose 
the heat transfer correlation for spacer-fi lled channel 
was studied.

2. Theory

In the process of the DCMD, water vapor transfer 
in membrane is the rate-limiting step for mass transfer, 
which can be considered as gas molecule transfer in the 
porous medium. The pore size of the porous medium is 
so small that gas diffusion mechanism is confi rmed by 
the relation between pore size and molecular mean free 
path. In the range of 0°C∼100°C, the mean free molecu-
lar path of the gaseous water molecules is about 0.2 μm, 
as the same as the pore diameter of experiments mem-
brane; and vapor diffusion coeffi cient DWA of molecular 
diffusion model and DKW of Knudsen diffusion model 
are in the same order of magnitude. So in the apertures, 
collisions between molecule-molecule and molecule-
aperture wall must be considered. That is to say, DCMD 
mass transfer process is a blend transition diffusion which 
includes Knudsen diffusion and molecular diffusion.

By conservation of momentum theory, a transition 
model can be written as

ln pm WA KAWA

m fm WA KA

1 - P P + D DD Pe
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⎝ ⎠  

(1)

When DKW/DWA<<1, Eq. (1) can be simplifi ed as 
Knudsen diffusion model. When DKW/DWA>>1, Eq. (1) 
can be changed as molecular diffusion model.

Vapor pressure of pure water is given by Antoine 
equation

3841
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(2)

When solute concentration of the feed is low, the 
vapor pressure of feed is expressed by Raoult law

(1 )oP P x= −  (3)

When solute concentration of the feed is high, the 
vapor pressure of feed is calculated by

2(1 )(1 0.5 10 )oP P x x x= − − −  (4)

For high concentration feed, special attention must 
be given to concentration polarization not only because 
the boundary layers increase the overall resistance to 
mass transfer but also because the solutes are accumu-
lated on the membrane surface and can become suffi -
cient to cause spontaneous wetting of the membrane. It 
is possible to characterize concentration polarization by 
a solute transfer analysis.
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When solute rejection is assumed to be 100%, Eq. (5) 
can be changed as
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f

c
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(6)

The mass transfer coeffi cient (K = D/δc) can be evalu-
ated using the mass transfer analogy of the heat transfer 
experiential correlation. Two conditions are as follows:

(1) For spacers inducing directional fl ow change
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For DCMD, the driving force of heat is a tempera-
ture difference caused by having a hot feed and a cold 
permeate. The heat transfer process from the feed to the 
permeate can be split into three steps: (1) Heat (Qf) is fi rst 
transferred from the hot feed across the heat boundary 
layer to the hot-side membrane surface; (2) Heat (Qm) 
is passed through the membrane not only by vaporiza-
tion latent heat (Qv) but also by heat conduction (Qc); (3) 
Heat (Qp) is removed from the cool-side membrane sur-
face through the heat boundary to the cool permeate. 
According to conservation of energy:

f m pQ = Q = Q  (10)
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From Eq. (11) and assuming hf = hp, the interfacial 
temperatures of the membrane can be obtained as:
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ΔH is vapor enthalpy evaluated at average membrane 
temperature (Tf + Tp)/2.

The temperatures in the layers adjacent to the mem-
brane differ from the temperature measured in the bulk 
liquid at both sides of the membrane. This phenom-
enon is called the temperature polarization. It causes 
the decrease of vapor pressure difference across the 
membrane and thus leads to the reduction of mass fl ux. 
Investigations often use temperature polarization coef-
fi cient (TPC) defi ned as:
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f p
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T T

−
−  

(14)

TPC can evaluate the fraction of the total thermal 
driving force that contributes to the mass transfer driv-
ing force. However, the real driving force of mass trans-
fer in MD is the vapor pressure difference across the 
membrane. So when a high concentration NaCl solu-
tion is considered, TPC is not suitable to be used as a 
measure of the driving force imposed because the exist-
ing vapor pressure decreases. For this reason, pressure 
polarization coeffi cient (PPC) is introduced as

fm pm

f p

p p
PPC =

p p

−
−  

(15)

It evaluates the fraction of the total thermal driving force 
imposed that contributes to the mass transfer driving force.

3. Experimental

The main element of DCMD was the membrane 
module consisting of the two symmetric compartments, 
hot and cold, separated by the hydrophobic mem-
branes prepared by PVDF. The fl ow chart was shown 
in our previous work [8]. Spacers were fabricated 
from cylindrical polypropylene rods. Some important 
characteristics of the spacer were listed in Table 1. The 
poly (vinylidene fl uoride) (PVDF) hydrophobic micro-
fi ltration membrane were provided by Millipore, whose 
properties were: pore diameter 0.2 μm porosity 80%, 
membrane thick 125 µm, heat conduction coeffi cient 
0.14 w/m/K. The membrane module was made from 
Perspex (polymerized methlmethacrylate) with a fl ow 
channel of 40 mm wide, 100 mm long, and 2.5 mm high 
(Fig. 1.). Spacers used were simply inserted into the 
channel and not fi xed to the membrane surface.

Table 1
Characteristics of spacers

Spacer name Material hsp (mm) df (mm) lm (mm) es Svsp  (m
−1) dh (mm) Angle (q)

Fine PP 1.15 0.55 2.8 0.852 7273 1.21 90
Coarse PP 2.10 1.15 4.85 0.793 3478 1.90 80
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NaCl solution was used as the feed. The cold sys-
tem was initially supplied by pure water. The control 
systems maintained the required values of temperature 
and the fl ow rates of streams at the module entrance. 
The double-barreled creeping motion pump (MUSTER-
FLEX) produced the same fl ow rates for both the feed 
and the permeate fl ows. In experiments, the hot feed and 
the cold permeate fl owed in the module in a parallel-
current mode.

4. Results and discussions

In experiments, the same fl ow rates for both the 
feed and the permeate fl ows were 0.145 m/s. The feed 

temperature and the permeate temperature were 70.0°C 
and 20.5°C, respectively. Pure water used to permeate 
and NaCl solution used to feed had not been degassed. 
The experiments conditions were summarized in Table 2.

Fig. 2 showed that the fl ux increased observably with 
spacer placed in the module. For the same fl ow rate, the 
same Tf and Tp, the fl uxes were higher obviously for the 
coarse spacer than for the fi ne spacer and both of them 
higher than for empty. These results suggested that the 
use of spacers enhanced the appearance of turbulences 
due to the formation of eddies and wakes when the fl uid 
passes spacer strands. For the coarse spacer the thick fi l-
aments and high voidage generated bigger wakes and 
thus a higher degree of turbulence when compared to 

Table 2
 Experiments conditions

 Experiments    

1 2 3 4 5 6 7

Cool channel Empty Coarse
spacer

Empty Coarse
spacer

Fine
spacer

Fine
spacer

Coarse
spacer

Hot channel Empty Empty Coarse
spacer

Coarse
spacer

Fine
spacer

Coarse
spacer

Fine
spacer

The initail concentration
of NaCl solution in hot
side (wt/wt)

17.79% 21.0% 20.79% 16.13% 21.83% 20.0% 20.20%

In cool side    Pure water    

Fig. 1. Membrane module (left: cutaway view; right: surface of interior).
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Fig. 2. Effects of different spacers on fl ux.

Table 3
Simulation result (fl ow rates: 0.145 m/s, the feed temperature 70.0°C; the permeate temperature: 20.5°C; NaCl concentration: 
22%)

Experiments 1 2 3 4 5 6 7

TPC 0.7256 0.7141 0.8144 0.8828 0.8031 0.8433 0.8428
PPC 0.5302 0.5149 0.6171 0.6840 0.6042 0.6451 0.6418
Hf 4500 4500 8000 13600 7700 9800 10200
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Fig. 3. Different spacers in cool of the module.
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Fig. 4. Different spacers in hot-cell of the module.

Fig. 5. Effects of no spacer on fl ux.
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the fi ne spacer [4]. The smaller wakes around the thin-
ner strands of the fi ne spacer generated lower fl ow 
disturbulence and so hf was lower for this spacer con-
fi guration than for the coarse spacer confi guration. For 
the same NaCl concentration of the feed (22%), Table 3 
showed that the effect of spacer on hf, TPC and PPC was: 
coarse spacer > fi ne spacer >  empty.

In order to investigate the effect of coarse spacer on 
fl ux, a couple of experiments were implemented. Firstly, 
coarse spacer was made in the feed channel of the mod-
ule and different spacer (coarse spacer/fi ne spacer/ 
empty) was fi lled in permeate channel (Fig. 3.). It was 
found that the fl uxes were slightly higher for the fi ne 
spacer than for empty in permeate channel of the mod-
ule, and both of them were lower than for the coarse 
spacer in permeate channel of the module. From Table 3, 
The effect of spacer on TPC, PPC and hf were same on 
fl uxes: coarse spacer > fi ne spacer > empty. Secondly, 
coarse spacer was put in permeate channel of the mod-
ule and different spaces were set in feed channel (Fig. 4). 
The result was same with the Fig. 3. Comparing Fig. 3 
with Fig. 4, the same result could be observed. The 
effects of spacers on fl ux, TPC, PPC and hf were in fol-
lowing ascending order: empty < fi ne spacer < coarse 
spacer.

By comparing the empty channels and coarse 
spacer fi lled in hot/cool channels (Fig. 5), it was found 
that: (1) the experimental results of coarse spacer fi lled 
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Fig. 6. Effects of fi ne spacer on fl ux.

Fig. 7. Effects of coarse spacer on fl ux.
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Table 4
Effect of fl ow rate on the permeate (the feed temperature 68.0°C; the permeate temperature: 20.5°C; NaCl concentration: 
17.76%, fi ne spacer in both channel of the module)

Velocity of
fl ow
(m/s)

Permeate (kg/m2/h) Ref TPC PPC hf /hp K

Experimental 
result

Simulation 
result

    

0.082 26.12 26.41 210 0.7825 0.6262 6800 2.04 × 10−4

0.145 27.35 27.74 372 0.8077 0.6522 8000 2.71 × 10−4

0.187 28.09 28.26 480 0.8248 0.6699 9000 3.08 × 10−4

0.235 28.50 28.69 603 0.8337 0.6792 9600 3.46 × 10−4

0.282 29.11 29.01 724 0.8465 0.6925 10600 3.79 × 10−4

0.329 29.70 29.27 845 0.8596 0.7061 11800 4.09 × 10−4

TPC, PPC and hf were same when coarse spacer and no 
spacer were in permeate channel of the module, and 
both of them were lower than for the coarse spacer in 
feed channel of the module. Thus, the effect of fl ow 
regime on fl ux for hot channel was bigger than that for 
cool channel.

In the same manner, the experiments were con-
ducted for comparing the fi ne spacer fi lled in both chan-
nel of the module and the coarse spacer fi lled in hot (or 
cool) channel. Fig. 6 showed that coarse spacer could 
slightly improve fl ux whether in hot channel or in cool 
channel. However, the fl ux of fi ne spacer fi lled in chan-
nel of the module was lower than that of coarse spacer 
fi lled in both channel of the module (Fig. 7). Table 3 
showed that the effect of spacer on TPC, PPC and hf 
was: coarse spacer fi lled in both channel of the module > 
coarse spacer fi lled in feed channel and fi ne spacer in 
permeate channel > fi ne spacer fi lled in feed channel 
and coarse spacer in permeate channel > fi ne spacer 
fi lled in both channel of the module.

While concentration of NaCl solution was close to 
saturation, concentration polarization increased sharply. 
Crystal was formed on the membrane surface. Thus 
membrane fouling increased sharply and fl uxes went 
down simultaneously (Figs. 2−7). For detailed analyses, 
see reference [8].

The fl ux ascended slightly when the recirculation 
rate rose (Table 4). The intention of using the higher re-
circulation rate was to increase the heat transfer coef-
fi cient, K, Ref, and to reduce temperature polarization 
and concentration polarization. This meant that the 
temperatures at the membrane surface approximated 
more closely that of the bulk streams, and thus the trans-
membrane temperature difference became larger. That 
is to say, TPC and PPC enhanced gradually as velocity 
of fl ow increased. Therefore, driving force became large 
and the fl ux consequently rose.

in cool channel was same to that of the empty chan-
nels; (2) when cool channel was empty, the fl ux was 
higher for coarse spacer in hot channel than for empty 
channel; (3) the effect of coarse spacer was higher for 
hot channel than for cool channel. Table 3 showed that 
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5. Conclusions

For DCMD, using spacers to improve fl ow regime 
was better than increasing fl ow rates. The effects of 
spacer-fi lled in channel of hot side on fl ux was much 
bigger than in channel of cool side and the sequence of 
the effect of spacers on fl ux was: coarse spacer > fi ne 
spacer > without spacer. Higher heat transfer coeffi cient 
was a key to improve heat effi ciency and fl ux of DCMD, 
which was decided by fl ow regime and physics of the 
fl uid.
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Symbols

c —  molar concentration of NaCl solution (mol/l)
dh — hydraulic radius (m)
h —  convective heat transfer coeffi cient 

(W · m−2 · K−1)
ΔH — latent heat of water (J · kg−1)
k — heat conduction coeffi cient (W · m−1 · K−1)
kc — mass transfer coeffi cient (m s−1)
M — molecular weight (g mol−1)
N — mass fl ux across membrane (kg · m−2 · s−1)
po — vapor pressure (Pa)
Q — heat fl ux (W · m−2)
T — temperature (K)
x — molar fraction of NaCl
d — the thickness of the membrane (m)
e — porosity (-)
t — membrane tortuosity (-)
m — viscosity (Pa · s)

r — solution density (kg m−3)
r — radius of the membrane pore size (m)
Re — Reynolds (-)
Pr — Prandtl (-)
Nu — Nusselt (-)
Sc — Schmidt (-)
Sh — Sherwood (-)

subscripts

f — the bulk of the feed
fm — membrane surface of the feed
p — the bulk of the permeate
pm — membrane surface of the permeate
m — membrane
W — water
A — air
av — average
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