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a b s t r a c t
This study focused on the comparison of inside-out or outside-in membrane distillation (MD) 
modules under the conditions where fouling due to scale formation occurs. Experiments were car-
ried out using a laboratory-scale direct contact MD setup. Synthetic feed water containing NaCl of 
200,000 mg/L and CaSO4 of 2,000 mg/L was used for accelerated fouling tests. In-house MD mini 
modules were fabricated and operated either in the inside-out or outside-in modes. Results showed 
that the initial flux of the inside-out MD module was slightly higher than the outside-in MD mod-
ule under no fouling conditions. The temperature difference was maintained at 40°C (feed inlet: 
60°C; distillate: 20°C). The flow rate of the feed was the same as that of the distillate, which was 
0.4 L/min. The average flux values of the inside-out and outside-in modes were, approximately, 1.56 
and 1.42 kg/m2h, respectively. However, a more rapid decline of flux due to scale formation occurred 
in the inside-out MD modules compared with the outside-in MD modules under the same operating 
condition. The blocking coefficient was initially very low and suddenly increased after the volume of 
concentration factor (VCF) of 1.35 in the case of the inside-out mode. The blocking coefficient started 
to increase after the VCF of 1.75 in the case of the outside-in mode. Different mechanisms for scale 
formation in the inside-out and outside-in modes were suggested to elucidate the results of fouling 
tests, which were also supported by the scanning electron microscope analysis.

Keywords:  Membrane distillation (MD); Hollow fiber membrane; Scale formation; Inside-out and 
outside-in MD modules

1. Introduction

As water shortage due to imbalance between available 
water resources and water demand has become serious, 
many countries have been searching for novel technolo-
gies to supply sustainable sources of fresh water [1,2]. One 
of the promising technologies is seawater reverse osmosis 
(SWRO) desalination that can produce fresh water from 
saline water [3–5]. However, SWRO requires a substantial 
amount of electricity and may not be affordable since cost 
of the electricity is high. Accordingly, there is an ongoing 

need for desalination techniques that do not rely on electrical 
energy generated from fossil fuels. In this context, mem-
brane distillation (MD) has drawn attention as a desalination 
technology capable of reducing the electricity consumption 
by using thermal energy [6–9]. Since MD may be operated 
under lower feed temperature than multistage flash or multi- 
effect distillation, it allows the use of low grade heat sources 
such as solar thermal energy or waste heat [10–14].

Current applications of MD have been attempted in 
small scales, which have limited impacts on desalination 
industry. One of the reasons is that most MD modules in 
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commercial or pilot scales are produced using flat sheet 
membranes. Although they are advantageous in small-
scale applications, it is difficult to scale up using such 
membrane modules due to relatively low packing density 
of the membranes [15]. Recently, hollow fiber MD modules 
have been also developed in commercial scales, which have 
potential for large-scale applications for desalination as well 
as SWRO brine treatment [16,17]. Compared with flat 
sheet MD modules, hollow fiber MD modules have higher 
packing density and lower module cost per membrane 
area [17–19].

In hollow fiber MD modules, there are several design 
and operational factors influencing the process efficiency 
and one of them is the selection of flow direction. Unlike 
flat-sheet MD modules, hollow fiber MD modules may 
be operated either inside-out or outside-in modes [20]. 
Preliminary works revealed that their performances are 
similar under no fouling conditions [17,21,22]. Nevertheless, 
little information is available on the performances of such 
modules under severe fouling conditions [23]. The inorganic 
fouling may deposit on the membrane surface and block the 
membrane pores and it has a profound effect on MD flux 
[24–26]. The scale formation gives additional thermal and 
hydraulic resistances, which depend on the characteristics 
of the scale formation such as porosity and thickness. The 
formation of fouling layer reduces the temperature differ-
ence across the membrane or an increase in temperature 
polarization, which translates to lesser driving force [23].

Thus, this study focused on the comparison of inside-
out or outside-in MD modules under the conditions where 
fouling due to scale formation occurs. Experiments were 
carried out using in-house MD modules in the direct con-
tact MD mode. Accelerated fouling tests were done using 
synthetic feed solution containing high concentrations of 
NaCl and CaSO4 [20]. The results were compared to suggest 
different mechanisms of fouling due to scale formation in 
the two modes.

2. Material and methods

2.1. Membrane module

Detailed specifications of the membrane modules are 
listed in Table 1. Fig. 1a shows the photograph of the 

hollow fiber module, and SEM images of cross-sectional 
membrane structure before MD experiments are in Fig. 1b. 
The effect of the membrane structure was not considered in 
this study.

2.2. Experimental setup

Experiments were carried out in a bench-scale direct 
contact membrane distillation (DCMD) system, which is 
schematically illustrated in Fig. 1c. The temperature of 
feed solution was automatically controlled by a heat with 
a thermometer. The feed flow and distillate flow rates were 
adjusted from 0.2 to 0.4 L/min. The feed inlet temperature 
had a range from 50°C to 70°C. The permeate tempera-
ture was fixed at 20°C by a heat exchanger connected to a 
cooler. The temperature difference between the feed and 
distillate (ΔT) was ranged from 30°C to 50°C. The distillate 
flux was calculated by measuring the volume of distillate 
water using an electronic balance (OHAUS, USA). Two 
gear pumps (Cole-Parmer, USA ) were used to recirculate 
the feed and distillate. The flow rates were monitored using 
flow meters (Dwyer, USA), which were placed at the inlet 
side of the module.

The flow directions for the inside-out and outside-in 
modes are illustrated in Fig. 2. In the inside-out mode, the 
feed water was supplied to the lumen side and the distillate 
water flowed through the shell side. In the outside-in 
mode, the feed water was supplied to the shell side and the 
distillate water flowed through the lumen side.

2.3. Feed solution

To examine fouling behaviors of the MD membranes, 
the feed solution was prepared using NaCl of 200,000 mg/L 
and CaSO4 of 2,000 mg/L. All reagents were purchased 
from Sigma-Aldrich (St. Louis, MO). Table 2 shows the 
solubility limits of NaCl and CaSO4 at feed temperatures. 
The solubility of CaSO4 decreases with the increase of 
temperature.

2.4. Experimental procedures

2.4.1. Accelerated fouling tests and calculation of 
blocking coefficient (β)

In order to compare fouling propensity in the two oper-
ation modes, a series of MD experiments were carried out 
using the feed water. The effect of flow rate on flux was also 
examined in the two operation modes. All the tests were 
done in the batch operation mode. The degree of concentra-
tion is expressed as the volume of concentration factor (VCF), 
which is defined as:

VCF =
−
V

V Vp
0

0

 (1)

where V0 is the initial quantity of feed volume and Vp is the 
cumulative permeate production. Accordingly, the changes 
in flux were compared as a function of VCF.

It has been reported that the progress of membrane 
fouling due to scale formation is caused by the blockage of 

Table 1
Summary of membrane specifications

Parameters Specifications

Membrane type Hollow fiber membrane

Membrane material
Hydrophobic polyvinylidene  
 fluoride (PVDF)

Fiber inside diameter (m) 8 × 10–4

Fiber outside diameter (m) 12 × 10–4

Pore size (m) 1 × 10–7

Porosity (%) 80
Module diameter (m) 0.04
Module length (m) 0.18
Effective membrane area (m2) 0.0188
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(a)

(b)

 

(c) 

Fig. 1. (a) Hollow fiber DCMD module, (b) SEM images of cross-sectional membrane structure before MD experiments, and 
(c) schematic diagram of laboratory DCMD experimental system.
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membrane surface by the deposition of crystals formed from 
either surface crystallization or bulk crystallization [16,27–30]. 
Accordingly, the following equations were applied to 
describe the progress of fouling [23]:

J B p
A A
A

B pm b

m

= ( ) −
= ( ) −( )∆ ∆ 1 β  (2)

∆p p= ( )0 VCF  (3)

where J is the distillate flux; B is the water permeability of 
MD membrane; Am is the membrane area; Ab is the membrane 
area blocked by scales; Δp is the effective vapor pressure 
difference between the feed and distillate [31]; and b is the 
blocking coefficient given by Ab/Am. These equations were 
developed to describe fouling due to scale formation in 
membrane systems. They are based on the assumption that 
the growth of inorganic scales blocks the membrane sur-
face, thereby reducing the effective membrane area [23].

Accordingly, b is calculated using the ratio of flux at a 
given VCF to the initial flux (J0):

β = −
( )( )

= −1 1
0 0

J
B p

J
JVCF

 (4)

The physical meaning of b is the ratio of the membrane 
area which is blocked by the crystals. If b approaches to 
1.0, the membrane is completely blocked, implying serious 
fouling. As VCF increases, the salt concentration increases, 
leading to an increased rate of crystallization. Therefore, b 
rapidly increases with VCF during the MD operation.

2.4.2. Field emission scanning electron microscopy (FE-SEM)

After each MD experiment, the membrane was taken 
out from the module. Then, it was completely dried after 
washing with distilled water and mounted on the flat stubs 
after coated by platinum. The field emission scanning 
electron microscopy (FE-SEM) was used to examine the 
membrane surface.

2.4.3. Measurement of the pressure drop

Before the start of the experiment, the pressure drop of 
the MD modules was measured in the inside-out and the 
outside-in mode. After the fouling experiments, the pres-
sure drops were measured again. They were measured in 
the flow rates of 0.40 and 0.20 L/min, respectively.

3. Results and discussion

3.1. No fouling conditions

The pure water flux in the inside-out mode was com-
pared with that in the outside-in mode as shown in Fig. 3. 
The temperature difference was maintained at 40°C (feed 
inlet: 60°C; distillate: 20°C). The flow rate of the feed was 
same as that of the distillate, which was 0.4 L/min. The 
average flux values of the inside-out and outside-in modes 
were approximately 1.56 and 1.42 kg/m2h, respectively. It 
is evident that the flux in the inside-out mode was slightly 
higher than that of the outside-in mode under no fouling 
conditions.

This may be attributed to the difference in hydro-
dynamic conditions between the two modes. Although the 
feed flow rates were same, the crossflow velocities between 
the two modes were different due to the different cross 
section area. Therefore, the Reynolds numbers should be 
also different. The crossflow velocities and the Reynolds 
numbers for the inside-out and outside-in modes can be 
calculated using the following equations [32]:
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(a) (b) 

Fig. 2. Flow directions in (a) inside-out mode and (b) outside-in 
mode.

Table 2
Solubility limits of NaCl, CaSO4 at feed temperatures

Feed 
solution

Solubility limit (mg/mL)

Feed 
temperature 
of 50°C

Feed 
temperature 
of 60°C

Feed 
temperature 
of 70°C

NaCl 367 370 375
CaSO4 2.07 2.01 1.93
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where Rei is the Reynolds number for the inside-out mode; 
Reo is the Reynolds number for the outside-in mode; r is 
the density of the feed solution; m is the viscosity of the 
feed solution, ui is the crossflow velocity of the feed in the 
inside-out mode, uo is the crossflow velocity of the feed in 
the outside-in mode; Qfeed is the feed flow rate; di is the fiber 
inner diameter; do is the fiber outer diameter; dm is the inner 
diameter of the module; Ai is the cross section area for feed 

flow in the inside-out mode; Ao is the cross section area 
for feed flow in the outside-in mode; De is the equivalent 
diameter in the inside-out mode; and Pi is the tube pitch.

Table 3 summarizes the calculated values for the 
cross flow velocities, viscosity and feed concentration in the 
inside-out and outside-in modes. Table 4 shows Reynolds 
numbers in the inside-out and outside-in modes. Since the 
viscosity of the water changes with the temperature, the 
Reynolds numbers were calculated at three different feed 
temperatures [31]. The crossflow velocities in the inside-out 
mode are much higher than those in the outside-in mode 
under all cases. The Reynolds numbers were also higher 
in the inside-out mode than in the outside-in mode. It is 
expected that the degree of the temperature polarization 
in the inside-out mode is lower than that in the outside-in 
mode due to the difference in the Reynolds numbers [33]. 
Accordingly, it can be concluded that the pure water flux 
in the inside-out mode is higher than that in the outside-in 
mode for our hollow module under same feed flow rate.

3.2. Effect of operation mode on flux decline due to scale formation

A series of MD experiments were performed using the 
feed water to compare the fouling propensities between 
the inside-out and the outside-in modes. The changes in 
flux at the temperature difference of 40°C and the flow rate 
of 0.4 L/min are shown in Fig. 4a. Although the initial flux 
was slightly higher in the inside-out mode than the outside-  
in mode, a more rapid flux decline was observed in the 
inside-out mode. As depicted in Fig. 4b, the blocking coef-
ficient was initially very low and suddenly increased after 
the VCF of 1.35 in the case of the inside-out mode. However, 
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Fig. 3. Comparison of pure water flux between inside-out and 
outside-in operations under no fouling condition. (symbols: 
•: inside-out; ◊: outside-in; operating conditions: feed solution: 
distilled water; feed temperature: 60°C; distillate temperature: 
20°C; flow rate; 0.4 L/min).

Table 3
Comparison of calculated crossflow velocities, viscosity and feed concentration

Operation 
mode

Flow rate 
(L/min)

Crossflow 
velocity 
(m/s)

Viscosity (sec-Pa) Feed concentration (ppm) (average 
concentration of initial value and critical value)

Feed 
temperature 
of 50°C

Feed 
temperature 
of 60°C

Feed 
temperature 
of 70°C

Feed 
temperature 
of 50°C

Feed 
temperature 
of 60°C

Feed 
temperature 
of 70°C

Inside-out 0.4 0.829 0.001005 0.000861 0.000740 235,000 235,000 230,000
0.2 0.415 0.001018 0.000873 0.000740 240,000 240,000 230,000

Outside-in 0.4 0.0074 0.001061 0.000955 0.000800 256,000 275,000 260,000
0.2 0.0037 0.001070 0.000992 0.000800 259,000 290,000 260,000

Table 4
Comparison of calculated Reynolds numbers

Operation  
mode

Flow rate 
(L/min)

Reynolds number

Feed temperature of 50°C Feed temperature of 60°C Feed temperature of 70°C

Inside-out 0.40 767 890 1,027
0.20 380 441 514

Outside-in 0.40 279 312 367
0.20 139 152 177
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the blocking coefficient started to increase after the VCF of 
1.75 in the case of the outside-in mode. It is evident from the 
results that the inside-out mode operation is more sensitive 
to fouling due to scale formation.

Fig. 5a shows the flux behaviors at the temperature 
difference of 40°C and the flow rate of 0.2 L/min. As the feed 
flow range decreased from 0.4 to 0.2 L/min, the initial flux in 
the inside-out and outside-in modes was reduced from 1.45 
to 0.941 kg/m2h and from 1.4 to 0.915 kg/m2h, respectively. 
It is clear that the flow rate is an important factor influencing 
the initial flux of the hollow fiber MD. Similar to the previous 
case, the flux decline in the inside-out mode is more serious 
than in the outside-in mode. The blocking coefficients began 
to increase from the VCF of 1.4 in the inside-out mode and 
the VCF of 1.9 in the outside-in mode. Again, it is evident 

that the fouling due to scale formation is more serious in 
the inside-out mode than the outside-in mode regardless of 
the flow rates.

After the MD experiments, the modules were disas-
sembled and visually examined to compare the differences 
between the two modes. In the inside-out mode, there were 
substantial amounts of scales attaching to the inlet channel 
of the module as depicted in Fig. 6a. However, in the out-
side-in mode, a large amount of scales was found on the 
surface of the fibers as demonstrated in Fig. 6b. To further 
examine the scales on the membranes, SEM was applied as 
shown in Fig. 7. The inlet section and the middle section were 
observed using SEM in the two modes. As shown in Fig. 7a, 
scales were found inside the fibers in the inlet section after 
the MD operation in the inside-out mode. The fiber seems to  
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Fig. 4. Dependence of flux and blocking coefficient on VCF during the MD experiments in the inside-out and outside-in modes. 
(a) Flux and (b) blocking coefficient (symbols: •: inside-out; ◊: outside-in; operating conditions: feed solution: distilled water; 
feed temperature: 60°C; distillate temperature: 20°C; flow rate; 0.4 L/min).
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Fig. 5. Dependence of flux and blocking coefficient on VCF during the MD experiments in the inside-out and outside-in modes. 
(a) Flux and (b) blocking coefficient (symbols: •: inside-out; ◊: outside-in; operating conditions: feed solution: distilled water; 
feed temperature: 60°C; distillate temperature: 20°C; flow rate; 0.2 L/min).
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(a) (b) 

Fig. 6. Photographs of the membrane module after MD experiments (a) inside-out mode and (b) outside-in mode.
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(c) (d) 

Fig. 7. SEM images of membranes after MD experiments (a) inside of membrane inlet section in the inside-out mode, (b) surface of 
membrane inlet section in the outside-in mode, (c) inside of membrane middle section in the inside-out mode, and (d) surface of 
membrane middle section in the outside-in mode.
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be completely clogged by the scales in this case. However, no 
scales were observed in the middle section (Fig. 7c), suggest-
ing that the inlet of the fiber is blocked and thus feed water 
did not enter into the middle section. On the other hand, 
the scales were found not only in the inlet section (Fig. 7b) 
but also in the middle section (Fig. 7d) in the case of the 
outside-in mode.

Based on the results of fouling tests (Figs. 4 and 5) and 
SEM analysis (Fig. 7), the mechanisms for the scale formation 
in the inside-out and outside-in modes were suggested. 
As illustrated in Figs. 8a and b, the scale formation in the 
inside-out mode mainly occurs near the inlet section of 
the fibers. During the MD operation, scales are generated 
through the bulk crystallization and enter in the fibers, 

thereby clogging the fibers. Although the remaining part 
of the fiber may be clean without scale deposits, it may not 
be used for water production because the feed water can-
not enter. A relatively small amount of crystals can block 
the fibers and thus the flux decline due to scale formation 
rapidly occurs. On the other hand, the scale formation 
in the outside-in mode occurs on the outer surface of the 
fibers. Due to low crossflow velocity and Reynolds num-
ber, the condition is favorable for surface crystallization. 
However, the blockage of the whole membrane surface 
by the surface crystallization requires a certain amount of 
time. Accordingly, it is likely that the flux decline is slower 
in the outside-in mode than the inside-out mode.

If the membrane fibers were clogged by the scales in the 
inside-out mode, the pressure drop of the module should 
have increased after the MD experiment. As demonstrated in 
Table 5, in the case of the inside-out mode, the inlet pressure 
increased from 0.04 to 0.33 bar at the flow rate of 0.40 L/min 
and from 0.02 to 0.16 bar at the flow rate of 0.20 L/min. 
However, it did not change before and after the experi-
ment in the case of the outside-in mode. This is an evidence 
supporting the mechanisms proposed in Fig. 8.

3.3. Effect of temperature difference

The temperature difference is one of the most import-
ant factors influencing the results of MD operation. 
Accordingly, the effect of the temperature differences was 
also investigated in the two operation modes. First, the tem-
perature difference was increased to 50°C. In Fig. 9, the flux 
and blocking coefficient are illustrated as a function of VCF 
at the temperature difference of 50°C and the flow rate of 
0.4 L/min. Compared with the previous case (Fig. 4), the ini-
tial fluxes were higher, but the flux declines were also more 
serious. The blocking coefficients gradually increased from 
the beginning and then suddenly rose at the VCF of 1.3 in 
the inside-out mode and 1.6 in the outside-in mode. Similar 
results were obtained when the temperature difference of 
50°C and the feed flow rate was 0.2 L/min, as shown in Fig. 10.

The results of MD experiments at the temperature 
difference of 30°C are illustrated in Figs. 11 and 12. The 
initial flux was reduced with a decrease in the temperature 
difference. The rates of flux decline were lower than the 
cases with the temperature difference of 50°C but similar 
to the cases with the temperature difference of 40°C. This 
implies that the flux decline due to scale formation cannot be 
properly managed by reducing the temperature difference.

Regardless of the temperature differences, the fouling 
propensity in the inside-out mode was higher than that in the 
outside-in mode. But there were slight differences depend-
ing on the temperature conditions. When the temperature 
difference was higher (Fig. 9a), the difference in the flux 
between the two modes became larger. On the other hand, 
the difference became smaller at the lower temperature 
difference (Fig. 11a). This suggests that the fouling in the inside-
out mode is accelerated at higher temperature differences.

To further investigate the scaling phenomena in inside-
out and outside-in, the critical VCF values, which are 
defined as the VCF to result in a rapid decrease in flux, 
were compared with the corresponding saturation degree 
and Reynolds number (Table 6). The saturation degrees for 
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Fig. 8. Proposed mechanisms of scale formation in inside-out 
and outside-in modes: (a) inside-out without scale formation, 
(b) inside-out with scale formation, (c) outside-in without scale 
formation, and (d) outside-in with scale formation.
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NaCl and CaSO4 in the inside-out module range from 0.69 to 
0.76 and from 1.26 to 1.39, respectively. On the other hand, 
the saturation degrees for NaCl and CaSO4 in the outside-in 
module range from 0.84 to 1.03 and from 1.50 to 1.89, respec-
tively. In both modules, the Reynolds number was not 
related with the critical VCF values. This suggests that the 

inside-out module is more sensitive to scale formation than 
the outside-in module regardless of their hydrodynamic 
conditions in the modules. Together with the results in Table 5, 
it can be concluded that the different critical VCF between 
inside-out and outside-in modules is attributed to the clog-
ging of fiber inlets in the inside-out module.

Table 5
Measurement of pressure drop along with the module before and after scale formation

Operation 
mode

Flow rate 
(L/min)

Initial pressure of 
feed inlet (bar)

Initial pressure of 
feed outlet (bar)

Pressure of feed inlet after 
scale formation (bar)

Pressure of feed outlet 
after scale formation (bar)

Inside-out 0.40 0.04 0.03 0.33 0.01
0.20 0.02 0.01 0.16 0.01

Outside-in 0.40 0.06 0.02 0.06 0.02
0.20 0.03 0.01 0.03 0.01
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Fig. 9. Dependence of flux and blocking coefficient on VCF during the MD experiments in the inside-out and outside-in modes. 
(a) Flux and (b) blocking coefficient (symbols: •: inside-out; ◊: outside-in; operating conditions: feed solution: distilled water; 
feed temperature: 70°C; distillate temperature: 20°C; flow rate; 0.4 L/min).
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Fig. 10. Dependence of flux and blocking coefficient on VCF during the MD experiments in the inside-out and outside-in modes. 
(a) Flux and (b) blocking coefficient (symbols: •: inside-out; ◊: outside-in; operating conditions: feed solution: distilled water; 
feed temperature: 70°C; distillate temperature: 20°C; flow rate; 0.2 L/min).
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Fig. 11. Dependence of flux and blocking coefficient on VCF during the MD experiments in the inside-out and outside-in modes. 
(a) flux and (b) blocking coefficient (symbols: •: inside-out; ◊: outside-in; operating conditions: feed solution: distilled water; 
feed temperature: 50°C; distillate temperature: 20°C; flow rate; 0.4 L/min).
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Fig. 12. Dependence of flux and blocking coefficient on VCF during the MD experiments in the inside-out and outside-in modes. 
(a) flux and (b) blocking coefficient (symbols: •: inside-out; ◊: outside-in; operating conditions: feed solution: distilled water; 
feed temperature: 50°C; distillate temperature: 20°C; flow rate; 0.2 L/min).

Table 6
Summary of critical VCF values under various conditions

Feed temperature  
(°C)

Operation  
mode

Flow rate  
(L/min)

Critical  
VCF

Saturation degree Reynolds 
numberNaCl CaSO4

50
Inside-out

0.4 1.3 0.71 1.26 767
0.2 1.4 0.76 1.35 380

Outside-in
0.4 1.55 0.84 1.50 279
0.2 1.6 0.87 1.55 139

60
Inside-out

0.4 1.4 0.76 1.39 890
0.2 1.4 0.76 1.39 441

Outside-in
0.4 1.75 0.95 1.74 312
0.2 1.9 1.03 1.89 152

70
Inside-out

0.4 1.3 0.69 1.35 1,027
0.2 1.3 0.69 1.35 514

Outside-in
0.4 1.6 0.85 1.66 367
0.2 1.6 0.85 1.66 177
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4. Conclusions

In this study, different fouling behaviors of the hollow 
fiber MD membranes between the inside-out and the 
outside-in modes were analyzed in a bench-scale DCMD 
system. The following conclusions were drawn:

• Without fouling, the flux in the inside-out mode was 
slightly higher than that in the outside-in mode. This 
is attributed to a lower degree of temperature polariza-
tion in the inside-out mode operation caused by higher 
crossflow velocity and Reynolds number.

• However, a more severe fouling due to scale formation 
occurred in the inside-out mode compared with that 
in the outside-in mode. It appears that the scale forma-
tion in the inside-out mode mainly occurs near the inlet 
section of the fibers, leading to clogging of the fibers. 
On the other hand, the scale formation in the outside-in 
mode seems to occur on the outer surface of the fibers.

• Regardless of the flow rates and temperature differences, 
the fouling due to scale formation was more serious in 
the inside-out mode than the outside-in mode. However, 
the fouling in the inside-out mode became higher at 
higher temperature differences compared with the 
outside-in mode.
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