
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Separation Science and Technology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713708471

Flux Enhancement in a Helical Microfiltration Module with Gas Injection
Kun Yong Chunga; Min Soo Leea

a Department of Chemical Engineering, Seoul National University of Technology, Nowon, Seoul, Korea

To cite this Article Chung, Kun Yong and Lee, Min Soo(2005) 'Flux Enhancement in a Helical Microfiltration Module with
Gas Injection', Separation Science and Technology, 40: 12, 2479 — 2495
To link to this Article: DOI: 10.1080/01496390500267533
URL: http://dx.doi.org/10.1080/01496390500267533

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496390500267533
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Flux Enhancement in a Helical
Microfiltration Module with Gas Injection

Kun Yong Chung and Min Soo Lee

Department of Chemical Engineering, Seoul National University

of Technology, Nowon, Seoul, Korea

Abstract: A helical flow module with an inner rod mounted membrane was designed

and built to reduce gel layer deposit and membrane fouling during microfiltration.

Controlled centrifugal instabilities resulting from flow in a helically grooved

channel, as well as the leakage flow between adjacent grooves, generated secondary

vortex flows. The permeation fluxes for helical modules with Dean vortex flow were

compared with flat crossflow modules at different operating pressures, concentrations,

and feed flow rates. The permeation flux of the helical module for a feed solution con-

taining 0.3wt% kaolin solution at 1.2 bar was 57% higher than that of the flat module.

Moreover, in addition to secondary vortex flow, compressed air was introduced to the

membrane module. The increase in flux for the helical module with air injection was

significant: the flux enhancements at 1.3 bar, 2 L-solution/min and 1.3 L-air/min for

0.1wt% solutions of kaolin and bentonite were 47 and 73%, respectively.

Keywords: Helical module, Dean vortex, turbulent flow, gas-injection, fouling,

microfiltration

INTRODUCTION

Pressure-driven membrane processes are widely used in many industrial appli-

cations for concentrating and fractionating various components in solutions

and suspensions. Although theses processes have become very attractive,

the rapid decrease in the permeate flux, which results from membrane
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fouling and concentration polarization, often limits their practical use in

industrial applications. Recent research efforts have focused on fundamental

aspects of fouling and concentration polarization mechanisms with the goal

of minimizing flux decline in pressure-driven membrane applications.

Various approaches have been used: (i) treatment to lower the solid concen-

tration in feed streams, (ii) improved methods of operation for controlling

the permeation flux and minimizing the transmembrane pressure difference,

and (iii) lowering the concentration gradient between the membrane surface

and bulk solution (1). The first strategy is of limited use because it is often

not a practical solution to the problem. Recent developments in membrane

processes for pilot plant commercial applications are based on the approach

of maintaining low transmembrane flux; that is, below a “critical flux”

where fouling does not occur. This critical flux hypothesis states that on

start-up if flux is maintained at a low enough value, the membrane will not

foul (2). The last approach includes chemical modification of the membrane

surface as well as physical and hydrodynamic methods of minimizing

surface fouling. Chemical modification methods, however, require the

membrane to be customized for the constituents in each feed stream, which

is often a very difficult task to achieve (3). Also, surface treatment has little

effect on the behavior of suspended particles once a secondary cake layer

has been formed. On the other hand, physical and hydrodynamic techniques

to reduce concentration polarization have been shown to be effective in

enhancing the permeate flux of ultrafiltration or microfiltration membranes.

Some examples of these techniques are: (i) mixing with a static mixer (4, 5)

or screw-threaded inserts in tubular modules (6), (ii) cleaning balls in the

feed channel (7, 8), (iii) fluidized bed operation with small glass balls in the

tubular module (9), (iv) pulsatory flow with a corrugated membrane surface

(10–12), (v) the use of rotating disk equipment (13–15), (vi) vibratory

shear-enhanced filtration systems (16, 17), and (vii) production of centrifugal

instabilities such as Taylor (18–21) and Dean vortices (22–33). Specifically,

the Taylor vortex system exhibits excellent flux and rejection characteristics.

It is, however, difficult to scale-up, consumes a large amount of energy, and

may have long-term sealing problems. In order to overcome the scale-up limit-

ations and sealing problems described above, the Dean vortex membrane

system has been investigated. Winzeler and Belfort (22) suggested spirally

wound channels of semicircular cross-section which can sweep the

membrane surface in a continuous bend. This stack module performed

about six-fold better than conventional plate and frame membrane modules

with feed solutions containing yeast and whey. Helical hollow fiber or

tubular systems using a Dean vortex have also been actively investigated

(26–32). Despite these potential benefits, no large-scale membrane modules

are commercially available based on the Dean vortex. Recently, it has been

reported that the creation of a gas/liquid two-phase flow by injecting gas

into the feed effectively reduces concentration polarization. This occurs

because the injection of gas into the liquid stream promotes both turbulence
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at the surface of membrane and superficial crossflow velocity. Cui et al.

(34, 35) and Um et al. (36) have reported up to 320% and 400% enhancement

of permeate flux with gas injection into tubular and flat sheet ultrafiltration

membrane systems, respectively.

The purpose of this paper is to present the efficiency of a helical flow

module with an inner rod mounted membrane. Controlled centrifugal instabi-

lities resulting from flow in helically grooved channels were used to reduce gel

layer deposit and membrane fouling during microfiltration. In addition, the

leakage flow between adjacent channel grooves may augment secondary

vortex flow generated in the helical space by centrifugal force. Finally, com-

pressed air, in addition to secondary vortex flow, was introduced to the

membrane module to keep the fluid well-mixed, and thereby reduce the

potential of particles to block membrane pores. In this paper, the results

obtained for Dean vortex flow and crossflow without vortices as well as gas

injection are compared and analyzed.

EXPERIMENTAL

System

The experimental apparatus used in this study is shown schematically in

Fig. 1. The system consisted of a 10 L stainless steel reservoir tank (1), a

rotary pump (2) (PMR 401138, Korea), a membrane module (4), a compressor

(10) (3/4HP-Professional Air Compressor, Namsun Power Tools, Korea), a

flowmeter (6) (VFC-151, Dwyer Instruments), and an electronic balance

Figure 1. Schematic experimental flow diagram of the microfiltration system

equipped with a membrane module.
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(11) (HF-6000G, AND) interfaced to a computer to collect permeate flux data.

A bypass line with a valve (9) was used to control the flow rate and operating

pressure. The inlet and outlet pressures (3) of the module were measured and

then the operating pressure was set as the average of these values. The feed

flow rate was measured with a flowmeter before the stream was recycled to

the tank. The permeate stream was collected in a permeate reservoir, and

then periodically recycled to the feed tank in order to maintain an essentially

constant feed concentration. The particles in the feed tank were prevented

from gravity settling by using a mixer. The temperature of the feed solution

was controlled by a cooling coil placed in the feed tank. Compressed air

could be injected at the entrance of the module in order to produce

turbulent flow in the membrane module. The air flow rate was measured

with the drum type gas meter (TG10, Ritter Co.) and maintained at about

1.3 L/min under 1.3 bar.

Materials

The membrane used in this study was a mixed-ester cellulose microfilter

(Asypor, Domnick Hunter Ltd.), with a nominal pore size of 0.2mm. The

active area of the membrane was 160 cm2. Kaolin and bentonite particles

were used, and all feed solutions were prepared in ultra-pure water (greater

than 18.2MV-cm) produced by a Maxima system (Elga Co.). The particle

sizes of kaolin and bentonite were measured with a laser particle analyzer

system (Otsuka Co., PAR-III), as shown in Fig. 2.

Membrane Modules

Two microfiltration membrane modules were used to compare the perform-

ance obtained in the presence and absence of Dean vortices, as well as the

flux enhancement due to gas injection. The membrane modules are shown

in Fig. 3. The flat sheet membranes (2) were wrapped around perforated

supports (1), arranged coaxially and radially spaced from the cylindrically

profiled surface, which was formed with a helical groove (3) or simply flat

(4), respectively. The modules were made of transparent acrylic plastic so

that the flow pattern could be visualized optically. The fluid to be filtered

passed one axial end along the passage defined between the membrane and

the profiled surface. The corkscrew-type vortex flow was produced in the

existing direction of the helical grooves. A narrow gap between adjacent

turns of the grooves and membrane induced leakage flow. Bellhouse (32)

reported mathematically the interaction between leakage flow and

corkscrew vortex flow within the helical space. The action of the high-

velocity leakage flow was to overwhelm the pre-existing upstream

corkscrew vortex and reinforce the downstream corkscrew vortex. Hence
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the flow could provide the desired mixing to bring the particles near the

membrane surface into the bulk fluid. The groove for this study is of rectangu-

lar shape due to difficulty of fabrication. The width and the depth of the groove

in the longitudinal direction are 4.5 and 2.3mm, respectively. Details of the

modules are summarized in Table 1.

Methods

A new membrane was loaded in the membrane module and then compacted

with ultra-pure water at 2 bar which was at least 30% higher than the

Figure 2. Particle distribution of (A) kaolin and (B) bentonite measured with a laser

particle analyzer.
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maximum applied pressure used for the permeation experiments. The

next step was to measure the initial water flux (Jw1) at the operating

pressure. Fouling experiments for a solution containing particles

were carried out at a given set of operating pressure, feed flow rate

and concentration. Permeate data were taken every minute during the

experiment. After each run, the membrane and apparatus were thoroughly

cleaned using pre-filtered and ultra-pure water. The membrane housing,

Figure 3. Details of the (A) helical and (B) flat type membrane modules: (1) perforated

membrane support, (2) membrane, (3) cylinder with a helical groove and (4) cylinder.

Table 1. Helical and flat type membrane module configuration

Helical type

(mm)

Flat type

(mm)

Cylinder inner radius (R1) 20.0 21.8

Membrane support radius (R2) 19.3 19.3

Flow channel width (W ¼ R12 R2) 0.7 2.5

Helical duct depth 2.3 —

Helical duct width 4.5 —

Helical duct pitch 0.4 —
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either the helical groove or flat type, was then replaced and the fouling

experiment was repeated at a given operating condition as described

previously. Also, air could be injected at the entrance of the module by a

compressor in order to measure the effect of air scouring and gas/liquid
turbulent flow on gel layer deposit or membrane fouling. Finally, the

pure water flux (Jw2) was measured again to evaluate the degree of the

membrane fouling. The percentage of water flux recovery (Jw2/Jw1) was

within 95+ 3%. All experiments were conducted at a temperature of

25+ 28C. The particle rejection was measured with a turbidity meter

(No. 8391-40, Cole Parmer Co.) and was greater than 95% for all

experiments.

RESULTS AND DISCUSSION

Pressure Effect on Flux Enhancement

For each experiment the permeate fluxes were measured for flat (Jf,)

and helical (Jh) modules in sequence. The membrane was always cleaned

before the module was replaced. By keeping the operating pressure and

flow rate the same for each membrane, it was possible to determine the

effectiveness of vortices due to helical grooves by comparing Jh with Jf.

Experimental data for 0.05wt% kaolin and bentonite solutions at various

operating pressures are shown in Fig. 4(A) and (B), respectively. The

operating pressure was maintained below 1.5 bar because of experimental

apparatus limitations. The feed flow rate was 2.0 L/min. The permeate

fluxes for the kaolin solution were much higher than those for the

bentonite solution. For all cases, significant flux declines were observed

during the first 10min, followed by a gradual stabilization of the flux.

The flux declines for the helical module were significantly smaller than

those observed for the flat module. The permeate fluxes for the two

modules after 60min are compared in Table 2. The flux enhancements

observed with the helical module relative to the flat module for kaolin

and bentonite solutions decreased from 25.0 and 24.9% to 5.9 and 0.8%,

respectively, as the operating pressure increased to 1.5 bar. Increased

operating pressure can provide an additional driving force for permeation

flux, but it also can compress the cake layer. Hence, as the operating

pressure increases, the beneficial wall shear force induced in the helical

module may not be sufficient to prevent membrane fouling. Also, vortex

flow in the helical module was more efficient in preventing flux decline

for the kaolin solution, which exhibited higher permeate flux. Apparently,

the cake resistance on the membrane surface for the kaolin solution was

less than that for the bentonite solution (37), and the kaolin particles

more easily transported away from the membrane by turbulent flow in

the helical module.
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Feed Flow Rate Effect on Flux Enhancement

The effect of feed flow rate on flux enhancement by the helical module was

investigated under fixed conditions of 0.05 wt% particle solution and a feed

Figure 4. Permeate fluxes of the helical and flat modules as a function of operating

pressure for (A) kaolin and (B) bentonite 0.05wt% solutions at a flow rate of

2.0 L/min. Jf: permeate flux for flat module, Jh: permeate flux for helical module.
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pressure of 1.2 bar. The permeate fluxes with respect to time for various flow

rates of kaolin and bentonite are shown in Fig. 5(A) and (B), respectively. The

permeate fluxes after 60min are summarized in Table 3. There was not a sig-

nificant effect of feed flow rate on the permeate flux enhancement for either

kaolin or bentonite solutions. For both cases, the helical module exhibited

higher permeate fluxes than the flat module. For example, the kaolin and

bentonite flux enhancements obtained by using the helical module were

14.3 and 7.4% at 2.0 L/min, respectively, as shown in Table 3. As the feed

flow rate increased to 3.0 L/min, there was not a significant change in flux

enhancement.

Concentration Effect on Flux Enhancement

The effect of particle concentration on flux enhancement in the helical module

was investigated under fixed conditions of 2 L/min feed flow rate and a feed

pressure of 1.2 bar. The permeate fluxes with respect to time for various

concentrations of kaolin and bentonite are shown in Fig. 6(A) and (B), respec-

tively. Significant flux declines were observed during the first 10min,

followed by a progressive stabilization of the flux, similar to the dependence

of water flux on pressure, as shown in Fig. 4(A) and (B). However, we

observed that particle concentration affected the permeate flux more signifi-

cantly than pressure and flow rate. The permeate flux decreased with increas-

ing concentrations of the kaolin and bentonite solutions. The permeate fluxes

after 60min of operating time are summarized in Table 4. As the concen-

tration of the feed solution increased, the amount of rejected kaolin

particles increased, and they were packed closely near the membrane

surface. A gel layer produced by the rejected particles provide significant

resistances for water permeation through the membrane. However, it was

observed that the helical and leakage flows induced by the helical module

could effectively reduce the cake resistance on the membrane surface. The

kaolin flux enhancements obtained by using the helical module under a low

Table 2. Permeate fluxes (L/m2-hr) and flux enhancement for 0.05wt% solution at

various operating pressures and a feed flow rate of 2.0 L/min after the first hour of

operation

0.9 bar 1.2 bar 1.5 bar

Flat Helical

F.E.

(%) Flat Helical

F.E.

(%) Flat Helical

F.E.

(%)

Kaolin 261.2 326.5 25.0 304.8 348.3 14.3 370.1 391.8 5.9

Bentonite 65.0 81.2 24.9 82.7 88.8 7.4 92.7 93.4 0.8

F.E. ¼ [(Helical2 Flat)/Flat] � 100 %.
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operating pressure of 1.2 bar increased from 14.3 to 57.2% as the kaolin

concentration increased from 0.05 to 0.3 wt%. The flux enhancements for

bentonite solutions were lower than those of kaolin solutions, but also

Figure 5. Permeate fluxes of the helical and flat modules as a function of feed flow

rate for (A) kaolin and (B) bentonite 0.05wt% solutions at 1.2. bar. Jf: permeate flux for

flat module, Jh: permeate flux for helical module.
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increased with increasing particle concentration: 7.4 and 31.3% for 0.05 and

0.3wt% bentonite solutions, respectively.

Effect of Gas Injection on Flux Enhancement

At first the liquid solution was fed to the membrane module by the feed pump.

Then, the compressed air above 1.3 bar was injected and mixed with the liquid

solution in front of the membrane module. The induced gas-liquid two-phase

flow pattern corresponded to the ratio r ¼ Ug/(UgþUl) where Ug and Ul are

the superficial gas and liquid velocities, respectively (38). The r was 0.4 for

this experiment (Ug ¼ 1.3 and Ul ¼ 2L/min at 1.3 bar). For 0.25 , r , 0.9,

large bubbles were observed, and called slug flow. This phenomenon

induced a highly variable shear rate against the wall, and showed the most

efficient regime for significant enhancement of mass flow (39). The

permeate fluxes were measured for the flat module with and without air

injection. Thereafter, the membrane module was dismantled. The used

membrane was cleaned and reinstalled with the helical module instead of

the flat module. The permeate flux was measured for the helical module in

the same way as the flat module. In this way, the membrane testing conditions

for the helical module experiment was very similar to that of the flat module

experiment. The air flow rate was fixed at about 1.3 L/min under 1.3 bar

because changing the air flow rate in our small system was difficult. The

permeate flux for 0.1 wt% kaolin solution at 1.3 bar and a liquid flow rate of

2 L/min is shown in Fig. 7. In order to confirm the effect of the air

injection the experiments were carried out with air injection during the

first hour, without air injection during the second hour, and finally with air

injection again during the last hour. Significant flux declines were observed

during the first 10min for both module types, followed by a progressive

stabilization of the flux; however, the flux for the flat module declined signifi-

cantly more than that of the helical module. The permeation fluxes of kaolin

solution for the flat and helical modules after the first hour were 268.2 and

393.1 LMH, respectively. The flux enhancement for the helical module with

air injection was 47% at the first hour. The fluxes for the flat and helical

Table 3. Permeate fluxes (L/m2-hr) and flux enhancement for 0.05wt% solution at

various feed flow rates and 1.2 bar after the first hour of operation

1.0 L/min 2.0 L/min 3.0 L/min

Flat Helical

F.E.

(%) Flat Helical

F.E.

(%) Flat Helical

F.E.

(%)

Kaolin 283 326.5 15.4 304.8 348.3 14.3 326.5 370.1 13.4

Bentonite 74.9 77.5 3.5 82.7 88.8 7.4 83.4 89.5 7.3
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modules decreased suddenly to 226.6 and 365.5 LMH, respectively, as soon as

stopping the air injection. Then the fluxes for the flat and helical modules

deceased gradually to 160.1 and 270.8 LMH, respectively, at the second

hour. However, the fluxes for the flat and helical modules with air reinjection

Figure 6. Permeate fluxes of the helical and flat modules as a function of feed

concentration for (A) kaolin and (B) bentonite at 2.0 L/min and 1.2. bar. Jf: permeate

flux for flat module, Jh: permeate flux for helical module.
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Table 4. Permeate fluxes (L/m2-hr) and flux

enhancement at various feed concentrations at a

feed pressure of 1.2 bar and feed flow rate of

2.0 L/min after the first hour of operation

Kaolin Bentonite

0.05wt%

Flat 304.8 82.7

Helical 348.3 88.8

F.E. (%) 14.3 7.4

0.1wt%

Flat 233.2 61.8

Helical 304.2 71.4

F.E. (%) 30.4 15.5

0.2wt%

Flat 186.4 38.3

Helical 260.9 49.0

F.E. (%) 40 27.9

0.3wt%

Flat 152.4 31.6

Helical 239.5 41.5

F.E. (%) 57.2 31.3

Figure 7. Permeate fluxes of the helical and flat modules with and without air

injection for 0.1wt% kaolin solution at 1.3. bar and 2.0 L/min.

Flux Enhancement in a Helical Microfiltration Module 2491

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
4
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



were maintained within 1% variation during the last hour. The air injection

was not efficient to destabilize the pre-existing cake deposit.

The permeate flux for 0.1 wt% bentonite solution at 1.3 bar and a liquid

flow rate of 2 L/min is shown in Fig. 8. Significant flux declines were

observed, qualitatively similar to the flux decline using kaolin-containing

solutions. The permeation fluxes of bentonite solution for the flat and

helical modules at the first hour were 73.7 and 127.6 LMH, respectively.

The flux enhancement of bentonite solution for the helical module with air

injection was 73%, which was 55% greater than that using kaolin. During

the second hour the fluxes for the flat and helical modules deceased to 41.7

and 66.9 LMH, respectively. Significant effects of air sparging were

observed for filtration of bentonite using the helical module by comparing

the flux behavior during the second hour. The flux for the flat module with

air reinjection decreased to 10%, but the flux for the helical module was

maintained within 1% variation during the last hour. The flux enhancement

for the helical module with air injection was significant. However, air

injection to the system was not strong enough to completely remove a

kaolin or bentonite cake layer formed on the membrane surface, even if air

injection could maintain a constant flux after an operating time of 2 h. Conse-

quently, air scouring strongly depended on the cake layer characteristics.

Future studies should focus on the dependence of flux change with respect

to the air injection conditions.

Figure 8. Permeate fluxes of the helical and flat modules with and without air

injection for 0.1wt% bentonite solution at 1.3. bar and 2.0 L/min.
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CONCLUSIONS

In this work, the effects of a helical module design with and with-

out gas injection on permeate flux in microfiltration of kaolin and

bentonite solutions were investigated and the following conclusions can be

made:

(1) Centrifugal instabilities resulting from flow in helically grooved

channels as well as the leakage flow between adjacent grooves

generated secondary vortex flows and could reduce cake accumulation

on the membrane surface. The permeation flux for the helical module

without gas injection was 57% higher than that of the flat module for

0.3wt% kaolin solution. This was the maximum flux enhancement

obtained.

(2) The flux enhancement by the helical module for kaolin and bentonite

solutions decreased as the operating pressure increased. In addition,

vortex flow induced by the helical module was more effective at

reducing membrane fouling for the case of kaolin filtration than that of

bentonite. The feed flow rate as an operating parameter was not signifi-

cant for either kaolin or bentonite solutions within experimental

uncertainty.

(3) The flux enhancement for the helical module increased as kaolin or

bentonite concentration in the feed increased.

(4) With gas injection, the fluxes for flat and helical modules were enhanced.

The flux enhancement for the helical module with air injection was sig-

nificant. For instance, the flux enhancements for kaolin and bentonite

solutions using the helical module were 47 and 73%, respectively.

However, the air injection conditions for the system were not strong

enough to completely remove the pre-formed kaolin or bentonite cake

layer on the membrane surface.
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