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The influence of inserts with various configurations on permeate flux through a tubular ce
microfiltration membrane was studied. The commercial metal-working oil emulsion was used |
experiments. A more extensive study of the effect of shear rate on permeate flux was made &
paring the steady-state flux of the empty tube system and the system with inserts. The cro
microfiltration with inserts was found to be simple and effective. Analysing experimental resu
was concluded that the introduction of inserts, irrespective of their configurations, resulted in
nificant increase in permeate flux compared with results obtained in the empty tube system. -
terruption of formation of a boundary layer by the inserts is attributed to mixing and migratic
rejected particles from the membrane surface.
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Cross-flow membrane microfiltration is a separation process for the removal of
persed materials of sizes ranging from 0.05 tqudOfrom a liquid stream by forcing
the liquid through a porous membrane. As opposed to dead-end microfiltration, \
the dispersion is forced perpendicularly to the membrane, the dispersion in cros
filtration is forced tangentially to the membrane surface. It generates a number of
s which tend to remove the deposited layers from the membrane surface thus hel
keep the membrane relatively clean. The main applications of this process are fo
the production of ultrapure water, food processing and dairy products, recovery of
trodeposition paints, treatment of oil and latex emulsions, and in biotechnc
oriented applications such as fractionation of fermentation broths and high perforr
reactors for enzymatic and fermentation processes.

However, the present cross-flow membrane processes for liquid feed streams &
complicated by the phenomena of membrane fouling and of concentration polari:
in the liquid boundary layer adjacent to the membrane wall. Concentration polaris
and membrane fouling are major concerns in the successful use of a membrane
separation operation as their net effect is to reduce the permeate flux thereby re
in loss of productivity. Therefore, there is a tremendous potential to reduce or c
concentration polarisation and fouling in membrane processes and hence alleviat
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limitations. The flux decline due to membrane fouling is frequently masked by che
in membrane properties or the feed solution or the development of concentration |
sation. The concentration polarisation results in a localised increase in the solut
centration on or near the membrane surface. This solute build-up lowers the flux
an increase in hydrodynamic resistance in the mass boundary layer and due to
crease in local osmotic pressure resulting in a decreased net driving force. Howev
concentration polarisation effects are reversible since they can be reduced by d
ing the transmembrane pressure or lowering the feed concentration. Fouling effe
the other hand, are usually characterised by an irreversible decline of the flu;
though neither concentration polarisation nor membrane fouling can general
avoided in membrane separations there are several possible approaches to re
control their extent.

Many different approaches can be chosen to improve the flux in these system:
basic methods involve: changes in surface characteristics of the membrane, pre
ment of the feed, and fluid management methédghe feed flow management (hydrc
dynamic) approach to improving the flux consists either in the reductior
concentration polarisation by increasing the mass transfer away from the membr
in the reduction of fouling based on increasing the wall shear rate and/or scouri
membrane surface.

Various shapes of static turbulence promoters such as statfc spital wir¢, metal
grills®, disc and doughnut shape ins&risenics proprietary static mixér§ conical
insert§ and recently reported helical bafftédave been used in ultrafiltration an
microfiltration of various fluids with or without superimposing pulsating flow. In m
cases, experimental results with inserts have been obtained using polymeric
branes, and, in the case of tubular membranes, the inner diameters were more
mm.

This paper shows the effects of various static rods and the Kenics static mixer
performance of a cross-flow microfiltration system with a tubular ceramic membi
Here we present experimental results obtained in a device containing the turb
promoters placed centrally. The irregular flow of the feed around both the mem!
surface and the inserts can be responsible for the improved permeate flux and t
to reduce the resistance of the boundary layer near the membrane surface.

EXPERIMENTAL

Membranes

The ceramic membranes used in this work were asymmetric, three-layered alumina membrane
ronic, Czech Republic). They were configured as single cylindrical tubes 200 mm long, 6 mm |
10 mm OD (inner membrane area of 37.7°coonsisting of a thim-alumina layer deposited on the
internal surface of the tubular alumina support. In our experiments, the microfiltration memt
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were used with the mean pore diameter equal tut1The pore size distribution of the membrar
used (Fig. 1) was determined by the liquid displacement m&thod

Feeds

The commercial metal-working oil emulsion ERO-SB (Paramo, Pardubice, Czech Republic) wa
in cross-flow microfiltration experiments. The 0.5 mass % emulsion was stable during the e
ments. The size distribution of the oil drops in the emulsion used, shown in Fig. 1, was detel
by a particle sizer BI-90 (Brookhaven Instruments Corp.).

Equipment

The microfiltration studies were carried out in a membrane filtration unit equipped with cer
membranes. The fluids were circulated through the module by a centrifugal pump from the bot
the storage tank under pressure into the membrane filter while both the concentrated dispers
the permeate were recirculated back into the retentate container. Therefore, the concentratiol
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storage tank remains virtually constant. The unit made it possible the studies in which the tran
brane pressure and the cross-flow velocity were independently varied by the regulation syster

A schematic diagram of the experimental apparatus is shown in Fig. 2. It consisted mainl
storage tankl, a pump2, a microfiltration modules, equipped with a thermal regulation systém
and a pressuré and a flow7 control system.

At first, the flow of oil emulsion through the membrane was examined under various trans
brane pressures in the range 0-250 kPa while the superficial velocity was fixed at a constan
Then the oil emulsion was measured at a constant transmembrane pfRsur200 kPa. For
various superficial velocities in the range 0.15-3.1 Mthe permeate flux], was evaluated. A new
membrane was used in each set of experiments. Before and after the run, the pure water flux
the membrane was measured under the same conditions until the steady state was obtained.
ferences in the steady-state pure water flux were taken as a measure of the fouling tendenc!
membrane. The permeate mass and the filtration pressure data were synchronised by use of ¢
interfaced with a computer. Therefore, simultaneous measurements of the cumulative permea
and the pressure were obtained. Every experiment was carried out until the flux became actua
stant 2 | m2 h™).

Solid metal rods (stainless steel) of different outer diameters (2, 3, 4, 5 mm) and Kenics
mixer as turbulence promoter were used. These inserts were centrally supported inside the me
by the help of cross—shaped supports placed in the housing of the membrane. The rod inse
vided an annular space between the rod and the membrane inner surface. The Kenics stati
which is a twisted tape insert with alternating right- and left-hand pitch, consisting of 18 eleme
stainless steel was used. The diameter of the mixer was smaller than that of the tubular mel
leaving a small clearance between the outer edges of the elements and the membrane surf
length of the element was equal to its diameter.

RESULTS AND DISCUSSION

Experimental results were obtained using various modes of membrane module cc
rations, such as an empty tubular membrane (ET), a membrane with a rod insel
and a membrane with a Kenics static mixer (KM).

Effect of Transmembrane Pressure Difference on Flux

In Fig. 3, the typical steady-state flux data for different superficial velocities
plotted versusthe transmembrane pressure difference. It was found that the flu
creased with the pressure difference at low values up to a critical pressure diffe
then the rate of increase decreased, and finally the flux became nearly indepen
the pressure difference at high values. Thus, the well-known limiting flux behatio
is observed which suggests that there is little advantage to be gained from the op
at higher pressure differences than 200 kPa. On the other hand, these findings i
that the membrane resistance is dominant for low transmembrane pressure diffe
whereas the boundary layer control is dominant for higher ones. Since the con
boundary layer by proper inserts in membrane module is the point of this study, ¢
consequent experiments were carried out at the transmembrane pressure differ
200 kPa.
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Effect of Reynolds Number on Flux

The Reynolds numbers were calculated by the following relation

Re=uD, p/u , (€h)

whereD, is the equivalent hydraulic diameter.
For all modesp, is calculated as

D.= 4S50 , @

whereS is the cross-sectional area available for flow ansd the wetted perimeter o
the channel.

The steady-state permeate fldxg through the membrane as a function of the R
nolds number using different inserts is shown in Fig. 4. As expected, the valu
steady-state fluxes for Rl and KM modes are higher than those obtained in ET mc
the same value of Reynolds number. No transition is visible between turbulen
laminar flow aroundRe= 2 300, an effect attributable most probably to the lateral fl
of the fluid through the porous membrane, thus preventing the onset of turbulenc
transition is expected to be observed at a much higher Reynolds number. Genera
behaviour of the fluid flow in a porous channel is different from that in a nonpor
wall channel. In case of cross-flow microfiltration, the flow may be close to the tra
ion between laminar and turbulent when the Reynolds number changes from 2 |
nearly 6 000 depending on the module geometry, superficial velocity and permeat
through the membrahg
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The results of Fig. 4 are consistent with the expected behaviour of the Kenics
mixer. Relatively higher improvement of the steady-state permeate flux was obs
at a modest Reynolds number in the range from 2 500 to 10 000. This can be exj
by the swirling flow generated by the mixer which improved the degree of scourir
the membrane surface. However, at lower Reynolds number, the level of the s
flow in the KM mode is insufficient to alter convection at the membrane surface |
appreciable degree. According to this hypothesis, a major reduction in the bou
layer resistance will be higher in the presence of the RIZ.5 mm) mode.

Effect of Shear Rate on Flux

A more extensive study of the effect of shear rate on permeate flux was made in ¢
comparing the steady-state flux of ET and Rl modes. (Unfortunately, the shear r:
the inner surface of membrane is difficult to approximate for the KM mode.) To fe
tate the comparison between the two different modes considered, the shear rate
inner membrane surface, assuming Newtonian fluid behaviour of the oil emulsion
approximated for the ET mode by EQ) (

y = 4R ?)
and for Rl mode by relatidh
y=(@VIMRI[L - (1 - kA2 In(k YL - K - (1 - K)n (k] (4)

substituting the corresponding experimental values of superficial veloaitg volumetric
flow rateV, respectively.

In general, whenever an insert is placed inside the flow field, it increases the a\
flow velocity and the wall shear rate near the membrane surface. Also, for ¢
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geometries, if the inlet flow is sufficiently high, the secondary flow or instabilities
produced which further enhance the mixing and migration of particles from the r
brane surface'

As shown in Fig. 5, the steady-state permeate flux data can be correlated wi
wall shear rates for both configurations examines, ET and RI modes). The slope «
the Jgs-y plot in a log—log scale for shear rate in the range from 500 to 3560
0.55. This value is higher than the value of one-third predicted by the concentre
polarisation model with Brownian diffusion. Another possible explanation of our
sults is analysis of the shear-induced diffusion mbdal which the Brownian
diffusivity is replaced by the shear-induced hydrodynamic diffusivity. The shea
duced hydrodynamic diffusivity is proportional to square of the particle size multiy
by the shear rate, whereas the Brownian diffusivity is independent of shear rat
inversely proportional to particle size. As a result, the model based on the pr
mechanism of shear-induced diffusion predicts the slope afsthg plot in a log—log
scale close to unify Therefore, according to our results, the multiple mechanisms
particle back-diffusion or migration away from the membrane come intd%play

Hydraulic Dissipated Power Density

The presence of inserts in the membrane tube leads to a higher resistance to t
flow and, apparently, to higher energy consumption. To demonstrate the advanta
the use of Rl inserts, the variation of the hydraulic dissipated power density wit
steady-state permeate flux is shown in Fig. 6. The hydraulic dissipated power d
was approximated for the ET, Rl and KM modes by By. (

E,=APV/AD )

whereAP, is pressure drop along the membrane tube.
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It is obvious from Fig. 6 that the hydraulic dissipated power density graduall
creases with an increase in the permeate flux, and, at a certain critical value
permeate flux, the hydraulic dissipated power density increases sharply. Such a «
value of the permeate flux for the ET mode is lower than that for Rl and KM modt
comparison of steady-state permeate flux values shows that the=RL.§ mm) mode
flux was 70% higher than the ET mode flux at the same value of the hydraulic
pated power for both the modes. It seems that a gap of 0.5 mm between the mel
inner surface and the insert outer diameter is appropriate for a good filtration p
mance using this type of insert.

It follows from Fig. 6, that the steady-state permeate flux in the ETt RII( mm)
and RI ¢ = 1.5 mm) modes was approximately the same for the value of the hydi
dissipated power density close to 0.5 M3%.nOn the other hand, the value of tt
steady-state permeate flux (approximately 2003hm') was obtained in the KM mode
using hydraulic dissipated power density twice higher than that observed in the R
2.5 mm) mode. Therefore this rod-shaped insert is preferred to the Kenics static
for the steady-state permeate flux up to 2503 mn’.

CONCLUSIONS

The introduction of inserts, irrespective of their configuration, resulted in a signifi
increase of permeate flux when compared with results obtained in the empty tuk
tem. The interruption of the formation of a boundary layer by the inserts is attribut
the mixing and migration of the rejected particles from the membrane surface
rod-shaped inserts show (on the basis of the permeate flux and the hydraulic dis!
power density) better performance than the Kenics static mixer.
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A
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SYMBOLS

inner membrane area,?m

diameter of the pore or oil drop, m
equivalent hydraulic diameter, EQ){(m
hydraulic dissipated power density, EE),d nT3
frequency, %

permeate flux, | mh=

Jss steady-state permeate flux, Fht
k=rR dimensionless geometric parameter, . (
0 wetted perimeter of the channel, EB), (m
AP transmembrane pressure, Pa
AP, pressure drop along the membrane tube, Pa
r outer radius of rod insert, m
R inner radius of membrane, m
Re Reynolds number, Eql)
S cross-sectional area available for flow, E2),
u superficial velocity of feed, nT$
\Y; volumetric flow rate of feed, frs?t
Y shear rate at wall, Eq8)(and @), s*
sl dynamic viscosity of liquid, Pa s
p density of liquid, kg m®
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