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( ) ( )The ultrafiltration UF of UHT sterilized at ultrahigh temperature skim milk with
two prototypes rotating disk systems of 15.5 and 26 cm i.d. using the same 50 kDa PES
membrane is in®estigated. The larger stainless steel unit had a maximum rotation speed
of 1,500 rpm. The smaller nylon unit had a maximum speed of 3,000 rpm. Disks
equipped with radial ®anes of ®arious heights were used in the tests. The large module
yielded a stabilized permeate flux of 276 L hy 1my 2 at 45�C and a transmembrane

( )pressure TMP of 1,000 kPa when fitted with a 2-mm ®anes disk rotating at 1,500 rpm,
confirming the reduction of concentration polarization by high shear rate. The mean

( )1.8shear rate on membrane � was shown to be proportional to k� , where � was them
disk angular ®elocity and k was a coefficient depending upon ®anes height. Permeate
fluxes obser®ed with the two modules at ®arious speeds and with different disks were
well correlated by a single function of mean shear rate, gi®en in Lhy 1my 2 by Js0.301
� 0 .552. In concentration tests with a 6-mm ®anes disk, the permeate flux remainedm

( )constant until a ®olume reduction ratio VRR of 3, then decayed to a theoretical VRR
maximum of 9.2 at zero flux. It can thus be concluded that rotating disk filtration
de®ices are ®ery efficient in UF as high shear reduces concentration polarization. The
specific power consumed per m3 of permeate was found to be less for the smooth disk
than for a disk with ®anes.

Introduction
The dairy industry makes extensive use of ultrafiltration

Ž .UF for concentrating total milk proteins in cheese produc-
Žtion or for protein concentration standardization Maubois et

.al., 1971; Ernstrom et al., 1980; Grandison et al., 2000 . Re-
cently, UF has been proposed to separate �-lactalbumine

Ž .from �-lactoglobulin Lucas et al., 1998 . However, protein
transmission was hindered by membrane fouling due to mi-
celle casein layer deposited on the membrane. Thus, it seems
legitimate to evaluate the suitability of dynamic or shear-
enhanced filtration to these applications.

Ž .In three recent articles, Al-Akoum et al. 2002a,b, 2003
have investigated the performance of a Vsep shear-enhanced
dynamic filtration device for concentrating proteins in UHT

Ž .milk sterilized at ultra high temperature by UF and separat-
Ž .ing casein micelles from whey proteins by microfiltration MF

and UF. When using a 0.1 �m membrane, the permeate flux

Correspondence concerning this article should be addressed to M. Y. Jaffrin.

reached a plateau of 95 L hy1my2 at a mean transmembrane
Ž .pressure TMP of 100 kPa at initial concentration, a temper-

ature of 45�C and maximum frequency, higher than those re-
ported in the literature using tubular ceramic membranes of

Ž .same pore size Gesan-Guiziou et al., 2002 . In UF with a 50´
kDa membrane, the permeate flux reached 80 L hy1my2 at
a TMP of 600 kPa, at maximum frequency. Similarly, when
equipped with a 50 kDa membrane, the Vsep was able to

Ž . Žreach a volume reduction ratio VRR of 8.66 Al-Akoum et
.al., 2002a , higher than that reported in conventional cross-

flow filtration. The good performance of the Vsep can be
attributed to the high shear rate at the membrane induced by
the rapid oscillating azimuthal motion of the membrane
reaching an amplitude of 30 mm at periphery, at a resonant
frequency of 60.75 Hz. With milk, the time maximum shear
rate at membrane was calculated to be 105 sy1 at periphery
and 7�104 sy1 when averaged over the membrane area.

In this article, we investigate the performance in milk ul-
trafiltration of another dynamic filtration system consisting in
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a disk rotating at high speed near a circular membrane. Such
systems, which are commercially available both as laboratory
pilots and industrial units, have been shown to be very effi-
cient, especially in macromolecule recovery from cell suspen-

Žsions Lee et al., 1995; Frenander and Jonsson, 1996; Pessoa¨
.and Vitolo, 1998; Harscoat et al., 1999 . A survey of commer-

cial rotating disk systems has been made by Bouzerar et al.
Ž .2000 . On using several small pilots with disks equipped with

Žvanes designed and built in our laboratory Bouzerar et al.,
.2000; Brou et al., 2002 , we have shown that the presence of

vanes greatly increased the performance both in terms of
permeate flux and of the energy consumed by the disk per m3

of permeate. However, most applications of these rotating
disk systems were in the field of microfiltration, because of
highly reduced cake formation in these devices. One of the

Ž .few UF applications reported was that of Dal-Cin et al. 1998
2 Ž .who used a Spintek system with a 500 cm 28 cm dia. mem-

brane mounted on the rotating disk for UF of oil-water mi-
croemulsions. However, since the permeate pressure in-
creased with rotation speed due to centrifugal forces, reduc-

Ž .ing the effective mean transmembrane pressure TMP , the
permeate flux reached a peak at 1,000 rpm, and the full po-
tential of the system could not be exploited.

Our system, which features a fixed membrane, does not
suffer from this limitation. In addition we built a stainless
steel module capable of reaching pressure of more than 1,500
kPa, in order to reach the pressure-independent plateau for
the flux which occurred at high TMP since concentration po-
larization was reduced by the high shear.

Materials and Methods
Rotating disk systems

These systems were designed in our laboratory. The smaller
Ž .modules, described by Bouzerar et al. 2000 , consisted in a

cylindrical housing of an inner radius Rs0.0775 m. The unit
used in this study was machined from stainless steel and fea-
tured an aluminum disk of radius R s0.0725 m rotating atd
adjustable speed up to 3,000 rpm around a horizontal shaft
Ž . 2 Ž .Figure 1 . A 190 cm polyethersulfone PES 50 kDa fixed
membrane, supported by a 0.3 mm thick polypropylene grid,
was mounted on the flat front end of the housing, while the

Figure 1. Rotating filtration module.

milk was fed through the back plate on the other side of the
disk. It is then centrifuged by the disk to the rim and over the
membrane side and recirculates between the membrane and
disk, before being evacuated through the hollow shaft. The

Ž .gap e between the membrane and the disk was 15 mm. Per-
meate was collected from a tap located at the top of the front
plate. The permeate flow rate was measured by collecting the
permeate in a beaker continuously weighted on an electronic

Ž .scale Sartorius, Germany connected to a microcomputer
calculating the derivative of the collected volume with re-
spect to time and providing a value of flux every 10 s if needed.
The peripheral pressure was measured at the top of the
cylindrical housing by a Validyne DP15 pressure transducer.
The test fluid was fed from a 10 L-thermostated reservoir by
a volumetric membrane pump at a flow rate of 60 L hy1 in
all filtration tests in order to be in excess of the highest per-
meate flow rate encountered. Circuit internal volume was 1
L.

Ž .A larger module Bouzerar et al., 2001 was built in stain-
less steel with a 26 cm i.d. housing receiving a 460 cm2 annu-

Ž .lar membrane R s0.047 m, R s0.13 m of the same mate-1 2
Ž .rial PES 50 kDa as in the smaller module. The gap between

membrane and disk was 10 mm. Due to technical constraints,
only inlet and outlet fluid pressure were measured in this
unit. From a comparison made with the small module, it was
determined that TMP was equal to inlet pressure. The maxi-
mum rotation speed was 1,500 rpm and the inlet flow was 180
L hy1. The tank volume was equal to 15 L and the circuit
volume to 3 L.

Several types of disks were used in these units. Initial disks
Ž .denoted as smooth were flat on both sides. Subsequent disks

Ž .were equipped with eight radial vanes of various heights s , 2
mm for the large module and 2, 4, and 6 mm for the small
one.

Main features of the flow field
The flow field between the membrane and a rotating flat

Ž .disk has been described previously by Bouzerar et al. 2000 .
Since the axial gap between the membrane and the disk was

Ž .relatively large at least 5 mm , the flow was of a boundary
layer type and turbulent except at low speeds and in the cen-

Ž .tral part. It is known Schlichting, 1968 that the inviscid core
between the boundary layers rotates at the angular velocity
k�, lower than the disk angular velocity �. Thus, the pres-
sure distribution with radius r in the inviscid core is given by
Bernoulli’s equation

ps 1r2 �k2� 2 r 2q p 1aŽ . Ž .0

where p , the pressure at the center is also equal to the pres-0
sure when the disk is at rest and � denotes fluid density.
Equation 1a permits us to determine by regression the veloc-
ity coefficient k from peripheral pressure measurements
taken on the housing rim at various angular velocities. Since
the permeate is collected at atmospheric pressure, the TMP
in the small module is obtained by integration of Eq. 1a over
the membrane as

p s p y 1r4 �k2� 2R2 1bŽ . Ž .tm c 2
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Table 1. Internal Dimensions of the Two Modules

Ž . Ž . Ž . Ž .Module R m R m R m R m1 2 d

Small 0.0775 � 0.0775 0.0725
Large 0.131 0.047 0.130 0.120

where p is the peripheral pressure at rsR.c
The shear rate on the stationary membrane has been cal-

Ž .culated by Bouzerar et al. 2000 in the turbulent regime to
be

1.8y0.8 1.6� s0.0296 	 k� r 2aŽ . Ž .wt

The mean shear rate over the membrane is calculated by in-
tegrating Eq. 2a over the membrane up to the disk radius Rd
for both units to be given by

1.8y0.8 3.6 3.6 2 2� s0.0164 	 k� R yR r R yR 2bŽ . Ž .Ž . Ž .m d 1 d 1

where the dimensions of R and R are given in Table 1 ford 1
both modules.

Although Eqs. 2a and 2b have been derived for a flat disk,
we will attempt to use them with disks equipped with vanes,
but taking the value of k corresponding to these disks.

Test fluid
Since it was readily available, the test fluid was commercial

Ž . ŽUHT sterilized at ultra high temperature skim milk Printi-
.ligne, Paturages de France . This milk had been sterilized atˆ

140�C for 3 s and had the following characteristics: casein:
25.6 g Ly1, whey proteins: 6.4 g Ly1, lactose: 46 g Ly1 and

y1 Ž .calcium: 1.2 g L . According to Miralles et al. 2000 , the
protein composition of UHT milk is similar to that of pas-
teurized milk, with a whey protein ratio to total protein of
18
20%, except that whey proteins may be partially dena-
tured, to the rate of 20% for �-lactalbumin and 65% for �-
lactoglobulin. The milk temperature was monitored in the

Žtank by a Digitron platinum resistance thermometer SIFAM
.Ltd., Torquay, Devon, U.K. . Tests were carried out at initial

Ž .concentration VRRs1 and at VRRs1.8 and a tempera-
ture of 45�C which are standard operating conditions for this
process in industry.

The milk pH was measured by a pH-meter Mettler Toledo
Ž .MP 125 Switzerland . The average initial pH in the tests was

6.4 and never dropped by more than 0.3, indicating the ab-
sence of bacterial development. The milk viscosity � was

Žmeasured by a Rheostress Rheometer Haake, Karlsuche,
.Germany thermostated at 45�C with coaxial cylinders at 5,000

sy1, which was the highest shear rate possible. We found that
�s0.98�10y3 Pa s for VRRs1, �s1,016 kg my3 and �
s1.41�10y3 Pa s for VRRs1.8, �s1,035 kg my3. The
permeate was checked for casein micelles using a HACH tur-

Ž .bidimeter to �1 NTU Nephelometric Turbidity Unit .

Cleaning procedure
Before and after each test, the circuit was first rinsed with

demineralized water, then washed with 5 L of Ultrasil P3-25F

Figure 2. Determination of velocity coefficients of vari-
ous disks from peripheral pressure measure-
ments as a function of square of angular ve-
locity.

Ž .solution 0.5% in demineralized water at 50�C for 15 min
and rinsed again with 5 L of demineralized water. A new
membrane was used in each test.

Results
Determination of ©elocity coefficients

The peripheral pressure of the small module was measured
at various rotation speeds from 0 to 3,000 rpm in order to
determine velocity coefficients k for various disks from Eq.
1a. It can be seen from Figure 2 that Eq. 1a is well verified
and that k is given by the square root of the slopes of the

Ž .linear correlations. The highest velocity coefficient 0.79 was
obtained for 6-mm high vanes. As expected, the smooth disk

Ž .gives the smallest coefficient 0.42 . Only the smooth disk and
the disk with 6-mm high vanes were used in tests presented
here with the small module. The velocity coefficients of disks
in the large module could not be measured as it was not
equipped with a peripheral pressure tap, so coefficients mea-
sured for vanes of the same height in the small module were
used instead. To facilitate comparison between tests per-
formed with the two modules their respective mean mem-
brane shear rates calculated from Eq. 2b are plotted as a
function of rotation speed in Figure 3. The highest mean shear

Ž 5 y1.rate 2.34�10 s was obtained with the small module and
a 6-mm vanes disk at 2,500 rpm.

Variation of permeate flux with time with the small module
The variation of permeate flux with time using a smooth

disk and TMP of 200 and 300 kPa is shown in Figure 4. Each
test started with 5 min of filtration at minimal TMP with the
retentate valve fully open. The valve was then tightened pro-
gressively to reach the desired TMP. These experiments were
repeated with a disk equipped with 6-mm vanes at the same
TMP and the corresponding data are also shown in Figure 4
for comparison. While there is a 35% increase in stabilized
permeate flux at 300 kPa in the presence of vanes, there is
hardly any increase at 200 kPa. This indicates that, at 200
kPa, the flux is governed by pressure and not shear depen-
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Figure 3. Variation of mean membrane shear rate with
rotation speed for the two modules and vari-
ous disks.

dent as in a mass-transfer limited regime. With this disk, the
permeate flux decays by 25% from 180 to 130 L hy1my2 at a

Ž .TMP of 300 kPa in 40 min, but the decay is smaller 18% at
200 kPa since less proteins are brought to the membrane by
the smaller flux.

Variation of permeate flux with TMP at different rotation
speeds and VRRs1

Small Module. Filtration was first carried out at minimal
pressure during 30 min to avoid an initial peak for the per-
meate flux. The TMP was then increased in steps waiting for
the flux to stabilize before recording its value. This variation
is illustrated in Figure 5 for a smooth disk, together with the
pure water flux corresponding to a permeability of 260 L
hy1my2 bary1. The permeate flux reaches a plateau at a
TMP of 400 kPa for all speeds above 1,000 rpm and at 300
kPa at 1,000 rpm. This plateau increases from 63 L hy1my2

at 1,000 rpm to 141 L hy1my2 at 2,500 rpm. Permeate tur-
bidity was low at less than 2 NTU, confirming quasi complete
retention of casein micelles as expected since the pore diam-

Ž .eter was much smaller than the micelle size 20
600 nm .

Figure 4. Variation of permeate flux with time at VRRs1
(and a rotation speed of 200 rpm small mod-

)ule for two types of disks and TMP of 200
and 300 kPa.

Figure 5. Variation of permeate flux with TMP for a
smooth disk at various rotation speeds and

( )VRRs1 small module .
Ž .From Ding et al. 2002 .

When the smooth disk is replaced by a disk equipped with
6 mm vanes, the permeate flux shown in Figure 6 remains
proportional to TMP and is almost independent of rotation
speed up to 450 kPa for speeds equal or higher than 1,500
rpm. The permeate flux reaches a maximum of 213 L hy1my2

at 2,500 rpm and a pressure of 570 kPa.
Large Module. The variation of permeate flux with TMP

is shown in Figure 7 for a smooth disk and in Figure 8 for a
disk equipped with 2 mm vanes. Since this unit was sturdier
than the smaller unit, it could stand higher pressures. At
speeds of 1,250 and 1,500 rpm, the maximum flux seems to
be reached at higher pressures than with the smaller module
at a speed of 2,500 rpm. The maximum flux 276 L hy1my2

was obtained at 1,500 rpm and 1,000 kPa in the large module
Žwith 2-mm vanes. This flux is larger than the maximum 213

y1 y2 .L h m observed at 2,500 rpm in the small module with
6-mm vanes, but at a lower pressure 550 kPa. The corre-
sponding peripheral core fluid velocities k� R were, respec-d
tively, 15.0 and 12.2 m sy1 for the small and large modules.

Figure 6. Variation of permeate flux with TMP at various
( )rotation speeds and VRRs1 small module

with a disk equipped with 6-mm vanes.
Ž .From Ding et al. 2002 .
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Figure 7. Variation of permeate flux with TMP for a
smooth disk at various rotation speeds and

( )VRRs1 large module .

However, it will be seen in the next section that a more
meaningful comparison can be made in terms of the mem-
brane mean shear rate.

The advantage of higher TMP is clear in the large module
at high shear rates, with a disk equipped with vanes and ro-
tating at high speed. It is clear that concentration polariza-
tion is reduced due to very high shear, and the permeate flux
reaches its maximum at a higher pressure than in the smooth
disk.

The variation of permeate flux, when rotation speed is var-
ied from 1,500 to 500 rpm and raised again to 1,500 rpm over
a period of 90 min at a constant TMP of 700 kPa, is plotted
in Figure 9 for two types of disks. Each data point corre-
sponds to a stabilized value of the flux. In order to start with
stable conditions, filtration was carried out initially for 90 min
at 1,500 rpm before reducing the speed. The beneficial effect
of vanes on permeate flux is striking. Not only was permeate
flux 2.5 times higher with vanes at the initial speed of 1,500
rpm, but the presence of vanes reduced the irreversible foul-
ing in the second part of the test when speed was increased.

Figure 8. Variation of permeate flux with TMP at various
( )rotation speeds and VRRs1 large module

with a disk equipped with 2-mm vanes.

Figure 9. Variation of permeate flux with rotation speed
at a TMP of 700 kPa for the large module and
two types of disks.

Variation of permeate flux with mean membrane shear rate
for the two modules and ©arious disks

The maximum permeate fluxes obtained at various rota-
tion speeds from 500 to 2,500 rpm with the two modules with
different disks were collected from data of Figures 5 to 8 at
VRRs1 and plotted against the mean membrane shear rate
� in Figure 10 with appropriate values of velocity coeffi-m
cients. It is interesting to observe that permeate fluxes mea-
sured in the two modules for disks with and without vanes
obey the same correlation in terms of the mean membrane
shear rate which is written for VRRs1 as

Js0.301 � 0.552 3Ž .m

where � is given by Eq. 2b.m
We have also included for comparison the corresponding

data with the small module obtained at a VRR of 1.8 with 6
mm vanes which vary with almost the same power of the mean

Figure 10. Variation of maximum permeate flux with
mean membrane shear rate for the two mod-
ules and various types of disks at VRRs1
and for a 6-mm vanes disk at VRRs1.8.
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membrane shear rate, calculated using viscosity at VRRs1.8,
as

Js0.199 � 0.572 4Ž .m

The numerical coefficient in Eq. 4 is lower than in Eq. 3 as
expected, because it depends on diffusivity which is lower at
VRRs1.8.

These results mean that the permeate flux is governed
mainly by the mean membrane shear rate and not by details
of the internal flow and of the housing or disk geometry. This
observation is not in contradiction with the remarks made in
the preceding section when the permeate fluxes obtained from
the two modules were compared in the light of fluid core
velocity. Since the powers of � and radius are different in
Eq. 2b, shear rates may be the same in the two modules when
core fluid velocities are different.

Concentration tests
Such tests are normally carried out by recycling the reten-

tate only and not the permeate. However, in order to elimi-
nate the effect of initial fouling noticed in Figure 4, the first
90 min of tests were carried out at initial concentration by
recycling the permeate. In addition, during the first 5 min of
filtration, the retentate valve was kept open, then it was shut
progressively to reach the desired TMP to minimize initial
fouling. After 90 min, the permeate recirculation was stopped
and the concentration phase was started until the retentate
volume became equal to the dead volume in order to reach

Ž .the maximum value of volume reduction ratio VRR . The
Ž .variation of permeate flux with ln VRR is displayed in Fig-

ure 11 for a smooth disk, TMP of 200 and 300 kPa and a
rotation speed of 2,000 rpm. Total duration of the test was 10
h, so each permeate data corresponds to a stabilized value. It
is seen that the permeate flux drops slowly below a VRR of
1.3, while, at higher concentrations, it obeys the classical con-
centration polarization law of the form

Js J yK ln VRR 5Ž . Ž .0

where J is equal to 98.3 L hy1my2 at 200 kPa and 106.9 L0
hy1my2 at 300 kPa. Fluxes at VRRF1.3 are lower than these

Figure 11. Variation of permeate flux with VRR in semi
log coordinates at 2,000 rpm, with a smooth

(disk and TMP of 200 and 300 kPa small
)module .

Figure 12. Variation of permeate flux in the VRR in
semi-log condensates at 2,000 rpm in the
6-mm vanes at TMP of 200 and 300 kPa
( )small module .

values since they are not in the mass-transfer limited regime,
as it can be inferred from Figure 5. The mass-transfer coeffi-
cients K at these two pressures are, respectively, 49.8 and
56.3 L hy1my2. The corresponding maximum VRR obtained
by extrapolation to Js0 are 7.2 and 6.7. The variation of
permeate flux with concentration was markedly different

Ž .when a 6-mm vanes disk was fitted in the module Figure 12 .
Not only permeate fluxes were higher than with the smooth
disk, but they remain practically constant until a VRR of 3,
because they correspond to a pressure limited regime, as seen
from Figure 6 for VRRs1. Therefore, Eq. 5 only applies at
VRR larger than 3 with mass-transfer coefficients of 110 and
105 L hy1my2 at TMP of 200 and 300 kPa, respectively. The
maximum VRR obtained by extrapolation to zero flux were,

Ž . Ž .respectively, 6.8 200 kPa and 9.2 300 kPa . This last figure
is much higher than the value of 5.6 observed in cross-flow

Ž .ultrafiltration with tubular membranes Bouzaza et al., 1989 .
Ž .With the Vsep system, Al-Akoum et al. 2002a have ob-

served a theoretical maximum VRR of 8.7 at 400 kPa close to
the maximum obtained by the rotating disk with vanes.

The results of a concentration test performed with the large
module and a disk equipped with 2-mm vanes at a TMP of
800 kPa are represented in Figure 13. The variation of per-
meate flux with VRR is similar to that obtained with the small
module showing a slow decay with concentration until VRR
s2. The permeate flux during this phase is higher than those
of the smaller module even with a 6-mm vanes disk. Above
VRRs2, the permeate flux is mass-transfer limited and de-
cays faster than for the small module. Consequently, the the-
oretical maximum VRR obtained by extrapolation to zero flux
drops to 6.2 vs. 9.2 for the small module with a 6-mm vanes
disk. This different behavior may be due to the higher pres-
sure, 800 kPa instead of 300 since mean shear rates are al-
most the same in both modules in these conditions, as seen
from Figure 3.

Energy considerations
Since the energy necessary to drive the disk may be impor-

tant in industrial sized systems, we have measured the elec-
trical power consumed by our device. However, in order to
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Figure 13. Variation of permeate flux with VRR in semi
log coordinates at 1,500 rpm for the large
module with a 2-mm vanes disk and TMP of
800 kPa.

eliminate the energy consumed by friction of the rotating
shaft, which is disproportionally high in a single membrane
device, we have calculated the net power consumed by the

Ž .disk itself P , as described by Brou et al. 2002 . To thisN
effect, we have subtracted the power P consumed when thee®
module is empty from the power P during filtration at thee
same speed. These net powers are shown in Figure 14 as a
function of rotation speed for a smooth disk and a disk with
6-mm vanes together with corresponding values of stabilized
fluxes. As expected, the net power increases with the square
of rotation speed, faster than the permeate flux. It can be
noticed also that the power increase due to the vanes is larger
than the corresponding increment in permeate flux.

In order to estimate the mechanical efficiency of our sys-
tem, we have computed the mechanical power P developedm
by friction forces on the two sides of the disk as

R 2P s2� � q� r � dr 6Ž . Ž .Hm dt db
0

where � denotes the shear stress on the smooth back of thedb

Figure 14. Variation of net power consumed by the disk
and permeate flow rate with rotation speed
in the small module with a smooth disk and
a 6-mm vanes disk.

Figure 15. Variation of mechanical power exerted by the
disk on the fluid with electrical power con-
sumed.
Slopes of lines correspond to mechanical efficiency of mo-
tor-disk system.

disk. The result using Eq. 2a, is

P s0.0779 �	 1r5�14r5R23r5 k9r5qk9r5 7Ž .Ž .m d 0

Ž .where k denotes the velocity coefficient for the flat back0
of the disk.

Ž .As observed by Brou et al 2002 in the case of MF of yeast
suspensions with a similar device, the mechanical power is
found in Figure 15 to vary linearly with electrical power sup-
plied to the disk, yielding a mechanical efficiency of 31.4%
for a disk equipped with 6 mm vanes and of 54.4% for a
smooth disk.

Consequently, the ratio of net power by the maximum per-
meate flow rate, equal to the electrical energy per m3 of per-
meate, which is plotted in Figure 16, is higher for the disk
with vanes than for the smooth disk. This situation is oppo-

Žsite to that observed in MF of yeast suspensions Brou et al.,
. Ž .2002 and of fermentation broths Brou et al., 2003 . The net

power consumed by the disk in MF was very close to present

Figure 16. Variations of specific energy consumed by
the disk per m3 of permeate with rotation
speed for the two disks, using data of Figure
14.
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values, but the permeate flux increase due to vanes being
much larger than in UF of milk, the energy per m3 of perme-
ate in MF was smallest for the 6-mm vanes disk. A physical
reason may be that, since, in the presence of vanes, the flux
at high rotation speeds has not reached the mass-transfer

Ž .regime in our tests as seen from Figure 6 , the benefit of
increasing rotation speed is less than for the smooth disk
which operates in the mass-transfer regime at pressures of
the test. Of course, in an industrial module with a membrane
on each side of the disk, the energy per m3 of permeate will
be half of that in our single membrane pilot.

Discussion and Conclusion
Our results demonstrate that the high performance of ro-

tating disk filtration systems, observed by many authors in
microfiltration, subsists in ultrafiltration. Tests performed
with the stainless steel module confirmed that, at high rota-
tion speed, the concentration polarization was considerably
reduced as the permeate flux kept increasing until at least
1,000 kPa, especially when the disk was equipped with vanes.

Another important result is that, as in the case of microfil-
tration, the presence of vanes on the disk, which increases
the fluid velocity and therefore the shear rate at the mem-
brane, had a very important effect on fouling and on concen-
tration polarization reduction and in permeate flux enhance-
ment. However, flux enhancement due to the vanes was less
than that observed in the MF of the cell or particulate sus-

Ž .pensions Brou et al., 2003 . This difference could be due to
the nature of the flux limiting phenomenon which, in MF, is
mainly cake formation or to the absence of particles in milk.

In contrast to cross-flow filtration in tubular channels, the
membrane shear stress cannot be measured from the pres-
sure drop and has to be calculated using boundary layer the-
ory in the case of a flat disk without vanes. Calculation of the
shear stress in the presence of vanes would require the use of

Ž .computing fluid dynamics CFD software, which was beyond
the scope of this investigation. So, it was encouraging to find
that the permeate fluxes obtained on using various types of
disks and two different sizes modules were well correlated by
a function of the same power of the membrane shear rate,
using appropriate velocity coefficients for each type of disk.
This result led us to postulate that mean membrane shear

Ž .rate or stress is the main parameter governing permeate
flux in these systems and details of internal flows are less
important. If this simple result also holds for larger sizes than
our prototypes, it would greatly simplify the design of indus-
trial scale systems using Eq. 2b. This equation shows that in-
creasing rotation speed has a slightly stronger effect than in-
creasing the radius, because shear rate increases as �1.8r1.6

for same disk azimuthal velocity. In addition, larger diameter
devices will present a more inhomogeneous permeate flux
because of larger relative variations in shear rate between
center and periphery.
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Notation
esaxial gap between flat disk and membrane, m
Jspermeate flux, L hy1 my2

ksvelocity factor
Nsrotation speed, rpm
pspressure, Pa

p speripheral pressure, Pac
P selectrical power, We

P selectrical power without fluid, We®
P smechanical power, Wm

Ž .P snet power P y P , WN e e®
p spressure at the center of disk, Pao

Q sfiltration flow rate, L hy1
F
rsradius, m

R, R shousing inner radius, disk radius, md
R , R smembrane inner, outer, radii, m1 2

ssheight of vanes, mm
Tstemperature, �C

TMP, P smean transmembrane pressure, Pat m
wswidth of vanes, mm

Greek letters
� smean shear rate, averaged over area, sy1

m
� sshear rate at membrane in turbulent regime, sy1

wt
	 scinematic viscosity, m2 sy1

�sfluid viscosity, Pa s
�sfluid density, kg my3

�sangular velocity, rd sy1
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