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Abstract

Rotating cylindrical filtration displays significantly reduced plugging of filter pores and build-up of a cake layer, but the
number and range of parameters that can be adjusted complicates the design of these devices. Twelve individual parameters
were investigated experimentally by measuring the build-up of particles on the rotating cylindrical filter after a fixed time
of operation. The build-up of particles on the filter depends on the rotational speed, the radial filtrate flow, the particle size
and the gap width. Other parameters, such as suspension concentration and total flow rate are less important. Of the four
mechanisms present in rotating filters to reduce pore plugging and cake build-up, axial shear, rotational shear, centrifugal
sedimentation and vortical motion, the evidence suggests rotational shear is the dominant mechanism, although the other
mechanisms still play minor roles. The ratio of the shear force acting parallel to the filter surface on a particle to the Stokes
drag acting normal to the filter surface on the particle due to the difference between particle motion and filtrate flow can be
used as a non-dimensional parameter that predicts the degree of particle build-up on the filter surface for a wide variety of
filtration conditions. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction performance including operational parameters that can
be varied by the device operator, suspension parame-
Rotating cylindrical filtration offers a means of ters that are dependent on the physical characteristics
dynamic filtration that minimizes the plugging of of the suspension that is being filtered, and geometric
the filter pores with particles and the build-up of parameters that are related to the physical dimensions
a cake layer. The essence of a rotating filter is a of the device. Table 1 lists the key parameters, each
porous inner cylinder rotating concentrically withinan  of which can be expressed in terms of the dimension-
outer non-porous cylinder. The suspension enters theless quantities listed in the far right column of the
annular gap at one end of the annulus. Filtrate passesigple.

through the inner porous cylinder and is removed  Previous research into the effect of these variables
through a hollow shaft. Concentrate is removed from has been performed for 0n|y a sparse set of Config-
the annular gap at the end of the device opposite the urations and parameters. Some of the earliest work
suspension gntrance. _ o in rotating filtration was reported by Hallstrom and
In the design and operation of a rotating filter, there | opez-Leiva [1] for ultrafiltration of skim milk. They

are a large number of variables that affect the filtration \vere able to quadruple the flux by rotating the cylindri-
"+ Corresponding author. Tek+1-847-491-4265; cal filter at high speeds._Th|s increase in filtration flux
fax: +1-847-491-3915. based on angular velocity has also been seen by other
E-mail address: r-lueptow@northwestern.edu (R.M. Lueptow). researchers [2—6]. Initial research on the influence of
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Nomenclature
d annular gap width
D diameter
F force
h length of inner cylinder
hs length of filter portion of inner cylinder
J filtrate flux
Q volumetric flow rate
r radius
Re Reynolds number (Table 1)
S Stokes number (Eq. (4))
Ta Taylor number (Table 1)
\% velocity
v volume
Greek letters
1) concentration
Yw shear rate at the wall
r aspect ratiolf/d)
n radius ratio (/ro)
n dynamic viscosity
v kinematic viscosity
P density
o density difference ratio
Tw shear stress at the wall
2 angular velocity
Subscripts
a axial
c critical
D drag
f fluid
feed suspension feed
i inner
0 outer
p particle
r radial
S solid
T shear
0 tangential

feed rates and concentration seem to have a minimal
effect, while results for the effect of particle size are
inconclusive [8,9].

Four mechanisms in rotating cylindrical filtration
could be responsible for the higher flux in rotating
filtration, all related to reduced plugging of the mem-
brane pores and build-up of particles on the mem-
brane surface: (1) the axial shear due to the annular
Poiseuille flow between the two cylinders, (2) the rota-
tional shear due to the circular Couette flow created by
the high rotational speed of the inner cylinder, (3) the
centrifugal sedimentation produced by the rotational
field, and (4) the washing of particles away from the
filter surface by a secondary vortical flow known as
Taylor vortices consisting of pairs of counter-rotating
toroidal vortices that fill the annular gap between
differentially-rotating cylinders [10]. The critical con-
ditions at which these vortices first appear depends
on the Taylor number, or rotating Reynolds number,
Ta = Q2ridlv, wheres2 is the angular velocity of the
inner cylinderd the gap width between the two cylin-
ders,ri the radius of the inner cylinder, andis the
fluid’s kinematic viscosity. The critical Taylor number
above which vortices appear depends on the radius
ratio, n = rilro, Wherer, is the radius of the outer
cylinder. At higher Taylor numbers the vortices be-
come stronger and may develop waviness or become
turbulent.

Given the large number of parameters in rotating
cylindrical filtration, it is a difficult to know which
combination of values for the parameters will result
in optimal flux for a given situation. Thus, this experi-
mental investigation has two major goals: (1) identify
the most important parameters involved in the preven-
tion of particles building up on the surface of a rotating
cylindrical filter and quantify their effects, (2) identify
which of the four mechanisms (axial shear, rotational
shear, centrifugal sedimentation, or vortical motion)
is responsible for the minimization of pore plugging
and cake build-up (and consequently high flux) in ro-
tating filtration. Although the focus is on the build-up
of particles (a cake layer) on the surface of a rotating
cylindrical filter, it is reasonable to assume that the
conditions that reduce the build-up of particles would

the annular gap width indicated that smaller annu- also reduce concentration polarization and minimize
lar gaps between the cylindrical filter and the outer the plugging of membrane pores by particles in rotat-

cylindrical shell result in higher membrane flux due

ing cylindrical filters, thereby reducing the problem of

to higher shear rates [7]. Suspension variables such asfouling.
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Table 1
Parameters in rotating cylindrical filtration
Parameter type Parameter Dimensionless quantity
Operational parameters Angular velocit2) Taylor number Ta = £2rid/v
Radial flow rate Q) Radial Reynolds number Rey = Qrd/2vrrih¢
Axial flow rate Qa) Axial Reynolds number Rex = Qad /v (r2 — 1)
Suspension parameters Particle density) ( Density difference ratio p'= (pp — pt)lps
Particle diameter[jp) Particle Taylor number (bp — pf)/pf][DSQ/lsv]
Suspension concentratiopéed) Preed = ¥/ Motal
Fluid density ps) Density difference ratio o = (pp — pr)lor
Kinematic viscosity ¢ = ut/ps)
Geometric parameters Cylinder radij,(ro) Radius ratio n =rilrg
Gap width €) Gap width to particle diameter d/Dy
Filter height ) Aspect ratio r =hd
Filter pore diameterQipore) Particle diameter to pore diameter  Dp/Dpore
2. Experimental methods 1.9mm annular gap just inside of the filter permitting

the axial flow of the filtrate to radial channels at the
The test cell shown in Fig. 1 was used to examine right end of the rotating assembly leading to the fil-
the effect of the filtration parameters on the degree of trate outlet. For the majority of the experiments, the
particle build-up on the filter surface. The device con- filter outer diameter was 4.95cm. A small number of
sisted of an inner porous filter cylinder to separate experiments were performed with filter diameters of
particles from the fluid, and an outer cylinder hous- 4.70cm and 3.86 cm. The length of the filter surface
ing. The filter medium was a porous polyethylene wash; = 12.11 cm, and the overall length of the filter
cylinder with a wall thickness of 4.5mm and a pore chamberwaé = 12.74 cm. The inner diameter of the
size of 5, 10, 15, or 6m, according to the manu-  outer cylinder was 5.30cm. The suspension entered
facturer. A hollow aluminum cylinder slightly smaller  the horizontally oriented test cell through a radial port
than the inner diameter of the filter cylinder formed a at the left end and top of the outer cylinder housing.

Thermocouple Outer
Cylinder

Suspension

Inlet
Air Bleeds

R
NN
N R Y. — Y.
\ . N '
\\‘\W :
Rotatin Porous Cake '
Shaft 9 Filter Collection Concentrate  Filtrate
Cylinder Ports Outlet Outlet

Fig. 1. Schematic of the rotating filter test cell (not to scale)
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wall of the porous filter cylinder, exiting the device
via a hollow shaft. The filtrate flow rate was measured
using a turbine flowmeter. The increasingly concen-
trated suspension flowed axially from left to right in
the annulus between the rotating porous filter cylin-
der and the outer cylinder housing. The concentrate
was pumped out of the test cell at the opposite end
that the suspension entered using a second peristaltic
pump, set at a lower flow rate than the inlet suspension
pump. Thus, the filtrate flow rate was controlled by
s the difference between the inlet suspension pump flow
rate and the concentrate pump flow rate. The use of
peristaltic pumps introduced a slight pulsatile motion
to the flow. A pulse-damping chamber proved to trap
particles, so it could not be used. Careful observation
of the flow and the cake layer indicated that the pul-
sations did not cause noticeable axial acceleration of
particles in the annulus, periodic changes in the cake
The concentrate and filtrate were removed via ports in layer, or changes in the nature of the vortical motion.
the end block assembly at the right end of the test cell.  Each experimental trial lasted for 10 min of sus-
Several Air Bleed ports along the top of the cylinder pension flow, after which the suspension flow was
housing were necessary to purge air when the systemshut-off and the test cell was isolated by clamping the
was primed. Upon reversing the filtrate flow at the inlet and outlets. Depending on flow conditions, parti-
end of an experiment, cake collection ports along the cles would build up to varying degrees on the surface
bottom of the outer cylinder housing permitted the of the rotating porous cylinder forming a thin “cake
removal of particles that had collected on the filter layer” during the experiment. These particles were
surface and in the pores of the filter. A direct-drive back-flushed off the porous cylinder and collected via
stepper motor and controller were used to rotate the the cake collection ports at the bottom of the test cell.
inner cylindrical filter. Rotational speeds ranged from In order to quantify filtration performance and the
0 to 500 rpm corresponding to Taylor numbers from O prevention of particle build-up on the filter surface
to 2200.The test suspension was typically 0.15vol.% at the end of an experiment, typically three samples
of nylon particles in water with a very small quantity each were obtained of the inlet suspension feed, the
of surfactant added to disperse the particles. The par-filtrate, the concentrate, and the back-flush of the cake
ticles had a density of 1.16 g/émand a volumetric layer. The particle concentrations for these samples
median diameter of 22m. A typical particle size dis-  were measured using the optical particle counter. The
tribution measured using a laser based optical particle standard deviation for the particle concentration mea-
counter (Particle Sizing Systems Accusizer Model sured for the three samples was 5% of the measured
770) is shown in Fig. 2. While the patrticle distribution concentration on average. However, the standard de-
was not monodisperse, the range of particle sizes wasviation in a small number of cases (about 5% of the
fairly narrow. Three other particles having different experiments) was substantially higher.
densities and size distributions were also used for a The percentage of total volume of particles enter-
small number of experiments, as described later. ing the device that remained in the cake layer at the
After priming the test cell and flow circuit with pure  end of the experiment, which we call “% cake layer,”

0.054
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Fig. 2. Distribution of nylon particles having a volumetric median

diameter of 22um: (@) probability density function, l) cumu-
lative volume percent.

water, suspension from a stirred reservoir was intro-
duced into the test cell by a peristaltic pump. Hav-
ing passed through the rotating porous filter cylinder,
the filtrate flowed axially in the annulus between the
outer wall of the aluminum cylinder and the inner

was used as a measure of the particle build-up on the
filter surface for a given set of operating, geometric,
and suspension parameters. A high percentage indi-
cates substantial cake layer build-up for a given filtra-
tion configuration, while a low percentage indicates
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a minimal cake layer. Inevitable in any experiment
like this is the “loss” of particles for a variety of rea-
sons. A mass balance of particles resulted in account-
ing for 95% of the particles on average. Particles were
typically lost due to adhesion to the walls of fluid
passageways.

Of course, using the approach described above per-
mits the characterization of the cake build-up from
the standpoint of a “batch unit operation.” By this
we mean that neither the transient build-up of the
cake layer nor the details of the flows within the de-
vice were considered. For instance, because fluid was
removed through the inner cylinder, the suspension
became more concentrated and moved more slowly
as it progressed axially in the device. This most likely
resulted in somewhat different conditions at different
axial locations in the device. While these details are
important to the operation of a rotating cylindrical fil-
ter device, our goal of identifying the most important
parameters in the effective operation of the device are
well-served by the “batch unit operation” approach
that we have taken.

3. Results and discussion

Overall, 97 experimental trials were conducted
changing all of the 12 parameters listed in Table 1.
Unless otherwise noted, the experiments were for the
following conditions. The suspension was of particles
having a volumetric median diameter by = 22um
and a density ofpp, = 1.16 g/cn? and deionized
water (o’ 0.16) with a volume concentration of
dreed = 0.15%. The filter pore size was 10n
(Dp/Dpore = 2.2) and the gap between the porous
inner filter and the housing was 1.7 mm £ 0.935
andd/Dp = 77). The inlet flow rate was about 6 ml/s
(Rey = 37.0), 93% of which was directed through the
filter (Rey = 0.51).

The effect of the rate of rotation on cake layer for
a number of angular velocities and filtrate flow con-
ditions is shown in Fig. 3. The vertical axis indicates
the degree of particle build-up on the filter surface in
terms of the percentage of particles that entered the
rotating filter test cell that end up in the cake layer
(% cake layer); the horizontal axis is the percentage
of the approximately 6 ml/s flow rate entering the de-
vice that passes through the filter (corresponding to
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Fig. 3. The dependence of the percentage of particles in the
cake layer on the filtrate flow and rotational specill) (O rpm
(Ta/Tae 0), (A) 45rpm (a/Tac 1.24), (#) 100rpm
(TalTae = 2.76), (J) 200rpm {a/Tac = 5.51), (O) 300rpm
(Ta/Ta; = 8.27), (A) 400rpm (a/Ta; = 11.02), (@) 500rpm
(TalTag = 13.78) (Dp = 22um, Dpore = 10um, ¢reed = 0.15%,

Qin = 6ml/s).

0 < Re < 0.55). Zero percent flow through the filter
results in no particles in the cake layer, as would be
expected. Approaching 100% flow through the filter
results in essentially “dead-end” filtration. Clearly,
the cake layer has a strong dependence on both the
filtrate flow and the rotational speed. For no rotation
and a high percentage of flow through the filter, nearly
100% of the particles entering the device end up in
the cake layer. However, rotation reduces the number
of particles in the cake layer substantially even at very
high flow rates through the filter. At the highest rota-
tional speed, the cake layer is quite small for any fil-
trate flow. This demonstrates the advantage of rotating
filtration in preventing the build-up of particles on the
filter surface. The duplicate data points for 200 rpm at
93% filtrate flow suggest the degree of repeatability
for small and moderate cake layer build-up. As will
be shown later, the data was less repeatable for higher
cake layer percentages (above 70%).

This data can be cross-plotted in order to empha-
size other aspects of the physics underlying rotating
filtration. Fig. 4 shows the dependence of the percent-
age of particles ending up in the cake layer on the
rotational speed for approximately 93% of the inlet
flow passing through the filter. Here the rotational
speed is expressed as the Taylor number normalized
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Fig. 4. The dependence of the percentage of particles in the cake

Fig. 5. Dependence of the percentage of particles in the
cake layer on the inlet suspension flow rate®)( 100rpm

layer on rotational speed at 93% inlet suspension flow through the (TalTa, = 2.76), (J) 200rpm {a/Ta. = 551), (A) 400 rpm

filter. The dotted line ala/Ta; = 1 is the transition to vortical flow

at 36.3rpm. CF indicates Couette flow (no vortices), TV indicates
Taylor vortices Pp = 22um, Dpore = 10pm, ¢preeq = 0.15%,

Qin = 6ml/s, 93% flow through filter).

by the critical Taylor numbefTa;, necessary for vor-

(Ta/Ta; = 11.02). Lines are least squares fits to the data
(Dp = 22pm, Dpore = 10um, ¢teed = 0.15%, 93% flow through
filter).

the results in Fig. 4 are the first that focus on the

tex formation. The percentage of particles ending up transition from non-vortical to vortical flow in order
in the cake layer decreases as the rotational speedto clarify the vortices’ role in minimizing cake layer
increases. The solid curve is an exponential least build-up for rotating filtration.

squares fit to the data. The theoretical critical angu- The dependence of the cake layer on the inlet sus-
lar velocity for the appearance of Taylor vortices at pension flow rate is shown in Fig. 5. The inlet sus-

Ta/Tac = 1 (Tac = 162 for this radius ratio [11]) is  pension flow rate was varied from 1.95 to 6.60 ml/s,

also shown. If the Taylor vortices were the underlying corresponding to axial Reynolds numbers from 12.1
cake prevention mechanism in rotating filtration, the to 41.0 at the inlet. An increase in the inlet suspension
cake layer percentage would be expected to changeflow results in a higher percentage of the particles re-
dramatically as rotational speed increases from be- maining in the cake layer at the end of the experiment.

low the transition value to above the transition value.
However, no sharp change is evident in Fig. 4 within
experimental variability. This evidence discounts the
direct importance of Taylor vortices as a significant
mechanism for reducing the build-up of particles on

The higher throughput also results in a greater num-
ber of particles in the cake layer, in spite of the higher
axial flow that occurs in the annulus and the accompa-
nying higher axial shear. Thus, high throughput condi-
tions present significant challenges to a rotating filter.

the filter surface. However, the continuous decrease However, the advantages of rotation are again clearly
in the cake layer with increasinf/Ta; suggests that  evident. At the highest rotational speed, the cake per-
rotational shear, which increases monotonically with centage is much less than the other rotational speeds
rotational speed, is a significant factor in minimizing and the increase in cake percentage with increasing
the build-up of particles on the filter surface in rotating inlet flow rate is significantly lower at higher rates of
filtration. rotation. These results are slightly different than pre-
Previous researchers [2—6] have varied rotational viously seen for a suspension of silica slurry where
speed and also found that increasing rotational speedthe feed flow rate had almost no effect on the filtrate
increases some measure of filtration effectiveness. flux [8]. However, the rotational speed in those exper-
However, while other researchers have attributed iments was very highTa = 14,900), and the range
some of the increased effectiveness to Taylor vortices, of feed flow rates was not large, only 1.58-3.96 mi/s.
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Fig. 6. Dependence of the percentage of particles in the
cake layer on the inlet suspension concentratioh) (LOOrpm
(TalTa, = 2.76), (J) 200rpm {a/Ta. = 5.51), (A) 400rpm
(Ta/Ta, = 11.02). Lines are least squares fits to the dabg &
22pm, Dpore = 10pm, Qin = 6 ml/s, 93% flow through filter).

At the highest rotational speed shown in Fig. 5 there
is also little effect of feed rate.

Another important factor to consider is the effect of
inlet concentration on the build-up of particles on the
filter surface. To quantify the effect of inlet concen-
tration, 15 trials were conducted varying the volume
fraction ¢eeg from approximately 0.00032—-0.0047.

59

We also note here the scatter in the data indicated in
Fig. 6. At the lowest concentratiofeq = 0.00032)
at 100 rpm, there is a significant difference in the mea-
sured cake layer for duplicate experiments. Further-
more, the scatter about the least squares fit through the
datais substantially larger for the 100 rpm data than for
the 400 rpm data where the cake layer is much smaller.
This trend of greater scatter for larger cake layer per-
centages (above 70%) and less scatter for small and
moderate cake layers is consistent throughout the data.
It is probably a consequence of the difficulty in wash-
ing the cake layer off of the inner cylinder at the end
of an experiment and collecting a suitable sample of
the back-flush suspension, exacerbated for high parti-
cle counts in situations with substantial cake layers.

One of the key geometric parameters in rotating fil-
tration is the combined effect of filter pore size and par-
ticle diameter, which can be examined using the ratio
of particle size to pore siz&p/Dpore. This ratio sug-
gests the type of fouling that may occur [12]. Particles
much larger than the poreB§/Dpore > 1) cause cake
formation by collecting on the filter surface, some-
times directly blocking a pore. Particles near the filter
pore size cause either pore blindimp(Dpore = 1) or
pore constrictionp/Dpore < 1). To test the effect of
pore size and particle diameter, both were changed. A
number of different polydisperse particles of varying
sizes and densities (summarized in Table 2) were used

Overall, the cake percentage does not depend stronglywith porous polyethylene filters having pore sizes of
on the concentration of the inlet suspension, as shown5, 10, 15, and 6.m. The results of changing the ra-

in Fig. 6. Thus, rotating filtration’s effectiveness is tio of particle diameter to pore diameter are shown in
not limited to a narrow range of concentrations. In Fig. 7. The advantage of faster rotation is evident at

addition, further demonstrating the effectiveness of
rotation, the results show that for higher rotational

all particle sizes. The decrease in cake layer build-up
with increasing ratio of particle diameter to pore di-

speeds the fraction of particles ending up in the cake ameter indicates that rotating filtration is especially

layer decreases slightly with increasing particle con-
centration. To clarify, the actual number of particles
in the cake layer actually increases with increasing
concentration for the two higher rotational speeds,
but a smaller fraction of particles entering the de-
vice end up in the cake layer. The result is similar

to those seen previously [8], where higher feed con-

centrations resulted in lower filtrate fluxes at a given

rotational speed. The postulate was that the decreas-poters
ing fluxes were a result of increasing cake thickness

with inlet feed concentration, consistent with the ab-
solute increase in particles in the cake layer found
here.

effective against cake formation for larger particles.
Previous experiments using suspensions of particles

Table 2
Properties of particles

Manufacturer Material Volumetric median Density
diameter m) (g/cn?)
Hollow glass 14 1.12
Industries spheres
Goodfellow Inc. Nylon 6 22 1.16
CreaNova Nylon 36 1.03
CreaNova Nylon 62 1.03
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Fig. 7. Dependence of the percentage of particles in the cake Fig. 8. Percentage of particles in the filtrate as a function of the ratio
layer on the ratio of particle diameter to filter pore diameter: of particle diameter to pore diameterr)Y 50 rpm (Ta/Ta; = 1.38),

(®) 100 rpm {Ta/Ta;, = 2.76), (J) 200 rpm (a/Ta. = 5.51), (A) (®) 100rpm {Ta/Tae, = 2.76), (J) 200 rpm {a/Ta. = 5.51), (A)
400 rpm {a/Ta; = 11.02). Lines are least squares fits to the data 400rpm {a/Tac = 11.02) (pfeed = 0.15%, Qin = 6ml/s, 93%
(¢teed = 0.15%, Qin = 6 ml/s, 93% flow through filter). flow through filter).

with diameters of 26 and 42m showed a similar trend diameter to the pore diameter is less than one. Thus, a
of decreasing fouling for increasing particle size [9]. Physical barrier to the particles is still necessary even
However, their smallest particles with a diameter of though hydrodynamic forces reduce the tendency of
2 um showed fouling levels between the other particle Particles to move toward the filter surface.
sizes, possibly caused by electrochemical interaction ~ The effect of centrifugal sedimentation on prevent-
between the small particles and the filter material. ~ ing particles building up on the filter surface can be
Previous research haS Suggested that partic'es inexamined by Calculating the eﬂ:ective terminal VeIOC‘
Taylor vortex flow that are denser than the fluid tend ity of a particle in the rotating filter using a simplified
to end up on a single orbit around the vortex center analysis. In a rotating fluid field, a particle is subject
(called a limit cycle orbit), irrespective of whether they t0 two radial forces. The centrifugal force due to the
start at the vortex center or near the cylinder walls [13]. density difference between the particle and the fluid
An implication of this idea is that the centrifugal sed- s directed radially outward for a particle denser than
imentation, vortical motion, and shear related to the the fluid. The Stokes drag toward the filter surface is
fluid flow field are adequate by themselves to prevent caused by the difference between the particle velocity,
particles from even getting near the filter surface, re- Vp, as it moves radially outward due to sedimentation
gardless of the filter pore size. The hypothesis is that @nd the fluid velocityV;, moving inward toward and
the hydrodynamic forces keep particles away from the through the filter (for the small particles in question,
membrane so that the physical barrier of pores smaller the Reynolds number based on the particle diameter
than the partic|es may not be necessary' To test th|s hy_and ﬁltrate Velocity iS alWayS |ESS than 002, Conﬂrm'
pothesis, trials were done using particles smaller than ing the validity of the Stokes drag assumption). When
the pore size in order to challenge the filter. The results these two forces balance, the particle is at its terminal
in Fig. 8 show the percentage of inlet particles pass- velocity. The balance of the two forces is given by
ing through the filter with the filtrate as a function of 4 (Dp N
Dp/Dpore A high percentage means very few particles (pp— ,Of) 7 < > ) R2°r=3m Dpp(Vp(r)—Vi(r))
were rejected. Even at high rotation speeds, the pores
of the filter must be smaller than the diameter of the @

particles. The number of particles in the filtrate jumps  whereps is the fluid density, ang, the particle den-
to an unacceptable value when the ratio of the particle sity. Both sides of the equation depend on the radial
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position ¢) of the particle. Since particles near the
surface of the filter are the most critical, the inner ra-
diusr; is used to calculate terminal velocity. Solving
Eq. (1) forV, atr; yields
D22

Vo(ri) = [(pp — ) 1"8M } riS2 + Vi(ri) (2)
Note that the bracketed term on the right hand side
of Eq. (2) is the particle Taylor number. While this
crude estimate of the force balance on a particle ne-
glects interactions with other particles and secondary
flows, the direction and magnitude of the particles’
terminal velocity calculated from Eq. (2) are indica-
tive of the effectiveness of centrifugal sedimentation’s
contribution to minimizing the cake layer build-up. A
negative terminal particle velocity indicates particle
motion toward the filter surface and, thus, a tendency
to increase cake layer build-up. A positive terminal
velocity suggests that the centrifugal sedimentation is
strong enough to carry the particle away from the filter
surface, preventing cake layer build-up.

The cake layer percentage is plotted as a function
of the terminal velocity for 44 experimental trials
including a wide range of particle sizes and other
experimental parameters in Fig. 9. Most trials have
a negative terminal velocity, indicating that particles
tend to move toward the rotating filter. The larger
negative terminal velocities result in greater cake lay-
ers suggesting that the centrifugal effect plays a role
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Fig. 9. Dependence of the percentage of particles in the cake
layer on the terminal velocity of the particle®fore = 10um,
Qin = 6 Ml/s, ¢reed = 0.15%, 93% flow through filter).
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in preventing cake layer build-up. However, the cake
layer can be very small even though the terminal ve-
locity is slightly negative. This discounts the centrifu-
gal force as the major cake minimizing mechanism
effect for this range of conditions. This also confirms
reasoning behind the analysis of Beaudoin and Jaffrin
[14], who used the balance of forces in Eq. (1) along
with Darcy’s law to define a critical pressure at which
blood cells begin to deposit on a rotating filter blood
plasma separator. They showed that the force balance
between the drag force and the centrifugal force could
not explain the improved flux for a rotating filter. Nev-
ertheless, Fig. 9 suggests that the centrifugal effect
is still important. There is a clear trend that shows as
terminal velocity increases, cake layer decreases. For
suspensions where the average particle has a positive
terminal velocity, and, thus, tends to move away from
the filter surface, there is almost no cake layer. As a
point of reference, the radial fluid velocity (the second
term on the right hand side of Eq. (2)) ranges from the
same order of magnitude to two orders of magnitude
larger than the centrifugal sedimentation velocity (the
first term on the right hand side of Eq. (2)) and is of op-
posite sign (sincgp > pr andV; is radially inward).
Thus, under most filtration conditions, centrifugal
sedimentation contributes to the reduction of particles
getting near the filter surface in rotating filtration but
is not enough by itself to prevent cake layer build-up.
Another primary geometric parameter of a rotat-
ing filter is the width of the gap between the rotating
porous cylinder and the outer stationary cylinder. The
effect of this gap on preventing particle build-up on
the filter surface was investigated by changing the ra-
dius of the inner cylinder. The gap widths tested were
d =0.17,0.30, and 0.72 cm correspondingit®, =
78, 136, and 327. Changing the gap width also alters
the aspect ratio so thdt = h/d = 75, 42, and 18 and
the radius ratio so that = rj/ro = 0.935, 0.887, and
0.729 (the different radius ratios result in different crit-
ical Taylor numbers [11]). Fig. 10 shows the depen-
dence of the percentage of particles in the cake layer
on the annular gap. At the lowest rotational speed,
changing gap width does not alter the cake layer. At
higher rotational speeds, narrower gap widths reduce
the cake layer. Even at the highest rotational speed,
this dependence is quite evident, in contrast to some
of the other filtration parameters studied. Vigo et al.
[2], and Vigo and Uliana [7] found that decreasing the



62 JA. Schwille et al./Journal of Membrane Science 204 (2002) 53-65

100 with regard to this conclusion. First, the axial shear
. can be the same order of magnitude as the rotational
80 - _'_'0_'_'_'_'_':,7& shear (although it is typically less). Thus, axial shear
X // can sometimes play a role in preventing cake layer
‘g 60 - D// build-up. Second, although the vortices themselves do
= e not appear to reduce cake layer build-up, the vortical
> 40 - 3 motion redistributes the angular momentum resulting
S in steeper azimuthal velocity gradients and higher
o 20 shear at the inner cylinder [15,16]. Thus, the vortical
motion reduces cake layer build-up indirectly by in-
0 creasing the rotational shear. In summary, rotational
0 100 200 300 400 shear, which can be controlled independent of the

suspension flow rate, seems to be key to preventing
cake layer build-up in a rotating filter. However, the
Fig. 10. Dependence of the percentage of particles in the cake layer rOta_tlonal Sh_ear is increased as a r_eSUIt of the vortical
on the annular gap width ) 100 rpm (276 < TalTa < 17.52), motion and is enhanced by the axial shear related to
(0) 200rpm (551 < Ta/Ta, < 3505), (A) 400rpm the suspension flow rate, while centrifugal sedimen-
(11.02 =< Ta/Ta. < 70.09). Lines are least squares fits to the data tation slows particle motion toward the filter surface,

(Dp = 22um, Dpore = 10pm, Qin = 6mfs, preed = 0.15%, 93% 5| aiding in minimizing cake layer build-up.
flow through filter).

d/Dy

gap width increases filtrate flux, consistent with the 4. A fundamental governing parameter
reduced cake layer for decreasing gap widths that we
found. At the lowest rotational speed that they con-  Because of the large number of experimental vari-
sidered, they found little effect due to gap width, sim- ables in rotating filtration, it is desirable to identify a
ilar to the 100rpm results in Fig. 10. The increase single scaling parameter that could govern the design
in the cake layer with increasing gap width at higher of rotating filters for a wide range of conditions. Other
speeds is clearly a consequence of the monotonic de-researchers studying rotating filtration and cross-flow
crease in shear as the gap width increases. Thus, refiltration have attempted to identify a parameter that
ducing the gap width is one of the critical parameters predicts the prevention of particles building up on the
to reduce particles from plugging filter pores and cake filter surface. For instance, Beaudoin and Jaffrin [14]
layer build-up. suggested using the shear rate at the filter surface. For
To this point, it is clear that increased shear in the the thin gap of a rotating filter, the rotational shear
annular gap minimizes the cake layer build-up in ro- rate can be approximated as
tating filtration (Fig. 10). Centrifugal sedimentation or
aids in preventing cake layer build-up, but has a lesser y,, = id} 3)
role (Fig. 9). The vortical motion does not appear to
play a direct role in preventing cake layer build-up The velocity across the gap is not linear as sugges-
(Fig. 4). The question that remains is whether it is ted by Eq. (3) because the vortices redistribute the
the increased rotational shear or the increased axialazimuthal momentum, resulting in a nearly uniform
shear that is key to reducing cake layer build-up. Both azimuthal velocity profile in the center of the gap with
increase with decreasing gap width, so Fig. 10 does high velocity gradients near the walls of the annulus
not help in determining which is more important. [15,17]. However, a linear profile provides a reason-
However, Fig. 4 indicates that rotational shear is more able order of magnitude estimate of the shear rate.
important for minimizing cake build-up than axial The percentage of particles ending up in the cake
shear. In this figure, the axial shear is constant, but layer as a function of the shear rate is shown in Fig. 11a
the increasing rotational shear causes reduced cakefor 77 trials changing the rotation rate, the filtrate flow
layer build-up. Nevertheless, two points must be made as a percentage of inlet flow, the total suspension flow,
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Fig. 11. Comparison of scaling parameters for rotating filtration.

the particle size, the fluid viscosity, the fluid density, 77 trials are plotted as a function of this ratio in
the particle density, the concentration, the filter pore Fig. 11b. The collapse of the data is much better than
size, and the gap width. A rough correlation between in Fig. 11a, since this ratio accounts for the force driv-
cake layer and shear rate indicates that the rotationaling particles toward the filter as well as that keeping
shear rate is an important factor in the tendency for particles away from the filter. However, there is still
rotation filtration to prevent the build-up of particles some spread in the data. An additional flaw in using
on the filter surface. However, the wide spread in the this ratio can be seen when considering variation in
data would make it difficult to optimize a device for viscosity. The two data points represented with open
a given set of filtration conditions based on the shear symbols in Fig. 11b are for experimental trials us-
rate. ing a mixture of glycerin and water, instead of pure
More recently, the ratio of flux through the filter water, resulting in a viscosity 2.41 times that of water.
(J) to the shear stress at the wall, has been pro-  The high viscosity of this mixture causes high shear
posed as the critical parameter that characterizes thestress, and thus, high values qf/J. However, this
anti-fouling character [18,19]. This ratio represents the higher shear stress does not result in lower cake layer
mass transport toward the membrane by convection values.
divided by the mass transfer away from it by erosion  In addition to problems with data collapse, the two
and shear-induced migration. The data from the same previous parameters are dimensional. A parameter
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that provides a non-dimensional scaling is the particle whereVy = Q2r; is the tangential velocity based on
Stokes number, which represents the ability of the the speed of the inner cylindeY; the radial velocity
particles to follow the motion of the carrier fluid. In  based on the overall filtrate flow rat®, the particle
the geometry of the rotating filter the particle Stokes diameter, andl is the gap between the two cylinders.

number is expressed as This ratio is intuitively pleasing for a number of rea-
5 sons. First, it is non-dimensional and, thus, can be used
1 Dp.Qri . . . . .
= —pp—— (4) to scale a wide variety of filtration systems. Second, it
18 pd takes into account the variables that have been shown

The dependence of the percentage of particles remain-{© have a large effect on the cake layer build-up in
ing in the cake layer on the Stokes number is shown rotating filtration including the filtrate flux, the rota-
in Fig. 11c. While the collapse of the data is reason- tional speed, the particle diameter, and the gap width.
able, there are several problems with this parameter. | n€ data for the 77 experimental trials are plotted
First, the trials with the highest Stokes numbers are 2dainst this ratio in Fig. 11d. Clearly, there is a strong
not the trials with the least cake layer. Second, sev- dependence of the percentage of particles remaining
eral trials have identical Stokes numbers and widely N the cake layer on this ratio with the data collapsing
differing cake layers. For example, for a Stokes num- substantially better .than for the other sca]mg param-
ber of 4.7, the cake percentage varies from 8 to 89%. &ters. When the ratio exceeds 20, the build-up of the
The problem with using the Stokes number to pre- cake !ayer is m|p|mal. .Below this number, the cake
dict the tendency to prevent particles building up on Iayer is substantial. 'ThIS collapse .of the data'further
the filter surface lies with the absence of a measure CONfirms that the primary mechanism in rotating fil-
of the force driving the particles toward the filter sur- {ration that reduces cake layer build-up is the shear
face. Thus, trials that differ only in the filtrate flow rate  du to rotation. The fact that the data does not col-
will have identical Stokes numbers but widely varying lapse completely shows that rotational shear is not the
cake layer percentages. only mechanism affecting the build-up of particles
The most influential forces acting on a particle near N€&r the filter surface for rotating filtration. Centrifu-
the filter surface can be used to develop the ideal fun- 98! sedimentation and axial shear, though of lesser
damental parameter. The force that induces the massMmPortance, also play a role. In addition, this simple
transport of particles toward the filter surface is the €Stimate of the shear used in Eq. (5) does not reflect
Stokes drag due to the filtrate flux. The results from the details of the complicated vortical flow field re-
Section 3 indicate that rotational shear dominates over 12téd to the Taylor vortices that increase the shear at
the centrifugal force and vortical motion in acting the surface of the filter.
against the filtrate flux moving the particles toward the
filter surface. Thus, the Stokes drag toward the filter
is counteracted by erosion and shear-induced migra-5. Conclusions
tion of particles from the filter surface caused by the
shear stress. The associated force is the shear stress The results of this study provide the following

multiplied by the particle surface area. This force acts guidelines to optimize the design of a rotating filter.
parallel to the filter §urface and perpendicular to the For a given filtration problem with the type of the
Stokes drag. The ratio between the shear force and thesyspension and the desired filtrate flow rate specified,

Stokes drag for the geometry of a rotating filter can the following design guidelines can be used.
be written as

5 e The filter pores should be smaller the particle
F; _ Shear force_ MQrinDp/d (5) diameter.
Fp  Stokesdrag 3muDpVy e The gap width between the inner and outer cylin-
der should be as small as possible, with allowances
made for manufacturing tolerances and particle size.
Fr 1 <V9> <Dp> (6) e The rotational speed should be higher for smaller

> 3\, d particles than that for larger particles.

which can be simplified to
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o If high concentration ratios are needed, the rota-

tional speed should be higher.

e High concentration suspensions are more effec-
tively separated than low concentration suspen-
sions, based on the cake percentage, although the

actual number of particles building up on the sur-
face may be quite large.

e The shear force on a particle should be at least an
order of magnitude larger than the Stokes drag to

minimize cake layer formation.

Cross-flow filtration and rotating filtration are some-
what similar in that there is relative tangential motion

between the filter surface and the suspension. Thus,

the last guideline may also be helpful in designing
cross-flow filters.

While this study focused on the build-up of a cake
layer on the filter surface, it is reasonable to ex-

pect that the design recommendations presented here

should also be applicable to minimizing the plug-

ging of membrane pores by particles and to reducing

the concentration polarization in rotating cylindrical
filters.
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